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Abstract—A conformationally constrained, indole-based kainate analogue was designed based on Gouaux�s X-ray structure of
kainic acid bound to an iGluR2(S1S2) construct, a structural model for AMPA/kainate ionotropic glutamate receptors. In contrast
to the parent kainic acid, a potent agonist, this compound, along with three structurally related analogues derived from synthetic
intermediates, exhibited antagonist behavior towards KAR expressed in oocytes, a result that is rationalized by molecular modeling
studies.
� 2005 Elsevier Ltd. All rights reserved.

Figure 1. Examples of ionotropic glutamate receptor (iGluR) agonists


and antagonist.

LL-Glutamate represents the primary excitatory neuro-
transmitter in the mammalian central nervous system,
playing an essential role in mediating basal excitatory
synaptic transmission and many forms of synaptic plas-
ticity, such as long-term potentiation and long-term
depression, that are thought to underlie learning and
memory.1,2 Glutamate controls these functions by bind-
ing to ligand-gated ion channels (ionotropic receptors,
iGluRs) and G-protein-coupled metabotropic receptors,
initiating a conformational change in the cation-con-
ducting pore and thus an influx of cations into the post-
synaptic neuron.3 The ionotropic glutamate receptors
are subdivided into three categories, AMPARs, KARs,
and NMDARs, based on the selective pharmacologic
agonists a-amino-3-hydroxy-5-methyl-4-isoxazole-pro-
pionic acid (AMPA), kainic acid (kainate, KA), and
N-methyl-DD-aspartate (NMDA), that, respectively, acti-
vates each group with some specificity (Fig. 1). The
study of the specific roles of the AMPARs and KARs
has been hindered by the similarity between the two
(40% sequence homology) and the presence of multiple
subunits, iGluR1–4 for AMPARs and iGluR5–7,
KA1–2 for KARs,4 that comprise each group.
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There have been many efforts to characterize the molec-
ular interactions between the iGluRs and various ago-
nists and antagonists with which they interact. A
landmark in this area was the successful crystallization
and structure determination by Gouaux et al.5a of the
iGluR2 ligand-binding core (S1S2) complexed with kai-
nic acid. This group has also reported X-ray structures
of the iGluR2-S1S2 construct with several other
agonists, including glutamate, AMPA, (S)-2-amino-
3-[3-hydroxy-5-(2-methyl-2H-tetrazol-5-yl) isoxazol-4-
yl]propionic acid (2-Me-Tet-AMPA), (S)-2-amino-3-(3-



mailto:archambe@uci.edu





Figure 2. Proposed conformationally constrained kainate analogue 2.
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carboxy-5-methylisoxazol-4-yl)propionic acid (ACPA),
(S)-2-amino-3-(3-hydroxy-5-tert-butylisoxazol-4-yl) propi-
onic acid (ATPA), (S)-2-amino-3-(4-bromo-3-hydroxy-
5-isoxazolyl)propionic acid (Br-HIBO), willardiines, as
well as with the antagonists 6,7-dinitroquinoxaline-
2,3-dione (DNQX) and 2-amino-3-[5-tert-butyl-3-
(phosphonomethoxy) 4-isoxazolyl]propionic acid (ATPO)
(Fig. 1).5 The crystal structures have provided in-
sight into which iGluR2 residues are important for ligand
affinity and specificity, and beyond that have afforded con-
vincing evidence for the proposal that ligand-induced
channel opening in the native receptor arises from closure
of a �hinge� between two domains (S1 and S2) of iGluR2.5e


This hypothesis is based, in part, on a good correlation be-
tween agonist activity in native receptors with the degree
of agonist-induced domain closure in the construct. A sali-
ent feature of this model is that full agonists induce full
closure, partial agonists induce partial closure, and antag-
onists block closure—and hence channel opening—by
interfering with crucial S1–S2 contacts that must form as
the hinge closes.


Aside from providing a paradigm for agonist and antag-
onist activities, this structural information serves as the
basis for the design of new ligands that might interact
with iGluRs with greater selectivity. The native recep-
tors consist of multiple subtypes, as discussed above,
that share a high level of sequence homology that results
in considerable overlap of ligand binding specificity;6,7


for example, kainic acid binds not only to receptors
comprised of the KAR subtypes but also to the AMPA
family that includes iGluR1–4. Employing a combina-
tion of structure-based ligand design, homology model-
ing, and library synthesis, we have embarked on a
project to identify new subtype-selective iGluR agonists
and antagonists, and in this communication we report
initial results on a newly identified class of antagonists
based on the structure of the classic agonist kainic acid.

1. Design and synthesis


The activity of kainic acid analogues toward the KARs
depends heavily on the nature of the C-4 substituent.
For example, if the isopropenyl appendage in kainate
is hydrogenated, the resultant analogue dihydrokainate
(DHK) loses activity at the AMPARs and KARs, and
becomes a moderately active inhibitor at the sodium-
dependent transporter; conversely, the absence of a C-
4 appendage results in an analogue that is active as an
NMDA receptor agonist.8 This sensitivity toward C-4
substituent changes, together with the Gouaux model
of the iGluR2–kainate complex, provides a basis for
designing new kainate analogues that might pharmaco-
logically differentiate among the iGluR subtypes. In this
communication, we describe our preliminary studies on
a series of kainate-like analogues that are constrained to
resemble bound conformation (Fig. 2), with an isopro-
penyl methyl group surrogate R that eventually can be
structurally varied (R = H in these initial studies). Many
kainic acid analogues have been reported previously,
including those modified at C3–C5,9 and others with
various linkers as conformational constraints.10 In addi-

tion, indole 2-carboxylates, including 2, have been
reported to bind to the glycine site on the NMDA
receptors.11


The parent structure 2 was conceived by inspection of a
Gouaux model (Fig. 3A), noting in particular the dispo-
sition of the five-membered ring substituents in the bound
kainic acid, which appeared to be reinforced by allylic
strain between the isopropenyl group and the C-3 carb-
oxymethyl side chain. Mindful of the fact that reduced
basicity resulting from an N-aryl substitution on the
a-amino group in the analogue could thwart the plan
on account of the potential reduction in receptor affinity
of an unprotonated amino group, there appeared to be
ample space for a phenyl ring that could replace an iso-
propenyl group and at the same time bias the pyrrolidine
ring toward any desired conformation (although the pyr-
rolidine envelope in the analogue would clearly be less
pronounced than that shown; see Fig. 3B for energy-min-
imized structures). In fact, filling the �empty space� in the
vicinity of E402 and P478 with the aryl ring appeared to
provide additional favorable van der Waals interactions
in our preliminary modeling studies.12


The synthesis of dihydroindoline 2 commenced with the
formation of the 2,3-disubstituted indole 3 (Fig. 4),
which had previously been converted into similar dihy-
droindoline derivatives.13 Condensation of phenylhydr-
azine hydrochloride with ketoglutaric acid provided
the corresponding phenyl hydrazone, which underwent
Fischer cyclization in the presence of polyphosphoric
acid to generate indole 3.14 Attempts at hydrogenating
indole 3 were unsuccessful, but the corresponding Boc-
protected indole was smoothly reduced to give the race-
mic cis-dihydroindoline 4; it has been proposed that
electron-withdrawing N-substituents facilitate hydroge-
nations in such systems by reducing the electron density
of the indole ring.14 Epimerization of the cis-indoline
with KO(t-Bu) afforded a mixture of trans- and cis-dihy-
droindolines (8:1 ratio) in a total yield of 75%. The
trans-indoline 5 was separated and then converted into
the designed ligand 2 by deprotection and saponifica-
tion. Meanwhile, synthetic intermediates 3 and 4 were
deprotected and saponified to generate additional ana-
logues, indole 6 and the cis-dihydroindoline 7, respec-
tively. A fourth structurally related analogue, 8, was
also readily available from an abortive earlier route to
2; Friedel–Crafts reaction of the indole-2-carboxylate,







Figure 3. (A) Stereoview of kainic acid in the binding pocket of iGluR2S1S2 construct, from a Gouaux X-ray structure.5 (B) Stereoview of indoline


analogue 2 docked and minimized in the binding pocket of iGluR2S1S2 construct.


Figure 4. Synthesis of indoline/indole ligands 2, 6, 7, and 8. Reagents and conditions: (a) H2O, rt; (b) HCl, PPA, MeOH (66%, two steps); (c) Boc2O,


DMAP, Et3N (77%); (d) Pd/C, H2, AcOH (85%); (e) KO(t-Bu), followed by 1N AcOH (66%); (f) LiOH, THF/H2O, followed by 1N AcOH (90% for


6, 80% for 8); (g) TFA; (h) LiOH, THF/H2O, followed by 1N HCl (40% for 2, 50% for 7, two steps); (i) MeOH, AcCl; (j) AlCl3, ethyl malonyl


chloride (64%, two steps).
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prepared from the commercially available indole-2-
carboxylic acid, followed by saponification provided
the indole analogue 8.13 All four analogues—the target
trans-dihydroindoline 2 and the structurally related
compounds 6, 7, and 815—were prepared in ample quan-
tities for bioassays.

2. Biological assays


The activities of compound 2 and the three structurally
related analogues 6–8 were screened in oocytes injected
with native RNA from rat cerebral cortex.16 Potential
agonist activity was assayed based on the membrane
current generated at concentrations of 100 lM for each
analogue against varying concentrations (10, 30, and
100 lM) of kainic acid as control (Fig. 5A). The same
compounds were screened for antagonist activity by
measurements of 50 lM kainate-induced membrane cur-
rents inhibited by the presence of each analogue
(100 lM) (Fig. 5B). For comparison, the very potent
benchmark antagonist DNQX was also assayed in this
system. Experiments were highly reproducible in six oo-
cyte preparations, with a standard error of only a few
percent, as indicated by the error bars in Figure 5B.


In the agonist activity assay, there was no current ob-
served for any of the analogues at concentrations up
to 100 lM, while the control agonist kainic acid induced
currents at concentrations as low as 10 lM. In contrast,

Figure 5. Assays of indoline/indole ligands 2, 6, 7, and 8 in oocytes


injected with native RNA from rat cerebral cortex. (A) Agonist activity


assay: membrane current generated from the analogues compared to


kainic acid control. (B) Antagonist activity assay: percentage of current


induced by kainic acid (50 lM) in the presence of the analogues


(100 lM); no analogue = 100%; DNQX was tested at 0.1 lM.

the antagonist assay showed that ligands 6 and 8 at
100 lM inhibited approximately one-third of the current
induced by 50 lM kainic acid. While ligands 2 and 7
show little or no activity at these 100 lM concentra-
tions, blocking only 2% and 5% of the current, respec-
tively, they do block currents (7% and 12%,
respectively) at lower concentrations (30 lM) of kainic
acid (data not shown). For comparison, the very potent
antagonist DNQX blocked 30% of the current at a con-
centration of 0.1 lM.

3. Discussion


The results of the biological assays of compounds 2, 6, 7,
and 8 clearly show that they are KAR antagonists rather
than agonists, despite the fact that 2was designed around
the structure of the agonist kainic acid, and that 2 has pre-
viously been reported to be inactive in KAR-binding as-
says.11b The antagonist activity of these analogues
prompted us to dock them in the binding site of the
iGluR2S1S2 construct, but beginning with the structure
of the complex of the known antagonist DNQX,8 rather
than with the kainic acid complex (the LL-isomers of 2
and 7 were modeled, by analogy to natural kainate).
Docked and minimized as before,11 the analogues adopt
orientations similar to DNQX in the active site (Fig. 6;
for clarity, only analogue 6 is shown) in which the respec-
tive phenyl groups push residues E402, P478, T686, and
E705 farther apart compared with agonist complex
iGluR2S1S2–kainic acid. As mentioned above, Gouaux
has postulated that domain closure is crucial for activa-
tion of the receptor, but the binding of the 7-nitro group
of DNQX to T686 blocks the interaction of T686 with
E402, which is a critical contact in this process. Similarly,
the phenyl group of each analogue blocks this contact and
perhaps also stabilizes the open state of the clamshell-like
S1S2 core, both of which could contribute to the observed
antagonist activity.


Interestingly, all four analogues show antagonist behav-
ior at similar potencies, although indole 6 and 8 are
somewhat more potent than either the designed indoline
analogue 2 or its cis-isomer 7. In addition, the results
suggest that binding affinities for 6 and 8 are only mar-
ginally lower than that of kainic acid itself, but approxi-
mately 1000-fold less than that of the very potent, non-
selective antagonist DNQX (the potencies could be high-
er for enantiomerically pure analogues). In retrospect,
the antagonist behavior of these compounds is perhaps
not surprising, given the fact that these bicyclic aromatic
compounds are somewhat reminiscent of the DNQX
structure and appear to assume very similar orientations
in the binding site to that of DNQX. Specifically, a com-
parison of the probable binding interactions for each
ligand suggests that 6 and DNQX generally form better
contacts than does the LL-indoline 2. The a-carboxyl
group of all ligands forms hydrogen bonds with the
guanidinium group of R485 and the main chain NH of
T480. Also, the a-amino group of the ligands can interact
with the carbonyl group of P478, the hydroxy group of
T480, and the side-chain carboxylate of E705. Some of
these important interactions appear to be absent in







Figure 6. (A) Stereoview of antagonist DNQX in the binding pocket of iGluR2S1S2 construct X-ray structure. (B) Stereoview of indole analogue 6


docked and minimized in the binding pocket of an iGluR2S1S2 construct.
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indoline 2 complex, as residues E705, R485, T480, and
P478 are several Angstroms farther from the ligand in
the minimized structures of these complexes. Likewise,
in the cis-indoline 7 complex, the essential residues are
even farther removed. On the other hand, most of these
interactions are maintained in the indole complexes 6
and 7 (not shown), as they are in the DNQX complex. It
also appears that a stronger p–p interaction between 6
and the aryl ring of Y450 may contribute significantly to
ligand binding, as compared to the indoline 2 complex,
in which Y450 is pushed farther away by its ligand a-car-
boxylate (not shown). While any computational study is
inherently speculative, we believe that these models
provide a reasonable working hypothesis for the observed
antagonist activity of this family of analogues, and further
studies are underway based on this model.

4. Conclusion


A conformationally constrained kainate analogue was
designed based on Gouaux�s X-ray structure of an
iGluR2S1S2 construct complexed with kainic acid. It
was synthesized in racemic form and, along with three
other structurally related analogues, was screened for
activity in oocyte assays. Although the analogues were
originally designed as kainate-like agonists, their in-
dole-based structures, instead, resulted in antagonist

activity. A refined computational model suggests a mode
of binding that is reminiscent of that found among the
non-selective quinoxalinedione antagonists, such as
DNQX. The change to antagonist behavior (compared
to kainate) likely results, as proposed by Gouaux for
DNQX, from additional interactions of the indole aryl
ring that block the interdomain closure necessary for
channel opening. This indole structure, aside from being
an interesting antagonist in its own right, also serves as a
core scaffold for library synthesis of potential iGluR
receptor subtype antagonists, guided by our homology
models of iGluR1, 3–7 complexes (unpublished), and
the recently reported crystal structures of iGluR5 and
iGluR6 ligand binding cores.17
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represents the first example of a stable and potent (Ki = 340 nM)


reversible inhibitor of firefly luciferase activity based on the structure of


the natural acyl-adenylate intermediate.


Radiosynthesis of carbon-11-labeled camptothecin derivatives as potential positron emission
tomography tracers for imaging of topoisomerase I in cancers


pp 3865–3869


Mingzhang Gao, Kathy D. Miller, George W. Sledge and Qi-Huang Zheng*
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Synthesis, structure–activity relationships, and anxiolytic activity of 7-aryl-6,7-dihydroimidazoimidazole
corticotropin-releasing factor 1 receptor antagonists


pp 3870–3873


Xiaojun Han,* Jodi A. Michne, Sokhom S. Pin, Kevin D. Burris, Lynn A. Balanda, Lawrence K. Fung,
Tracey Fiedler, Kaitlin E. Browman, Matthew T. Taber, Jie Zhang and Gene M. Dubowchik*


The synthesis and SAR of constrained dihydroimidazoimidazoles, and behavioral activity of compounds 7b (Ki 42 nM) and


7k (Ki 41 nM) in a mouse canopy model of anxiety, are reported.


The characterization of a novel rigid nicotine analog with a7-selective nAChR agonist activity and
modulation of agonist properties by boron inclusion


pp 3874–3880


Roger L. Papke,* Guangrong Zheng, Nicole A. Horenstein, Linda P. Dwoskin and Peter A. Crooks


The rigid nicotine analog ACME and its N-cyanoborane


conjugate ACME-B are selective partial agonists of rat a7
nicotinic receptors expressed in Xenopus oocytes, with no


significant activation of either a3b4 or a4b2 receptors.
ACME-B is both more potent and efficacious than


ACME.


2-Aminoquinazoline inhibitors of cyclin-dependent kinases pp 3881–3885


Yadagiri Bathini, Inderjit Singh, Patricia J. Harvey, Paul R. Keller, Rajeshwar Singh,
Ronald G. Micetich, David W. Fry, Ellen M. Dobrusin and Peter L. Toogood*


Lipophilic versus hydrogen-bonding effect in P3 on potency and selectivity of valine
aspartyl ketones as caspase 3 inhibitors


pp 3886–3890


Christophe Mellon,* Reneé Aspiotis, Cameron W. Black, Christopher I. Bayly, Erich L. Grimm,
André Giroux, Yongxin Han, Elise Isabel, Daniel J. McKay, Donald W. Nicholson, Dita M. Rasper,
Sophie Roy, John Tam, Nancy A. Thornberry, John P. Vaillancourt, Steven Xanthoudakis
and Robert Zamboni


The evolution of capped valine aspartyl ketones as caspase 3 inhibitors is described in terms of the effect of hydrogen bonding and


lipophilic interactions on potency and selectivity.
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Ketoheterocycle-based inhibitors of cathepsin K: A novel entry
into the synthesis of peptidic ketoheterocycles


pp 3891–3895


Francis X. Tavares,* David N. Deaton, Aaron B. Miller,
Larry R. Miller and Lois L. Wright


Ketoheterocyclic inhibitors of cathepsinKhavebeen disclosed. SARofpotency enhancingP2–P3 groups coupledwithketoheterocyclic
warheads to provide cathepsin K inhibitors have been described. In addition, a novel route to access a-ketothiazoles using a key
thioamide functionality has been disclosed. The mild method employed allows for the presence of diverse functional groups, such as


amide and carbamate functionalities, commonly found in protease inhibitors that have peptidomimetic scaffolds. This new method


should provide a quick entry into functionally diverse protease inhibitors.


Cyclic urea derivatives as potent NK1 selective antagonists pp 3896–3899


Ho-Jane Shue, Xiao Chen, Neng-Yang Shih,* David J. Blythin, Sunil Paliwal,
Ling Lin, Danlin Gu, John H. Schwerdt, Sapna Shah, Gregory A. Reichard,
John J. Piwinski, Ruth A. Duffy, Jean E. Lachowicz, Vicki L. Coffin, Fei Liu,
Amin A. Nomeir, Cynthia A. Morgan and Geoffrey B. Varty


Comparison of different heterocyclic scaffolds as substrate analog PDE5 inhibitors pp 3900–3907


Helmut Haning,* Ulrich Niewöhner, Thomas Schenke, Thomas Lampe,
Alexander Hillisch and Erwin Bischoff


Several different heterocyclic systems were compared as PDE5 inhibitor scaffolds. In


addition to the known 3H-imidazo[5,1-f][1,2,4]triazin-4-ones and pyrazolopyrimi-


dinones, isomeric imidazo[1,5-a][1,3,5]triazin-4(3H)-ones (e.g., 30) were also shown to


be potent and selective PDE inhibitor scaffolds with in vivo activity. SAR trends were


elucidated for sulfonamide derivatives with generality across different scaffolds.


Self-assembly of bivalent protein-binding agents based on oligonucleotide-linked organic fragments pp 3908–3911


K. Ingrid Sprinz, Debarati M. Tagore and Andrew D. Hamilton*


A library of bidentate fragments linked through an oligonucleotide duplex was tested for protein binding. Thermal


denaturation experiments showed that the melting temperature, thus stability, of the bidentate binding ligand increased


from 59 to 71�C in the presence of protein.
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Estrogen receptor ligands. Part 13: Dihydrobenzoxathiin SERAMs with an optimized
antagonist side chain


pp 3912–3916


Timothy A. Blizzard,* Frank DiNinno, Helen Y. Chen, Seongkon Kim, Jane Y. Wu,
Wanda Chan, Elizabeth T. Birzin, Yi Tien Yang, Lee-Yuh Pai, Edward C. Hayes,
Carolyn A. DaSilva, Susan P. Rohrer, James M. Schaeffer and Milton L. Hammond


An optimized side chain for dihydrobenzoxathiin SERAMs was discovered and attached to four dihydrobenzoxathiin platforms.


The novel SERAMs show exceptional estrogen antagonist activity in uterine tissue and an MCF-7 breast cancer cell assay.


Synthesis and evaluation of photolabile insulin prodrugs pp 3917–3920


Lian-Sheng Li, Jennie L. Babendure, Subhash C. Sinha,* Jerrold M. Olefsky� and
Richard A. Lerner*


Generation of reactive oxygen species by a persulfide (BnSSH) pp 3921–3924


Tonika Chatterji, Kripa Keerthi and Kent S. Gates*


Hydropersulfides (RSxSH) have been implecated as important intermediates in cell-killing by the anticancer natural products


leinamycin and varacin. Here experiments with synthetic benzyl hydrodisulfide (BnSSH) provide direct evidence that persulfides


readily decompose to yield cytotoxic reactive oxygen species under physiologically relevant conditions.


Bradykinin B1 antagonists: SAR studies in the 2,3-diaminopyridine series pp 3925–3929


Scott D. Kuduk,* Ronald K. Chang, Christina Ng, Kathy L. Murphy,
Richard W. Ransom, Cuyue Tang, Thomayant Prueksaritanont,
Roger M. Freidinger, Douglas J. Pettibone and Mark G. Bock


An SAR analysis of 2,3-diaminopyridine bradykinin B1
antagonists was carried out and revealed that either of


the aromatic rings comprising the biphenyl region could


be effectively replaced with non-aromatic carbo- or


heterocyclic rings.
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In vitro antiproliferative activity against human colon cancer cell lines
of representative 4-thiazolidinones. Part I


pp 3930–3933


Rosaria Ottanà, Stefania Carotti, Rosanna Maccari, Ida Landini,
Giuseppa Chiricosta, Barbara Caciagli, Maria Gabriella Vigorita* and Enrico Mini


LL-Arginine analogs as alternate substrates for nitric oxide synthase pp 3934–3941


Scott D. Luzzi and Michael A. Marletta*


Synthetic Nd-methyl-LL-arginine and commercially available LL-canavanine were evaluated as alternate substrates of inducible nitric


oxide synthase.


Indole- and indoline-based kainate analogues with antagonist activity at ionotropic glutamate receptors pp 3942–3947


Xiaohong Shou, Ricardo Miledi and A. Richard Chamberlin*


Conformationally constrained, indole/indoline-based analogues based on the well-known glutamate receptor agonist kainic acid


were designed and synthesized. Screening for ionotropic glutamate receptor activity showed these compounds to be kainate receptor


antagonists, rather than agonists.


Induction of apoptosis by a novel indirubin-5-nitro-30-monoxime, a CDK inhibitor,
in human lung cancer cells


pp 3948–3952


Jong-Won Lee, Myoung Ju Moon, Hye-Young Min, Hwa-Jin Chung, Eun-Jung Park,
Hyen Joo Park, Ji-Young Hong, Yong-Chul Kim and Sang Kook Lee*


A novel indirubin analog, indirubin-5-nitro-30-monoxime, inhibited cell proliferation


against various human cancer cells. Additional studies indicate that the mechanism of


action of this analog against human lung cancer cells might be to arrest cell cycle


progression at G2/M phase and induce apoptosis via p53- and mitochondria-dependent


pathways.
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Synthesis and in vitro study of novel 7-O-acyl derivatives
of Oroxylin A as antibacterial agents


pp 3953–3956


K. Suresh Babu, T. Hari Babu, P. V. Srinivas, B. S. Sastry, K. Hara Kishore,
U. S. N. Murty and J. Madhusudana Rao*


A series of 7-O-acyl derivatives of Oroxylin A were prepared and their antibacterial potential is reported.


Structure–activity relationships of 1-alkyl-5-(3,4-dichlorophenyl)-5-{2-[3-(substituted)-
1-azetidinyl]-ethyl}-2-piperidones. Part 2: Improving oral absorption


pp 3957–3961


Donald S. Middleton,* A. Roderick MacKenzie, Sandra D. Newman, Martin Corless,
Andrew Warren, Allan P. Marchington and Barry Jones


A series of potent NK2 antagonists (1) with optimised physicochemistry for oral absorption and metabolic stability are described.


Design, synthesis, and evaluation of novelly substituted benzimidazole compounds
as angiotensin II receptor antagonists


pp 3962–3965


Alka Bali, Yogita Bansal, M. Sugumaran, Jatinder Singh Saggu, P. Balakumar,
Gurpreet Kaur, Gulshan Bansal,* Ajay Sharma and Manjeet Singh


5-Nitrobenzimidazole coupled through a methylene linker to biphenyl carboxylic acid


has been synthesized and evaluated for angiotensin II antagonism activity. On the basis


of their higher activity over standard compounds, a binding profile for benzimidazole-


based compounds has been proposed. Alkyl group at 2-position has also been


optimized with respect to 5-substituent.


Study on supramolecular complexing ability vis-à-vis estimation of pKa of substituted sulfonamides:
Dominating role of Balaban index (J)


pp 3966–3973


Alexandru T. Balaban, Padmakar V. Khadikar,* Claudiu T. Supuran, Abhilash Thakur
and Mamta Thakur


The supramolecular complexing ability vis-à-vis pKa estimation of a large series of 43


sulfonamides was made using a series of molecular descriptors including topological indices.


The set of topological indices chosen also contains Balaban (J) and a variety of Balaban type


indices: J, Jz, Jm, Jv, Jc, and Jp. The results have shown that the most discriminating Balaban


index (J) in multi-parametric regression analysis combined with indicator parameters yields


excellent models and also establishes the superiority of the J index over other Balaban type


indices. The statistics are improved when one of the indicator parameters is replaced by molar


volume. The results are discussed critically using a variety of statistics.
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A colorimetric titration method for quantification of millimolar glucose
in a pH 7.4 aqueous phosphate buffer


pp 3974–3977


Serhan Boduroglu, Jouliana M. El Khoury, D. Venkat Reddy,
Peter L. Rinaldi and Jun Hu*
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The unusually high binding affinity of 3-pyridinylboronic acid


to sugars is reported.


Synthesis and assay of isoquinoline derivatives as HIV-1 Tat–TAR interaction inhibitors pp 3978–3981


Meizi He, Dekai Yuan, Wei Lin, Ruifang Pang, Xiaolin Yu and Ming Yang*


N


CONH NH
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NH
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H2SO3


IG2: n=3


Synthesis and biological evaluation of a series of isoquinoline derivatives are described. The compound IG2 bearing guanidinium


group-terminated side chain can block the HIV-1 Tat–TAR RNA interaction and exhibit the antiviral potency.
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Abstract—A library of bidentate fragments linked through an oligonucleotide duplex was tested for binding to streptavidin. When
one fragment was biotin, only biotin-containing duplexes were selected by streptavidin but when heated above the melting temper-
ature, only bidentate biotin ligands were obtained. Thermal denaturation experiments showed that the melting temperature, thus
stability, of the monodentate versus bidentate binding ligand increased from 59 to 71 �C in the presence of streptavidin. Substituting
biotin with 2-iminobiotin led to the exclusion of all other duplexes by the bidentate iminobiotin duplex in binding streptavidin.
� 2005 Elsevier Ltd. All rights reserved.

Figure 1. Strategies for combining two recognition fragments based on


(A) antibody light and heavy chain association; (B) metal–ligand


assembly; (C) hydrogen bond template association.

In the identification of effective protein-binding mole-
cules, Nature offers guidance in the form of antibodies.
The association of light and heavy chains through their
constant domains allows the combinations of their var-
iable domains to provide a wide variety of recognition
surfaces, from which specific binding agents are selected
(Fig. 1A). We have previously employed this strategy by
using metal templation to bring together two constant
terpyridyl domains linked to variable binding fragments
(Fig. 1B).1 In this way, self-assembled combinatorial li-
braries can be prepared that undergo dynamic intercon-
version and subsequent selection depending on the
metal/ ligand exchange rate.2 However, condition limita-
tions prevented the formation of certain functionalized
metal complexes, prompting the search for more aque-
ous-compatible designs. One attractive possibility is
the use of complementary hydrogen bonding groups
within the constant domain. Hydrogen bonding between
two binding fragments provides stability and exchange
kinetics that are governed by the nature of the donor/
acceptor structure, affinity, and kinetics of the pairs
(Fig. 1C).

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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Particularly suited to this role are single-stranded
oligonucleotide sequences that are functionalized on
the 3 0- or 5 0-end and can associate with complementary
strands to position two binding fragments across one
terminus of the DNA duplex. In a DNA duplex, the
phosphate end of the 5 0-strand and the hydroxyl end
of the 3 0-strand are �20 Å apart and can be coupled
to organic fragments. Adding a linker modification at
the 5 0- or 3 0-end of a duplex allows the attachment of
a range of organic fragments and also increases their
flexibility relative to the duplex. Single-stranded
oligonucleotides have previously been linked to organic
fragments as coding sequences in solution-based combi-
natorial synthesis,3 as templates for controlling biomo-
lecular reactions,4 or as a constant binding group
to select for other binding components.5 In the present
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design, however, the DNA duplex acts as a non-covalent
linker between two binding fragments that can undergo
exchange with other functionalized oligonucleotide
strands to give a combinatorial library of bivalent
ligands for screening against protein targets.


We tested this approach against streptavidin (SA),
which is known to bind four biotin molecules into sur-
face accessible clefts, with the highest affinity known
for a protein–small ligand interaction (Kd = 10�15 M).6,7


Attachment of a biotin fragment to the 3 0- and 5 0-ends
(Fig. 2A) of two complementary oligonucleotide strands
should lead to the formation of a duplex displaying two
biotin ligands on one end. This should allow, if the
geometry of the two biotins were correct, a bidentate
contact with the SA surface (as shown in Fig. 2B). In
this way, the DNA duplex forms a non-covalent link be-
tween two binding fragments, increasing their affinity
for the target through multivalency. Protein binding
will, in turn, lead to a stabilization of the DNA duplex,
which should be reflected as an increase in the melting
temperature, Tm, of the duplex.


Conjugation of biotin at the 3 0- or 5 0-end of two comple-
mentary C3 amine-functionalized oligonucleotide
strands was achieved by incubating N-hydroxysuccinim-
idobiotin with the oligonucleotide under slightly basic
conditions. The complementary oligonucleotides were
combined to form a duplex that denatured at 59 �C, as
observed from thermal denaturation studies (Fig. 3).
Addition of SA led to the formation of a ternary com-
plex, which resulted in a duplex Tm of 71 �C.

Figure 2. (A) Chemical structure of biotin conjugated to an oligonu-


cleotide through the C3 linker. (B) Schematic of a bidentate biotin


ligand binding two adjacent biotin sites on the tetrameric SA. Subunits


(red, cyan, blue, and pink) binding biotin (green) through an amine-


modified (yellow) DNA duplex. PDB code: streptavidin (1SWG).


NDB code: duplex DNA (BDL084).

This increase of Tm by 12 �C clearly points to an
increased stabilization of the complex through a pseu-
do-intramolecular chelate effect arising from a combina-
tion of bidentate binding to the protein and duplex
formation. Control experiments using a biotin-linked
oligonucleotide duplexed with a complementary unfunc-
tionalized strand showed no change in Tm on addition of
SA (Fig. 3).


One advantage of this strategy is that the DNA duplexes
act not only as scaffolds to display the protein-binding
groups but can also be induced to dissociate under dena-
turing conditions and exchange with other complemen-
tary functionalized strands. In this way, mixtures
of different oligonucleotide-linked fragments can form
a library of x2 DNA duplexes (where x is the number
of library members in each set) displaying different com-
binations of two binding fragments at one end (Fig. 4A).
The library can then be screened to identify which frag-
ment combinations bind the surface or active site of an
immobilized protein target (Figs. 4C, D). A further
advantage of the DNA scaffold is that, with appropriate
choice of sequence, the identity of the binding groups
can be detected by polymerase chain reaction (PCR)
(Fig. 4F). Hence, dynamic exchange by heating and fur-
ther selection can lead to an enrichment of the binding
combinations and thus to an amplification of the PCR
signal.


As a proof of principle of this approach, a small library
of organic fragments on oligonucleotide scaffolds was
generated and screened for binding to SA. The oligonu-
cleotides used in this approach are designed to have two
conserved sequences bordering an identifying region
(Fig. 4B). This identifying region is a unique sequence
that encodes for the organic fragment attached to the
end of the oligonucleotide. PCR conditions were opti-
mized to accommodate only one primer that is comple-
mentary only to the identifying region of the
oligonucleotide. In traditional PCR, a reverse primer
would have to anneal to the conserved region of the oli-
gonucleotide which, in this case, would lead to products
synthesized from any and all oligonucleotides in the
fraction collected.


To test this approach against SA, a library of six species
was generated, consisting of two sets (a, b) of comple-
mentary oligonucleotides: one set containing C3 amine
modifications at the 5 0-end (Za) and the other set modi-
fied at the 3 0-end (Zb) where Z denotes the oligonucleo-
tide. The two sets of oligonucleotides contain the same
three organic fragments: biotin (Ba and Bb), methyl adi-
pate (Ma and Mb), and an unfunctionalized primary
amine (Xa and Xb). When the two sets are pooled and
allowed to anneal, the duplexes formed will display
two organic fragments at one end of the duplex. The
sequences of the oligonucleotides were generated so that
there was no possibility of self-complementarity, hairpin
or loop formation.8 The organic fragment-conjugated
oligonucleotides were tested individually for their
ability to bind tetrameric SA and also to form duplexes
with every member of the complementary set of
oligonucleotides (data not shown). Only the biotin-con-







Figure 3. Thermal denaturation studies were performed with 1 lM of either monodentate or bidentate duplex. The denaturation studies were


performed both in the absence and presence of SA. BaBb (h), BbXa (�), BaBb + SA (n), and BbXa + SA (·). Derivative and sigmoidal data were


smoothed (n = 5) and normalized.


Figure 4. Strategy for protein recognition by oligonucleotide-linked


organic fragments.
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jugated oligonucleotides from each set were found to
bind SA. The six oligonucleotides were pooled and
allowed to form the nine possible duplex combinations.
One of the duplex species that forms will have at one end
of the duplex, two biotin molecules (BaBb) that could
potentially bind two adjacent sites on the tetrameric
SA protein (as in Fig. 2B). The other combinations
containing one biotin oligonucleotide and another
oligonucleotide either containing methyl adipate (MaBb


or BaMb) or just the primary amine modification (XaBb


or BaXb) would bind SA in a monodentate fashion (as in
Fig. 4D) through Ba or Bb, since M and X were found
not to bind SA individually.


In a typical experiment, the library mixture was incubat-
ed with SA immobilized on magnetic beads for a period
of 1 h at room temperature. After removal of the flow-
through fraction (F), the beads were washed to remove
weak/non-specific binders. The binding fragments were
then eluted (E) under protein denaturing conditions.
The F and E fractions were then aliquoted into PCR
tubes, each containing one primer complementary to
the identifying sequence, thus encoding one compound.
Primers were designed to complement the identifying re-
gion and synthesize a new template in one direction. The
PCR was performed with different mismatches to ensure
that the PCR was specific for each template:primer
combination.


When the pool was incubated with SA, the monodentate
and bidentate ligands containing biotin (Figs. 4C, D)
were found as binding components of the library by
PCR, whereas the duplexes without biotin-conjugated
oligonucleotides showed no affinity for SA (data not
shown). Heating the various SA/duplex complexes
above the Tm of the duplexes should lead to the removal
of those strands engaged in duplex formation but with-
out making any strong contact with SA. In other words,
a heteroduplex that contains a biotin-conjugated oligo-
nucleotide will denature, leading to the removal of
non-binding oligonucleotides (e.g., Fig. 4E). The sin-

gle-stranded biotin oligonucleotide should remain
bound to SA until the protein is denatured. Heating
the SA/duplex library at 65 �C for 5 min resulted in a
flow-through (F65) in which no biotin-linked oligonu-
cleotides were observed, while all four non-binding oli-
gonucleotides were detected (Fig. 5, F65). The absence







Figure 6. The iminobiotin pool (4 lM) was subjected to SA-linked


beads overnight and the F fraction was collected, followed by washing


and eluting the binding fragments. The binding components were


eluted with 6 M guanidinium hydrochloride at 95 �C for 15 min. PCR


on the flow-through (F) and elution (E) was performed with 33P-


labeled primers specific for each fragment.


Figure 5. Biotin pool enrichment. After subjecting the duplex pool (2 lM) to SA immobilized beads and collecting the excess oligonucleotides in the


F fraction, the pool was heated to 65 �C to remove non-binding fragments from monodentate biotin binding duplexes. The binding components were


eluted with 6 M guanidinium hydrochloride at 95 �C for 15 min. PCR was then performed on the flow-through (F), flow-through at 65 �C (F65), and


elution (E) with 33P-labeled primers specific for each fragment.
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of Ba or Bb in the F65 indicates that the BaBb duplex
binds in a bidentate fashion. Furthermore, the Ba and Bb


from the monodentate duplexes can either form a
SA-templated bidentate BaBb duplex or remain bound
to SA as single-stranded monodentate oligonucleotides.


On account of an extremely slow off-rate of the biotin–
SA interaction, testing the competition between mono-
dentate and bidentate biotin-containing duplexes was
not realistic. Hence, a further demonstration of the ap-
proach was carried out by replacing biotin in the pool
of fragment-linked oligonucleotides with 2-iminobiotin
(Ia, Ib), a reversible binder of SA.9 By incubating this
new duplex library with SA where the concentration of
each duplex was sufficient to saturate SA, only bidentate
IaIb was detected as the binding species (Fig. 6). The ab-
sence of other oligonucleotides in the E fraction suggests
that the iminobiotin monodentate duplexes are excluded
from the protein, through competition, with a stronger
bidentate binding of the IaIb duplex.


These results show that the self-assembly of comple-
mentary oligonucleotide scaffolds can be used to dis-
play two organic fragments at one end of the duplex.
The use of an identifying region in each strand allows
identification of strong binding fragments through
PCR. Dynamic exchange of the library members, as
well as removal of non-binding fragments, can be
achieved by heating above the Tm of the duplex. This
design holds promise for the generation of larger and
more diverse libraries to target a range of protein sur-
faces. Our anticipation is that once optimal bidentate
binding duplexes have been identified, highly potent li-
gands can be synthesized by covalently linking the
organic fragments.
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a CDK inhibitor, in human lung cancer cells


Jong-Won Lee,a Myoung Ju Moon,b Hye-Young Min,a Hwa-Jin Chung,a Eun-Jung Park,a


Hyen Joo Park,a Ji-Young Hong,a Yong-Chul Kimb and Sang Kook Leea,*


aCollege of Pharmacy, Ewha Womans University, 11-1 Daehyun-dong, Seodaemun-ku, Seoul 120-750, Republic of Korea
bDepartment of Life Science, Gwangju Institute of Science & Technology, 1 Oryong-dong, Buk-gu, Gwangju 500-712,


Republic of Korea


Received 12 April 2005; accepted 23 May 2005


Available online 1 July 2005

Abstract—A novel indirubin analog, indirubin-5-nitro-3 0-monoxime, inhibited cell proliferation against various human cancer cells.
Additional studies indicate that the mechanism of action of this analog against human lung cancer cells might be to arrest cell cycle
progression at the G2/M phase and induce apoptosis via p53- and mitochondria-dependent pathways. These data suggest that
indirubin-5-nitro-3 0-monoxime might be a novel candidate for development of anticancer agents.
� 2005 Elsevier Ltd. All rights reserved.

Cyclin-dependent kinases (CDKs) are the major molec-
ular players with cyclins in cell cycle progression. Inhibi-
tion of CDK activity has turned out to be the most
productive strategy for the discovery and design of novel
anticancer agents specifically targeting the cell cycle. A
large number of CDK inhibitors have been reported pre-
viously, and these drugs generally bind to the ATP
pocket in the CDK catalytic site. CDK inhibitors may
inhibit the growth of cancer cells by causing cell cycle
arrest and apoptosis. Several representative CDK inhib-
itors are flavopiridol, UCN-01, olomoucine, rocosvitine,
butyrolactone I, indirubin-5-sulfonate, and indirubin-3 0-
monoxime.1


Indirubin, a red-colored 3,2 0-bisindole isomer, is a minor
component of Qing Dai (Indigo naturalis), but the biolog-
ical activity of Qing Dai has been attributed to indirubin,
including antitumor activity.2 Recent studies revealed
that indirubin and its derivatives are potent inhibitors of
CDKs.3 Indirubin-5-sulfonate and indirubin-3 0-monox-
ime inhibit the activity of CDK and lead to G1 and
G2/M phase cell cycle arrest in hematopoietic Jurkat cells
and SV40-transformed human breast epithelial HBL-100
cells.4 Additional studies show that indirubin-3 0-monox-
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ime induces G2/M phase cell cycle arrest by inhibiting
CDK1 and GSK3 in HBL-100 cells and induces G2/M
phase cell cycle arrest as well as G1 phase cell cycle arrest
in MCF-7 cells.5,6 In addition, these studies also reveal
that meisoindigo induces G1 phase cell cycle arrest and
apoptosis in NB4 and U937 leukemia cells.7 On this line,
we recently designed and synthesized indirubin analogs to

Figure 1. Chemical structure of indirubin and its derivatives.



mailto:sklee@ewha.ac.kr





Table 2. Effects of indirubin-5-nitro-3 0-monoxime on cell cycle


progression in A549 cells


Time (h) Samples Cell cycle distribution (%)


G0/G1 S G2/M Sub-G0


8 Control 59.6 24.3 16.0 0


INM 46.1 26.8 27.1 0


16 Control 53.1 30.9 16.0 0


INM 46.5 31.8 21.7 0


24 Control 54.2 19.7 23.2 2.9


INM 39.9 16.1 22.0 22.0


INM: indirubin-5-nitro-30-monoxime.
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develop potential antitumor agents (Fig. 1).We evaluated
the growth-inhibitory potential of indirubin and its ana-
logs against various human cancer cells. In addition, in
this study, the mechanism of action study on the inhibito-
ry effect of human cancer cell growth was performed with
indirubin-5-nitro-3 0-monoxime in humanA549 lung can-
cer cells.


First, we evaluated inhibitory effects of indirubin and its
analogs on the proliferation of various human cancer
cells (A549, human lung carcinoma; Col2, human colon
carcinoma; HT-1080, human fibrosarcoma; and HL-60,
human myeloid leukemia) using sulforhodamine B
(SRB) or MTT assays.8 As summarized in Table 1,
indirubin exhibited moderate inhibitory effects on the
proliferation of A549 and HT-1080 cells. Indirubin-5-
sulfonate did not inhibit the growth against tested
human cancer cells. However, indirubin-5-nitro-3 0-mon-
oxime exhibited the most potent inhibitory effects
against all tested human cancer cells with IC50 ranging
from 5.4 to 25.5 lM (Table 1). In addition, this com-
pound was most effective in A549 human lung cancer
cells, which is approximately 12 times more potent than
indirubin-3 0-monoxime and six times than indirubin
(Table 1 and Fig. 2). Therefore, prompted by the poten-
cy on A549 cells, we further investigated the growth-in-

Table 1. Effects of indirubin and its derivatives on cell proliferation in


human cancer cells


Compounds IC50(lM)


A549 Co12 HT-1080 HL-60


Indirubin 31.0 >100 42.2 >100


Indirubin-5-sulfonate >100 >100 >100 >100


Indirubin-30-monoxime 62.0 >100 4.8 >100


Indirubin-5-nitro-30-
monoxime


5.4 25.5 5.9 9.2


Results are represented as IC50 values (lM).


Figure 2. Inhibitory effects of indirubin-5-nitro-3 0-monoxime against


various human cancer cell proliferation. Human cancer cells were


treated with various concentrations of indirubin-5-nitro-3 0-monoxime


for 72 h. The growth-inhibitory activities were evaluated using SRB or


MTT assays. Data are represented as the mean ± SD (n = 3), and IC50


values were determined by nonlinear regression analysis.

hibitory mechanism of indirubin-5-nitro-3 0-monoxime
in A549 cells.


Because cancer cells are prone to inactivating cell cycle
checkpoints and/or apoptotic progress, regulation of cell
cycle progression and induction of apoptosis have been
regarded as novel strategies for the control of prolifera-
tion of cancer cells. Generally, many anticancer agents,
especially most CDK inhibitors, inhibited the growth of
cancer cells through regulation of cell cycle progres-

Figure 3. G2/M phase cell cycle arrest by indirubin-5-nitro-3 0-monox-


ime in A549 cells. Cells were treated with or without 2.5 lM indirubin-


5-nitro-3 0-monoxime for the indicated times. The distribution of cell


cycle was analyzed by flow cytometry, and the percentage of


distribution in distinct phases of the cell cycle was determined using


ModFIT LT v.2.0 software.
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sion.4,9,10 Based on this line, we primarily evaluated the
mechanism of growth inhibition by indirubin-5-nitro-3 0-
monoxime in relation to cell cycle regulation. A549 cells
were incubated with 2.5 lM indirubin-5-nitro-3 0-mon-
oxime for 8, 16, and 24 h. The effect on cell cycle pro-
gression was analyzed by flow cytometry.8 We found
that, compared to control cells, cells exposed to indiru-
bin-5-nitro-3 0-monoxime slightly arrested at the G2/M
phase of the cell cycle up to 16 h, and subsequently accu-
mulated in the sub-G0 phase at 24 h (Table 2 and Fig. 3).
In addition, when cells were treated with 2.5, 5, and

Figure 4. Increase of sub-G0 DNA content by indirubin-5-nitro-3 0-


monoxime in A549 cells. Cells were treated with various concentra-


tions of indirubin-5-nitro-3 0-monoxime for 24 h. Cell cycle analysis


was performed as described in the text.


Figure 5. The increase of chromatin condensation by indirubin-5-nitro-


concentrations of test compound for 24 h. After treatment, the nuclei were


fluorescence microscope (·100 magnification). Red arrows indicate chromat

10 lM indirubin-5-nitro-3 0-monoxime for 24 h, cell pop-
ulation in the sub-G0 phase was drastically increased,
and the percentage of cells was 22.0%, 36.8%, and
71.1% by the treatment with 2.5, 5, and 10 lM indiru-
bin-5-nitro-3 0-monoxime, respectively (Fig. 4). Because
the increase of cells in the sub-G0 phase generally indi-
cate the increase of apoptotic cell death,10–12 indiru-
bin-5-nitro-3 0-monoxime may induce apoptosis in
A549 cells. These results suggest that indirubin-5-nitro-
3 0-monoxime induced the G2/M phase cell cycle arrest
and apoptosis in a time- and dose-dependent manner.

3 0-monoxime in A549 cells. Cells were treated with the indicated


stained with Hoechst 33258 fluorescent dye and observed under the


in condensation.


Figure 6. Induction of DNA fragmentation by indirubin-5-nitro-3 0-


monoxime in A549 cells. Cells were treated with various concentra-


tions of indirubin-5-nitro-3 0-monoxime for 24 h. Extracted DNA was


separated by agarose gel electrophoresis. (M indicates 100-bp DNA


ladder, and C indicates control cells.).







Figure 7. Effect of indirubin-5-nitro-3 0-monoxime on the expression of


the indicated proteins in A549 human lung cancer cells. Cells were


exposed to various concentrations of indirubin-5-nitro-3 0-monoxime


for 24 h. The expression level was analyzed by Western blot analysis.
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It is known that various characteristic responses occur
during apoptosis, including loss of membrane asymme-
try and attachment, cell shrinkage, chromatin condensa-
tion, and chromosomal DNA fragmentation.13 To
confirm whether the induction of cell death by indiru-
bin-5-nitro-3 0-monoxime is related to apoptosis, we next
examined cellular changes such as chromatin condensa-
tion and DNA fragmentation by indirubin-5-nitro-3 0-
monoxime using Hoechst 33258 staining method and
agarose gel electrophoresis, respectively.14,15 A549 cells
were treated with various concentrations of indirubin-
5-nitro-3 0-monoxime for 24 h. As the concentration of
indirubin-5-nitro-3 0-monoxime was increased, the cell
population of which chromatin was condensed in the
nucleus was also gradually increased (Fig. 5). In addi-
tion, as illustrated in Figure 6, DNA fragmentation
was observed at 5 lM of indirubin-5-nitro-3 0-monox-
ime, the concentration of which about 40% of cells were
accumulated in the sub-G0 phase. Therefore, it is sug-
gested that cell death induced by indirubin-5-nitro-3 0-
monoxime was closely related to apoptosis, which was
revealed by the increase of chromatin condensation
and DNA fragmentation, two hallmarks of apoptotic
phenomena.16


Finally, to investigate the effect of indirubin-5-nitro-3 0-
monoxime on the expression of cell cycle and apopto-
sis-related proteins, Western blot analysis was
performed.8 Treatment of indirubin-5-nitro-3 0-monox-
ime for 24 h was markedly induced p53 and p21 expres-
sion in a concentration-dependent manner (Fig. 7). p53
mediates cell cycle arrest and apoptosis by direct induc-
tion of various CDK inhibitors and apoptosis inducers,
for example, CDK inhibitor p21.17 In addition, several
reports have suggested that p53-dependent p21 expres-
sion afforded cell cycle arrest and apoptosis.18–20 There-
fore, upregulation of p53 and p21 expression might
contribute to cell cycle arrest and apoptosis mediated
by indirubin-5-nitro-3 0-monoxime. Moreover, the level
of cytochrome c, which is released from mitochondria
and mediates intrinsic apoptotic cascades, was also in-
creased in a dose-dependent manner (Fig. 7), indicating

apoptosis by indirubin-5-nitro-3 0-monoxime might oc-
cur through mitochondria-mediated pathway as demon-
strated in several reports published previously.21


In summary, the present study demonstrates that a
novel CDK inhibitor, indirubin-5-nitro-3 0-monoxime,
inhibited cell proliferation in human lung cancer cells
A549, and its mechanism might be to arrest cell cycle
progression at G2/M phase and induce apoptosis via
p53- and mitochondria-dependent pathways. It suggests
that indirubin-5-nitro-3 0-monoxime might be a potential
candidate for the development of anticancer agents.
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Abstract—A new series of thioureido-substituted sulfonamides were prepared by reacting 4-isothiocyanato- or 4-isothiocyanato
ethyl-benzenesulfonamide with amines, hydrazines, or amino acids bearing moieties that can lead to an enhanced hydrosolubility,
such as 2-dimethylamino-ethylamine, fluorine-containing aromatic amines/hydrazines, an aminodiol, heterocyclic polyamines
(derivatives of morpholine and piperazine), 4-aminobenzoic acid, or natural amino acids (Gly, Cys, Asn, Arg, and Phe). The
new compounds showed good inhibitory properties against three physiologically relevant carbonic anhydrase (CA, EC 4.2.1.1)
isozymes, with KIs in the range of 24–324 nM against the cytosolic isoform CA I, of 6–185 nM against the other cytosolic isozyme
CA II, and of 1.5–144 nM against the transmembrane isozyme CA XII. Some of the new derivatives were also very effective in
reducing elevated intraocular pressure in hypertensive rabbits as a glaucoma animal model. Considering that this is the first
study in which potent CA II/CA XII inhibitors are designed and investigated in vivo, it may be assumed that the target isozymes
of the antiglaucoma sulfonamides are indeed the cytosolic CA II and the transmembrane CA XII.
� 2005 Elsevier Ltd. All rights reserved.

The treatment of glaucoma with inhibitors of the metal-
loenzyme carbonic anhydrase (CA, EC 4.2.1.1)1–3 is very
effective in reducing elevated intraocular pressure (IOP)
characteristic of this disease,4 with two topically acting
inhibitors presently available for clinical use (dorzol-
amide DZA and brinzolamide BRZ),5 in addition to
the classical inhibitors used via the systemic route of
administration (acetazolamide AAZ, methazolamide
MZA, ethoxzolamide EZA, and dichlorophenamide
DCP).6 However, systemic inhibitors provoke a wide
range of deleterious side effects due to inhibition of the
enzyme present in other tissues (kidneys, lungs, red cells,
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stomach, etc.) than in the eye.1 The possibility of the
topical administration of the classical drugs from this
class, mentioned above, was extensively investigated by
several researchers, but negative results have been con-
stantly obtained, and for more than 40 years, it was con-
sidered that CA inhibitors (CAIs) could only be given
systemically.6 Important advances in this field have then
been achieved by the Merck group, with the discovery of
the first clinically used, topically effective antiglaucoma
sulfonamide, dorzolamide DZA.5 The approach for
arriving to this compound (and in fact also to brinzol-
amide BRZ) is known as the �ring approach,� as it in-
volved the exploration of a wide range of ring systems
to which sulfamoyl moieties were incorporated.3 We
have explored an alternative approach for the design
of topically acting antiglaucoma sulfonamides, which
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consisted in attaching tails that will induce the desired
physicochemical properties (such as water solubility,
enhanced penetrability through the cornea, etc.) to
scaffolds of aromatic/heterocyclic sulfonamides also
incorporating derivatizable moieties of the amino/
hydroxy type, which has been denominated the �tail
approach.� 7–16

Some alkyl/aryl-thioureido moieties among the investi-
gated tails were shown to induce favorable CA inhibito-
ry properties as well as good physicochemical properties
to a potential antiglaucoma agent incorporating
them.17–20 Such derivatives were prepared from the
corresponding sulfonamide isothiocyanates and amino
acids or amines, and were shown to behave as low nano-
molar inhibitors of several physiologically relevant iso-
zymes (of the 15 presently isolated in humans),1 such
as CA I, II, and IV.17–20


Until recently, it has been considered that the target
isozymes of the antiglaucoma sulfonamides were CA
II (a widely distributed cytosolic isoform present in
high amounts in the eye)21 and CA IV (a membrane-
bound isoform, also present in eye tissues).22 However,
the original work of Maren et al.22 has been carried
out with the bovine isozyme, that is quite susceptible
to inhibition with sulfonamides. Only recently, it was
shown that the corresponding human isozyme, hCA
IV, has a much lower affinity (in the micromolar
range) for most of the clinically used CAIs.23 Correlat-
ed with the fact that Lerman�s group24 recently showed
that another membrane-associated isoform, CA XII, is
overexpressed in glaucomatous (but not normal) eyes
and that this isozyme is very much inhibited by most
of the clinically used (or other types of simple sulfon-
amide) CAIs,25 the original Maren�s hypothesis22 that
CA IV is involved in the antiglaucoma effects of sul-
fonamides may be challenged. Here, we prove that a
new series of thioureido sulfonamides acting as very
efficient CA II and XII inhibitors, also show excellent
IOP-lowering properties in an animal model of glauco-
ma. Thus, probably, the target isozymes for the anti-
glaucoma effects of sulfonamide CA inhibitors are
the cytosolic CA II and the transmembrane CA XII,
whereas the real role of CA IV should be reinvestigat-
ed in more detail.

The new sulfonamides reported here were prepared by
reacting 4-isothiocyanato- or 4-isothiocyanatoethyl-ben-
zenesulfonamide A (n = 0) and B (n = 2) with amines,
hydrazines, or amino acids of types 1–15, leading to thi-
oureas A1–A8 and B1–B15, respectively, by the proce-
dure previously reported by this group (Scheme
1).17,18,26

Thioureido derivatives of sulfonamides were prepared
earlier, being shown that such compounds may possess
interesting biological activity as inhibitors of various
CAs.17,18,20,26 Recently, we have also reported the
X-ray crystal structure of one such inhibitor, that is com-
pound A4 with the major cytosolic isozyme, hCA II.19


The high-resolution X-ray crystal structure of the A4 ad-
duct with hCA II showed the inhibitor to bind within the
hydrophobic half of the enzyme active site, making exten-
sive and strong van der Waals contacts with amino acid
residues Gln92, Val121, Phe131, Leu198, Thr200, and
Pro202, in addition to the coordination of the sulfon-
amide nitrogen to the Zn(II) ion of the active site, and
the participation of the SO2NH2 group to a network of
hydrogen bonds involving residues Thr199 and Glu106
(Fig. 1). Thus, this structure constitutes an important
starting point for the design of other thioureido-contain-
ing sulfonamides with CA inhibitory properties. Since in
previous reports,17,18,20,26 we mainly investigated the
preparation of such derivatives incorporating amino acid
moieties, for the drug design of compounds reported here
we concentrated on these as well as slightly different moi-
eties. Thus, the reaction of isothiocyanates A and B
(obtained from the corresponding amino-substituted
benzenesulfonamide derivatives and thiophosgene, by
the previously reported procedure)17,26 was performed
with amines bearing moieties that can lead to an en-
hanced hydrosolubility, such as 2-dimethylamino-ethyl-
amine 1, the fluorine-containing amines/hydrazines 2–4,
the aminodiol 5, the heterocyclic polyamines 6–9, 4-
aminobenzoic acid 10, as well as the natural amino acids
Gly (11), Cys (12), Asn (13), Arg (14), and Phe (15), which
were previously shown to lead to potent CAIs by reaction
with isothiocyanate A.17 In the case of amine 8, the reac-
tion involved two equivalents of isothiocyanates A/B,
leading to bis-sulfonamides. These moieties present in
amines/hydrazines/amino acids 1–15 were chosen on







Scheme 1.


Figure 1. Stereo view of the active site region in the hCA II–A4 complex showing the residues participating in recognition of the inhibitor molecule


(in magenta). Hydrogen bonds and the active site Zn(II) ion coordination are also shown (dotted lines).19
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Table 1. Inhibition data of isozyme hCA I, II, and XII with


compounds A1–A7 and B1–B15 as well as standard, clinically used


CA inhibitors


Inhibitor KI
a (nM)


hCA Ib hCA IIb hCA XIIc


Dorzolamide 50,000 9 3.5


Brinzolamide – 3 3


Acetazolamide 250 12 5.7


Methazolamide 780 14 3.4


Ethoxzolamide 25 8 22


Dichlorophenamide 1200 38 50


Sulfanilamide 28,000 300 37


A1 100 33 12


A2 24 7 13


A3 84 25 18


A4 79 19 12


A5 135 27 24


A6 73 13 10


A7 80 75 33


A8 250 150 50


B1 63 13 2.1


B2 77 6 1.9


B3 95 18 3.0


B4 61 10 2.3


B5 113 14 4.9


B6 54 9 1.7


B7 72 48 12


B8 313 185 64


B9 50 7 1.8


B10 324 159 144


B11 40 8 2.0


B12 24 6 1.5


B13 33 11 3.3


B14 74 16 4.8


B15 54 12 3.0


a Errors in the range of ±10% of the reported value, from three


different determinations.
b Human cloned isozyme.
c Catalytic domain of the human, cloned isozymes, by the CO2


hydrase, stopped flow assay.30
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one hand because presumably they can adopt a confor-
mation within the CA active site similar to that of the per-
fluorophenylhydrazine moiety of A4, which, as discussed
above, makes a lot of favorable interactions with critical
amino acid residues involved in the binding of inhibitors.
On the other hand, these moieties may lead to an
enhanced hydrosolubility of such sulfonamides, which
is another important factor for the in vivo studies of a
potential antiglaucoma agent. Indeed, the moieties pres-
ent in the 4-aminobenzoic acid derivatives A10 and
B10, or in the amino acid derivatives A,B(11–15) can
make sodium salts with an enhanced solubility as
compared to the free acid.17 The aminodiol derivatives
A5 and B5 may also show enhanced hydrosolubility
due to the presence of many polar moieties in their
molecules. On the other hand, the nitrogen-containing
heterocycles present in A,B(6–9) or in the aliphatic
derivatives A1 and A2 can be protonated, leading to
hydrochlorides or similar salts which would also possess
enhanced water solubility.27 We already proved28 that
many of the fluorine-containing inhibitors show such a
good parameter.29


Inhibition data of three physiologically relevant CA iso-
zymes, the cytosolic, red blood cells human isozymes
hCA I and II, and the transmembrane isozyme hCA
XII with the new compounds reported here as well as
the standard CA inhibitors are shown in Table 1.30


The following SAR can be noticed from the data of
Table 1. First, against the slow red blood cell isozyme
hCA I, the derivatives A1–A8 and B1–B15 reported here
showed inhibition constants in the range of 24–324 nM.
Thus, a first group of derivatives, such as A1, A5, A8,
B5, B8, and B10, behave as medium potency hCA I
inhibitors, with KIs in the range of 100–324 nM. It
may be observed that these compounds incorporate
the rather bulky amino-diol moiety of 5, the quite bulky
bis-amine of 8 leading to bis-sulfonamides, as well as the
4-aminobenzoic acid moiety. All other derivatives inves-
tigated here showed much more effective hCA I inhibito-
ry properties, with KIs in the range of 24–95 nM,
similarly to the clinically used drug EZA, and being thus
more effective inhibitors than other clinically used CAIs
(AZA, MZA, DCP, etc.). It should be observed the tre-
mendous enhance of hCA I inhibitory properties of
these new compounds over sulfanilamide, the lead mol-
ecule from which they can be considered to be derived.
Except the pairs A/B2, A/B3, and A/B8, generally the
sulfanilamide derivatives of type A are less efficient
inhibitors as compared to the corresponding derivatives
of 4-aminoethylbenzenesulfonamide of type B. Second,
hCA II is generally considered the main therapeutic
target of sulfonamide CAIs. Thus, affinity of newly de-
signed inhibitors for this isozyme is of critical relevance.
The new derivatives A1–A8 and B1–B15 reported here
showed inhibition constants in the range of 6–185 nM,
being much more inhibitory than the lead sulfanilamide
(KI of 300 nM). Medium potency inhibitors were A7,
A8, B8, and B10, with KIs in the range of 75–185 nM,
and again they incorporate the bulky moiety of 8 and
of 4-aminobenzoic acid 10, in addition to the methylpip-
erazine 12 (which is less bulky). All other newly pre-

pared compounds show very effective hCA II
inhibitory properties, with KIs in the range of 6–
48 nM. Thus, most of the moieties investigated here
for the design of CAIs lead to effective hCA II inhibi-
tors. Again, the 4-aminoethylbenzensulfonamides of
type B were generally more effective inhibitors as com-
pared to the corresponding sulfanilamide derivatives
A. Finally, the transmembrane isoform hCA XII was
also very susceptible to inhibition by the thioureido-
substituted sulfonamides reported in this article, with
inhibition constants in the range of 1.5–144 nM. Medi-
um potency hCA XII inhibitors were only the two
bulkier derivatives B8 and B10 (KIs in the range of
64–144 nM), whereas all the other compounds were
much more effective. Particularly, strong hCA XII
inhibitors were the amino acid derivatives B11–B15
(KIs in the range of 1.5–4.8 nM) and the aliphatic/
aromatic/heterocyclic derivatives B1–B7 (KIs in the
range of 1.7–4.9 nM). Generally, all the new com-
pounds were more effective hCA XII inhibitors than
the lead compound sulfanilamide (KI of 37 nM).
Clearly, this isoform is very prone to inhibition by this
class of thioureido-substituted sulfonamides, followed







Table 2. Fall of IOP of glaucomatous rabbits (30.5 ± 3.0 mmHg), after treatment with one drop (50 lL) 2% solution of CA inhibitor (with the pH


value shown below) directly into the eye, at 30, 60, and 90 min after administration


Inhibitor pH DIOP (mmHg)a


t = 0 t = 30 min t = 60 min t = 90 min


DZAb 5.5 0.0 3.6 ± 0.20 6.7 ± 0.30 4.2 ± 0.15


B6b 6.5 0.0 6.5 ± 0.20 6.9 ± 0.20 5.9 ± 0.35


B11c 7.0 0.0 3.0 ± 0.20 5.9 ± 0.20 5.5 ± 0.35


B13c 7.0 0.0 10.0 ± 0.40 13.0 ± 0.25 15.5 ± 0.40


B15c 7.0 0.0 4.0 ± 0.25 6.1 ± 0.35 6.4 ± 0.20


aDIOP = IOPcontrol eye� IOPtreated eye; mean ± SEM (n = 3).
b As hydrochloride salt.
c As sodium salt.
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by the rapid cytosolic isozyme II, whereas hCA I is
less avid to be inhibited by these compounds.


Intraocular pressure lowering in hypertensive rabbits (a
widely used animal model of glaucoma)31,32 after treat-
ment with 2% water solutions of some of the newly de-
signed inhibitors is shown in Table 2, in comparison
with dorzolamide (2%) treated animals.


The morpholine-based inhibitor B6 (formulated as
hydrochloride with a pH of 6.5 which was much less irri-
tating to the eye than that of DZA, pH 5.5), as well as
the amino acid thioureido derivatives B11, B13, and
B15 (formulated as sodium salts with a pH of 7, which
is obviously nonirritating to the eye), all of them were
potent CA II and XII inhibitors (Table 1), showed inter-
esting IOP lowering effects in rabbits with hydrocortisol-
induced eye hypertension. Thus, at 30-min post-admin-
istration, the new derivatives produced an IOP lowering
of 3.0–10.0 mmHg (compared to 3.6 observed with dor-
zolamide); at 1-h post-administration, the fall of IOP
was of 5.9–13 mmHg with the new inhibitors and
6.7 mmHg with DZA, whereas at 90 min, the data were
of 5.9–15.5 mmHg with the new CAIs and 4.2 mmHg
with DZA. It may be observed that the most effective
IOP lowering agent was the asparagine derivative B13
that produced potent and long lasting IOP lowering at
all times, which were much better than those observed
with the clinically used drug DZA. In addition, the pH
of the B13 solution is 7.0 (as compared to 5.5 of DZA
hydrochloride), which is totally nonirritant to the eye.


In summary, a new series of thioureido-substituted sul-
fonamides were prepared by reacting 4-isothiocyanato-
or 4-isothiocyanatoethyl-benzenesulfonamide with
amines, hydrazines, or amino acids bearing moieties that
can lead to an enhanced hydrosolubility, such as 2-di-
methylamino-ethylamine, the fluorine-containing aro-
matic amines/hydrazines, an aminodiol, heterocyclic
polyamines (derivatives of morpholine and piperazine),
4-aminobenzoic acid, or natural amino acids (Gly,
Cys, Asn, Arg, and Phe). The new compounds showed
good inhibitory properties against three physiologically
relevant CA isozymes, with KIs in the range of 24–
324 nM against hCA I, of 6–185 nM against hCA II,
and of 1.5–144 nM against hCA XII. Some of the new
derivatives were also very effective in reducing elevated
IOP in hypertensive rabbits as a glaucoma animal mod-

el. Considering that this is the first study in which potent
hCA II/hCA XII inhibitors are designed and investigat-
ed in vivo, it may be assumed that the target isozymes of
the antiglaucoma sulfonamides are indeed the cytosolic
CA II and the transmembrane CA XII, whereas the role
played by CA IV should be reinvestigated.
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reaction for a period of 10–100 s. The CO2 concentrations
ranged from 1.7 to 17 mM for the determination of the
kinetic parameters and inhibition constants. For each
inhibitor, at least six traces of the initial 5–10% of the
reaction have been used for determining the initial
velocity. The uncatalyzed rates were determined in the
same manner and subtracted from the total observed
rates. Stock solutions of inhibitor (1 mM) were prepared
in distilled-deionized water with 10–20% (v/v) DMSO
(which is not inhibitory at these concentrations) and
dilutions up to 0.01 nM were done thereafter with
distilled-deionized water. Inhibitor and enzyme solutions
were preincubated together for 15 min at room tempera-
ture prior to assay, to allow for the formation of the E–I
complex. The inhibition constants were obtained by
nonlinear least-squares methods using PRISM 3, from
Lineweaver–Burk plots, as reported earlier,16,26 and rep-
resent the mean from at least three different determina-
tions. The recombinant enzymes (hCA I, hCA II, and
hCA XII) were obtained as reported earlier by this
group.16,25


31. Adult male New Zealand albino rabbits weighing 3–
3.5 kg were used in the experiments (three animals were
used for each inhibitor studied). The experimental
procedures conform to the Association for Research
in Vision and Ophthalmology Resolution on the use
of animals. The rabbits were kept in individual cages
with food and water provided ad libitum. The animals
were maintained on a 12 h:12 h light/dark cycle in a
temperature controlled room, at 22–26 �C. Solutions of
inhibitors (2%, by weight, as hydrochlorides, triflates,
or sodium carboxylates) were obtained in distilled-
deionized water. The pH of these solutions was in the
range of 5.5–8.4. IOP was measured using a Tono-Pen
XL tonometer (Medtronic Solan, USA) as described
earlier. The pressure readings were matched with two-
point standard pressure measurements at least twice
each day using a Digilab Calibration verifier. All IOP
measurements were done by the same investigator with
the same tonometer. One drop of 0.2% oxybuprocaine
hydrochloride (novesine, Sandoz) diluted 1:1 with saline
was instilled in each eye immediately before each set of
pressure measurements. IOP was measured three times
at each time interval, and the means reported. IOP was
measured first immediately before drug administration,
then at 30 min after the instillation of the pharmaco-
logical agent, and then each 30 min for a period of 4–
6 h. For all IOP experiments, drug was administered to
only one eye, leaving the contralateral eye as an
untreated control. The ocular hypotensive activity is
expressed as the average difference in IOP between the
treated and the control eye, in this way minimizing the
diurnal, seasonal, and interindividual variations com-
monly observed in the rabbit. Ocular hypertension was
elicited in the right eye of albino rabbits by the
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instillation of hydrocortisol (Sigma) as described by
Melena et al.32 The IOP of treated animals was
checked daily, and after approximately 3–4 weeks, an
elevated pressure of 33–35 mmHg has been achieved.

Such animals were used in the IOP measurement
experiments.


32. Melena, J.; Santafe, J.; Segarra-Domenech, J.; Puras, G.
J. Ocul. Pharmacol. Ther. 1999, 15, 19.





		Carbonic anhydrase inhibitors: Design of thioureido  sulfonamides with potent isozyme II and XII inhibitory  properties and intraocular pressure lowering activity  in a rabbit model of glaucoma

		Acknowledgment

		References and notes








Bioorganic & Medicinal Chemistry Letters 15 (2005) 3917–3920

Synthesis and evaluation of photolabile insulin prodrugs
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Abstract—We have developed two photolabile insulin prodrugs, insulin-2P and insulin-3P. These prodrugs were synthesized by pro-
tecting GlyA1 (NaA1), and one or both of the PheB1 (NaB1) and LysB29 (NeB29) amino groups in insulin using 5 0-(a-methyl-nitro-
piperonyl)oxy-carbonyl as the protecting group. These insulin prodrugs were efficiently activated by exposure to longwave UV light
to produce insulin quantitatively. Using 2-deoxyglucose uptake assays, both di- and tri-protected compounds were less active than
native insulin in the protected state, and showed comparable activity to native insulin upon photoactivation.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Hyperglycemia is the etiologic cause of most of the com-
plications of diabetes mellitus. To prevent or reduce
these complications, people with diabetes must maintain
glycemic control as close to normal as possible. This of-
ten requires multiple daily injections of insulin as well as
frequent self-glucose monitoring to maintain euglyce-
mia. Patients often have great difficulty adhering to this
rigorous schedule, and therefore it has long been a goal
in diabetic treatment to establish a closed-loop system of
regulated insulin delivery in response to elevated blood
glucose levels. In hopes of making steps toward this
goal, we have developed two insulin prodrug com-
pounds by protecting the primary amines of human
insulin with photolabile groups. These compounds are
minimally active in the protected state, but become
active after photolysis with 365 nm light. These com-
pounds have the potential for use in an implantable
closed-loop device, coupling a glucose sensor to a small
UV lamp to photoactivate and release the correct dose
of insulin in response to elevated glucose levels. The
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advantage of using photolabile compounds in a closed-
loop system is that they will facilitate the development
of smaller, simpler, and less invasive devices than insulin
pump-based methods could provide. As the photolabile
insulin is released by light rather than a pump, there
would be no moving parts to replace, and accidental re-
lease of the prodrug would be less damaging to the body
than accidental release of fully active insulin. In the pres-
ent study, we describe the synthesis of these insulin pro-
drugs and evaluate their ability to stimulate glucose
uptake in an in vitro system.


The insulin molecule consists of two polypeptide chains,
A and B, joined together by two disulfide bonds. In
addition to two N-terminal primary amines, A1 and
B1, the insulin molecule also contains one e amine on
the lysine residue of chain B. To date, most insulin pro-
drugs or derivatives have been synthesized by protecting
the primary amines at A1, B1, or B29.1
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Scheme 1. Protection of the primary amines in insulin using the


photolabile groups to produce insulin prodrugs, insulins-2P and 3P.
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Studies have revealed that the PheB1 (NaB1) and LysB29
(NeB29) amino groups of insulin do not directly partici-
pate in receptor binding.2 Thus, protection of these
two amino groups has minimal effect on insulin activity.
The GlyA1 (NaA1) amino group of insulin, however,
plays a critical role in receptor binding and its protection
leads to diminished binding affinity and biological activ-
ity. Utilizing this property of insulin, various derivatives
have been synthesized. We previously investigated the
functional properties of native insulin in comparison
to an aldol-derivatized organoinsulin prohormone in
the absence and presence of the catalytic aldolase anti-
body 38C2.3 In the aldol-derivatized organoinsulin, all
three amine functions of insulin were protected with al-
dol linkers. This prodrug compound exhibited markedly
diminished receptor binding and biological activity both
in vitro and in vivo. When the pro-insulin compound
was incubated with 38C2, native insulin was regenerat-
ed, displaying restored receptor-binding affinity as well
as normal in vitro and in vivo biological activity. Taking
a cue from this study, we sought to design photolabile
insulin prodrugs that could be activated by photolysis
with near ultra violet (UV) light. Such photolabile insu-
lin prodrugs could be stored in a receiver and photoac-
tivated for administration. As a proof of concept, we
have synthesized two photolabile insulin derivatives
and studied their properties, including activation with
UV light and the effect of the photolabile insulins on
glucose uptake, in vitro.

Figure 1. Sections of the HPLC traces showing: (A) the crude reaction


mixture of insulin with compound 3, (B) the reaction mixture shown in


(A) after dialysis, and (C) the diprotected (insulin-2P) and (D)


triprotected (insulin-3P) insulin derivatives separated by preparative


HPLC. Conditions for the analytical HPLC: reverse phase C18


analytical HPLC column (VydacTM, Cat# 201SP54). Water–acetoni-


trile (100:0–20:80) at a rate of 0.8 ml/min using gradient system,


starting with 100% water at 0 min and 80% acetonitrile in water at


40 min.

2. Synthesis, isolation, and activation of the photolabile
insulins


For the synthesis of the photolabile insulins, we used the
5 0-(a-methyl-nitro-piperonyl)oxy-carbonyl (MeNPOC)
group to mask the free primary amines. It has been
reported that the MeNPOC protecting group used in
many applications, including the light-directed synthesis
of DNA arrays on glass substrates, could be rapidly
deprotected using UV light of 365 nm. As shown in
Eq. 1, a compound with the general structure 1 is depro-
tected to the corresponding amine (RNH2) and nitroso
derivative 2 in less than a minute.4 It is noteworthy that
the 365 nm emission is almost exclusively responsible for
the photochemistry, as the absorbance of the MeNPOC
chromophore (kmax = 345 nm, e = 5 · 103 M�1 cm�1)
becomes negligible at wavelengths above 400 nm.


ð1Þ


Synthesis of the N-protected insulins was achieved by
treatment of parent insulin with carbonate 3 in DMSO
followed by dialysis and Prep-HPLC purification
(Scheme 1). Briefly, compound 35 (3 equiv with respect
to insulin) was added to a suspension of the recombi-
nant human insulin (purchased from Sigma–Aldrich,
70 mg, 12 lmol) in reagent grade DMSO (3.0 ml). The
resulting mixture was stirred in the dark at room tem-
perature overnight. Then the crude mixture was ana-

lyzed by analytical HPLC assay using a reverse phase
C18 column and a UV detector at 280 nm. Four major
peaks at RT 24.3, 27.7, 27.9, and 30.2 min were observed
in the chromatogram (Fig. 1A). It was found that both
insulin and 4-nitro-phenol generated from the reaction
had the same retention time corresponding to 24.3 min
(data not shown). Therefore the rest of the major peaks
were expected to be modified insulins. The low molecu-
lar weight compounds (4-nitro-phenol, etc.) were re-
moved completely after dialysis (Fig. 1B). Thus, the
reaction mixture was diluted with H2O (3.0 ml) and then
transferred into a 3500 MWcutoff, 12 ml dialysis mem-
brane slide (Pierce) and dialyzed with either 0.1 N
ammonium carbonate buffer or H2O. The residue inside
the membrane was chromatographed using preparative
HPLC and two fractions were collected. The first frac-
tion contained two inseparable compounds that corre-
sponded to RT 27.7 and 27.9 min, while the second
fraction was a single compound corresponding to RT







Figure 2. Part of the HPLC traces showing the regeneration of insulin


and production of compound 2 from insulin-2P (A, C, and E) at the


end of 1, 2, and 5 min and from insulin-3P (B, D, and F) at the end of


1, 2, and 10 min, respectively. (HPLC conditions: see Fig. 1).
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30.2 min in the analytical HPLC (Figs. 1C and D,
respectively). Both fractions were separately lyophilized,
to give 13 and 10 mg of the protected insulins.


The protected insulins were analyzed by liquid chroma-
tography mass spectrometry (LCMS) electrospray ioni-
zation (ESI) experiments, which gave a molecular ion
peak (M+) at 6281 for the first fraction and at 6518
for the second fraction. As a control, recombinant hu-
man insulin showed a consistent molecular weight of
5807 under the same conditions. The data confirmed
that the first fraction contained both diprotected insu-
lins (insulins-2P), whereas the second fraction contained
the triprotected insulin derivative (insulin-3P). Based on
our previous study, it was evident that only the three pri-
mary amine functions at GlyA1 (NaA1), PheB1 (NaB1),
and LysB29 (NeB29) could be protected in insulins-2P
as well as 3P under the reaction conditions, however,
it was not clear which two amines were protected in
insulins-2P. Fortunately, the biological data suggest that
the GlyA1 (NaA1) amino group, which directly partici-
pates in receptor binding, was protected in both dipro-
tected compounds. Alternative protection of PheB1
(NaB1) and LysB29 (NeB29) amino groups made two
diprotected insulins, which were inseparable by HPLC.
The attempts to convert all the insulin to insulin-3P by
increasing the amount of compound 3 and prolonging
the reaction time were unsuccessful.


Next, we examined the activation of the insulin pro-
drugs using a high intensity longwave UV lamp (Ul-
tra-Violet Products, model # B series 100AP). Both
insulins-2P and 3P underwent rapid deprotection to re-
lease free insulin and the nitroso derivative 2 (Scheme
2) as evidenced by the HPLC (Fig. 2) and (LCMS) anal-
yses of the crude products, using authentic insulin as
comparison. As shown in Figures 2A and B, respective-
ly, insulins-2P and 3P were converted to the free insulin
(RT 24 min) as well as the corresponding intermediates,
which are most likely the mono-protected insulins
(RT � 26 min) from insulins-2P, and the mixtures of
mono- and diprotected insulins (RT � 26–28 min) from
insulin-3P. Thus, at the end of the first minute of UV
treatment, more than 50% and 30% insulin were gener-
ated from insulin-2P and 3P, respectively. The insulin
concentration from insulins-2P and 3P increased to

Scheme 2. Activation of insulins-2P and 3P by photolysis under UV


light (hm = 365 nm) to regenerate insulin.

75% and 50% at the end of second minute (Figs. 2C
and D), and finally rose to almost complete deprotection
at 5 and 10 min, respectively (Figs. 2E and F).

3. Prodrugs insulins-2P and 3P stimulate glucose uptake
when photoactivated


To demonstrate the activity of insulin regenerated from
insulins-2P and 3P, we performed 2-deoxyglucose up-
take assays before and after photoactivation. Glucose
uptake was determined by assessing the amount of
[3H]2-deoxyglucose taken up by cells stimulated with na-
tive insulin, protected, or photoactivated compounds.
For this study, 3T3-L1 adipocytes were cultured and dif-
ferentiated as previously described.6 Cells were seeded
into 12 well plates and the assay was conducted on days
12–14 of differentiation. Insulins-2P and 3P were pro-
tected from light and dissolved in 10 mM HCl before
use. Dissolved compounds were placed in Acryl-cuvettes
(Sarstedt), and illuminated for 15 min with a BLAK-
RAY Longwave Ultraviolet Lamp (Model B-100A,
San Gabriel, CA) to induce photolysis. Native human
insulin, insulins-2P and 3P, were used at two doses,
0.5 and 17 nM. Glucose uptake was measured as de-
scribed elsewhere,6 with some adjustments. 3T3-L1 adi-
pocytes were serum starved for 2 h and stimulated with
insulin, the protected insulins-2P or -3P, or the photoac-
tivated compounds for 20 min. Glucose uptake was
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measured by incorporation of [3H]2-deoxyglucose after
a 15 min incubation.


Figure 3 compares glucose uptake using insulins-2P and
3P. Both compounds were moderately active in the
protected state, perhaps indicating some degree of
degradation. Upon photoactivation, the compounds
demonstrated variable degrees of activity, with the
diprotected insulin-2P activating 70% of the maximal
response (Fig. 3A). The triprotected insulin-3P appeared
to activate 116% of the maximal response; however, this
difference from native insulin was not statistically signif-
icant as shown by one-way ANOVA followed by
Dunnett�s multiple comparison post-test (Fig. 3B). One

Figure 3. Glucose uptake stimulated by native insulin, protected and


photoactivated insulin compounds. 3T3-L1 adipocytes were stimulated


with the indicated amounts for 20 min and glucose uptake was


quantitated by incorporation of [3H]2-deoxyglucose. (A) Activity of


insulin 2P in comparison to native insulin. (B) Activity of insulin 3P in


comparison to native insulin. Figures are an average of three


experiments.

explanation for the increased activity seen with both
protected and deprotected insulin-3P is that a small
portion of the compound may have been deprotected
prior to measurement and use.


In conclusion, photolabile insulin prodrugs, insulins-2P
and insulin-3P, were developed by protecting GlyA1
(NaA1) and one or both of the PheB1 (NaB1) and LysB29
(NeB29) amino groups using MeNPOC as the protecting
group. These insulin prodrugs were efficiently activated
by exposure to longwave UV light to produce insulin
quantitatively. Using 2-deoxyglucose uptake assays,
both di- and tri-protected compounds were significantly
less active than native insulin, and activity was restored
upon photoactivation. These compounds provide a
possible further step toward the development of a
closed-loop system of concomitant glucose detection
and insulin delivery.
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Abstract—The LL-arginine analogs, Nd-methyl-LL-arginine (dMA) and LL-canavanine, were used to probe the role of the Nd nitrogen of
LL-arginine in the reaction catalyzed by nitric oxide synthase (NOS). dMA was synthesized and found to be a partial alternate
substrate and a weak, reversible inhibitor of NOS with a Ki equal to 1.4 mM. dMA undergoes hydroxylation; however, it is not
converted further, hence it functions as a partial substrate. LL-Canavanine was converted to an LL-homoserine presumably via initial
hydroxylation and decomposition. The mechanism of this reaction and products of this reaction were not probed further.
� 2005 Elsevier Ltd. All rights reserved.

Figure 1. Reaction catalyzed by NOS.

1. Introduction


Nitric oxide synthases (NOS,1 EC 1.14.13.39) catalyze the
biosynthesis of �NO and LL-citrulline from the amino acid
LL-arginine (Fig. 1).1–3 The overall reaction occurs in two
definable steps and overall involves a five-electron oxida-
tion of LL-arginine requiring NADPH and O2 as cosub-
strates in each step. All NOS isoforms are homodimeric
and bind an equivalent each of FAD, FMN,4–6 and pro-
toporphyrin IX heme.7–9 One bound tetrahydrobiopterin
(H4B) per monomer is also required for full activity.5,6,10


The roles of the heme and H4B are not completely under-
stood. The first step of the reaction is the hydroxylation of
LL-arginine forming the intermediate NG-hydroxy-LL-argi-
nine (NHA).11–13 The three-electron oxidation of NHA
forming LL-citrulline and �NO has been proposed to in-
volve the nucleophilic attack of a heme ferric-peroxide
species.14 Previous CO inhibition studies have suggested
a catalytic role for the heme in both steps of the
reaction.7,15


The H4B cofactor has been shown to affect enzyme
dimerization,16–18 affinity for substrate,19,20 heme spin
state equilibrium,21,22 and heme midpoint potential.23


In addition, H4B is essential for both steps of NOS
catalysis and has been proposed to play a role in
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electron transfer.24,25 Direct evidence for the presence
of a pterin radical (H3B


�) in the heme domain of iNOS
has been obtained by rapid freeze-quench EPR in reac-
tions with LL-arginine,26 as well as with NHA.27


LL-Indospicine (Fig. 2), a natural product from the
legume Indigofera spicata, lacks a Nd nitrogen and
has previously been shown to be a weak inhibitor of
NOS.28 Crystal structures of the iNOS heme domain
with LL-arginine bound show the Nd involved in a hydro-
gen bond to a glutamate.29 This same glutamate is also
hydrogen bonded to one of the two guanidino nitrogens.
Feldman et al.28 have suggested that poor affinity of
LL-indospicine is due to the lack of a Nd hydrogen bond.
LL-Canavanine (Fig. 2), an amino acid found in certain
leguminous plants, has an oxygen atom adjacent to
the Nd nitrogen. This LL-arginine analog has been report-
ed to inhibit NOS with an apparent Ki of 0.22 mM.30


These results indicate that the Nd position is important
for catalysis and that substitutions around this position
also influence the chemistry taking place. We decided to
probe the mechanistic role of the Nd nitrogen of
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Figure 2. Structures of LL-arginine and mechanistic probes.
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LL-arginine through the synthesis and study of LL-arginine
analogs that would test the role of the Nd nitrogen in the
reaction. Nd-methyl-LL-arginine (dMA) (Fig. 2) would
disrupt the hydrogen bond to the glutamate and would
block chemistry from occurring at the Nd position
including the abstraction of a hydrogen atom. LL-Cana-
vanine, on the other hand, has an electron-withdrawing
oxygen atom adjacent to the Nd nitrogen. We have
used analytical HPLC and LCMS product assays to
demonstrate that dMA and LL-canavanine are alternate
substrates for NOS. The possible mechanistic implica-
tions of these results are discussed.

Scheme 2. Synthesis of NG-hydroxy-Nd-methyl-LL-arginine. Reagents:


(k) CNBr, Et3N, DME; (l) NH2OH Æ HCl, Et3N, MeOH.

2. Results


2.1. Synthesis


The synthesis of 6 (dMA) (Scheme 1) began with com-
mercially available LL-ornithine, which was first protect-
ed as the copper chelate and tosylated using the
methods of Erlanger31 to give 2. Following the proce-
dure detailed by Benotoin,32 2 was deprotected with
H2S and the a-amino group protected using benzoyl
chloride, which yielded 3. The d nitrogen was methylat-
ed using methyl iodide and the protecting groups were
removed by heating in hydrobromic acid, which gave

Scheme 1. Synthesis of Nd-methyl-LL-arginine. Reagents and conditions: (a) LL


H2S, 2 M HCl; (d) benzoyl chloride, 1 M NaOH; (e) MeI, 2 M NaOH;


butoxycarbonylthiourea, HgCl2, Et3N, DMF; (i) 1.5 M HCl, 100 �C; (j) TFA

5. The B,B-diethylboroxazolidone protecting group
was added by boiling with triethylborane in dimeth-
oxyethane (DME) according to Garcia et al.33 The gua-
nidine group was appended using N,N 0-bis-tert-
butoxycarbonylthiourea in a procedure detailed by Poss
et al.34 giving 6. Removal of the B,B-diethylboroxazoli-
done group was accomplished using the methods of
Nefkens and Zwanenburg.35


Compound 8 (dMHA) was prepared from 5 in two steps
(Scheme 2). Treating 5 with cyanogen bromide in DME
afforded 7. Formation of the hydroxyguanidine and
removal of the B,B-diethylboroxazolidone protecting
group were achieved in one step using hydroxylamine
hydrochloride giving 8.

-Ornithine Æ HCl, CuCO3 Æ Cu(OH)2, reflux; (b) p-TsCl, 2 M NaOH; (c)


(f) 48% HBr, reflux; (g) 1 M Et3B Æ THF, DME; (h) N,N 0-bis-tert-


.
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2.2. HPLC analysis of alternate substrates


dMA was converted by iNOS to a single amino acid
product analyzed by naphthalene-2,3-dicarboxaldehyde
(NDA) derivatization and HPLC. The retention time
of this new amino acid peak was 6.5 min (Fig. 3). This
peak co-eluted with the NDA derivative of authentic
dMHA (data not shown). Oxidation of LL-canavanine
by iNOS also gave rise to a new peak in the HPLC chro-
matogram (Fig. 4). This peak had a retention time of
11.0 min and co-eluted with the NDA derivative of
authentic LL-homoserine. In both the dMA and LL-cana-
vanine reactions, no product was detected when either
NADPH or iNOS was omitted from the reaction
mixture.


2.3. LCMS product identification


The mass spectrum of the product of dMA oxidation by
iNOS (Fig. 5) shows a peak with a m/z of 378.2 corre-
sponding to the NDA derivative of dMHA. Another
peak is visible with a m/z of 334.2 arising from neutral
loss of CO2 (M � 44) from this derivative. The mass
spectrum of the new peak in the HPLC chromatogram
of LL-canavanine oxidation by iNOS contains a peak
with a m/z of 293.2 (Fig. 6) corresponding to the
NDA derivative of LL-homoserine. The mass spectrum

Figure 3. HPLC chromatogram of dMA oxidation by iNOS.


Figure 4. HPLC chromatogram of LL-canavanine oxidation by iNOS.

also contains a peak with a m/z of 249.2 corresponding
to neutral loss of CO2 (M�44) from this derivative.


2.4. dMA inhibition studies


dMA was expected to be an alternate substrate of iNOS,
possibly very slow compared to LL-arginine as we ob-
served with NMA36. Slow, alternate substrates can also
be described as inhibitors, if turnover is relatively slow.
Since dMA did not produce �NO and the HPLC assay
described above showed conversion to dMHA but no
further reaction, inhibition by dMA was assessed.
Lineweaver–Burk analysis of dMA inhibition of iNOS
showed that dMA is a competitive inhibitor of iNOS
(data not shown). A Km/Vmax versus [dMA] re-plot of
data derived from Michaelis–Menten plots of competi-
tive iNOS inhibition by dMA versus LL-arginine
(Fig. 7) gave a Ki for dMA equal to 1.4 mM.

Figure 5. MS spectrum of t = 6.5 min unknown arising from oxidation


of dMA by iNOS.


Figure 6. MS spectrum of t = 11.0 min unknown arising from oxida-


tion of LL-canavanine by iNOS.







Figure 7. K/V versus [dMA] re-plot used in determining Ki for dMA.
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3. Discussion


Feldman et al.28 attributed the poor affinity of LL-indosp-
icine to the loss of one critical hydrogen bond between
the Nd position and the iNOS active site residue Glu
371. dMA (Ki = 1.4 mM) is a slightly more potent inhib-
itor than LL-indospicine (Ki > 3 mM) and it lacks the
same critical hydrogen bond donor. This increase in
potency, while not great, suggests that other deter-
minants are, in part, responsible for the poor binding
properties of LL-indospicine and dMA. dMA contains
an intact, presumably planar guanidine, group for the
delocalization of positive charge, while the lack of a
Nd nitrogen in LL-indospicine prohibits planarity around
the Nd position. This may cause misalignment of the
amidine group with the additional hydrogen bond
acceptors, namely Glu 371 and the backbone carbonyl
of Trp 366. In total, this would result in the loss of
not one but three hydrogen bonds. The ability to assume

Figure 8. NOS reaction scheme for the second step in the reaction. (A) The co


for dMA.

a planar geometry is clearly very important for produc-
tive binding.


dMA could be an important mechanistic tool since it is
a substrate for step 1 in the NOS reaction (LL-arginine
conversion to NHA) but not step 2 (NHA conversion
to citrulline and �NO). Previous work has suggested
that H4B plays a similar role in catalysis with either
LL-arginine or NHA as a substrate. The pterin has been
proposed to directly reduce a heme-bound oxygen
atom, generating the active oxidant and a pterin radi-
cal.37–40 This is illustrated in Figure 8 for step 2 of
the NOS reaction with NHA (A) and dMA (B). The
regeneration of the pterin cofactor in the two separable
steps of the reaction is different. The hydroxylation of
LL-arginine forms H3B


� that is reduced by one electron
provided by the reductase domain. The oxidation of
NHA again forms H3B


� (Fig. 8A, reaction 4). The
reduction of this radical has been proposed to occur
by a one-electron oxidation of the substrate NHA
(Fig. 8A, reaction 5).41 It is possible that the one-elec-
tron substrate oxidation step that reduces the H3B


�


formed in the second step occurs at the Nd position.
If oxidation at the Nd position is indeed the case, then
dMA would be unable to go forward (Fig. 8B, reaction
5) and would be expected to undergo hydroxylation
but not conversion to �NO in the second step of the
reaction. However, no turnover of dMA to dMHA
was observed. Based on past results with pterin-free
NOS21 and the peroxide shunt,14 dMHA should be
converted to NO� and the amino acid products d-
methyl-citrulline and possibly d-methyl-N-cyano-orni-
thine. The lack of turnover suggests that the current
view of the mechanism, as shown in Figure 8, is not
correct or perhaps steric issues described below come
into play.


An electron-donating Nd methyl group would decrease
the electrophilicity of the carbon atom of the hydroxy-
guanidine group. The methyl group may make this car-
bon less susceptible to the proposed nucleophilic attack

nversion of NHA to citrulline and �NO. (B) The same reaction scheme
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by the heme ferric-peroxide species. Also, it cannot be
ruled out that the steric bulk imposed by the Nd methyl
group could cause misalignment of the hydroxy-guani-
dine of dMHA rendering it unable to undergo nucleo-
philic attack by the ferric-peroxy species.


LL-Canavanine, a known inhibitor of NOS,30 we find
here functions as an alternate substrate for the NOS
reaction, as it was shown to be converted to LL-homo-
serine by the enzyme. The enzymatic product of LL-can-
avanine oxidation is speculated to be NG-hydroxy-LL-
canavanine, which would then decompose into LL-ho-
moserine in aqueous solution. We were unable to
determine whether LL-canavanine participates in the sec-
ond step of the reaction or decomposes after participat-
ing in the first step making the LL-canavanine results
difficult to interpret. Significantly, NO was not formed
with LL-canavanine.


In summary, we have probed further how small changes
in substrate influence activity. Remarkably, the simple
addition of a methyl group to the d nitrogen of LL-argi-
nine leads to a substrate that is specific for step 1 of
the NOS reaction.

4. Experimental


4.1. General


Chemicals used in synthetic methods were of reagent
grade quality and were obtained from Sigma–Aldrich.
Methyl iodide was purchased from Fisher. Anhydrous
DMF was purchased from Sigma–Aldrich. Anhydrous
DME and triethylamine were distilled under nitrogen
from sodium benzophenone ketyl. Microgranular cellu-
lose powder was purchased from Whatman. All HPLC
solvents were of HPLC grade. The melting points were
uncorrected. NMR spectra were recorded on a Bruker
AMX-300, AMX-400, AM-400, or AV-400 spectrome-
ter. NMR spectra in D2O used CDCl3 (sealed capillary),
or (Trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt
(TPS) as an internal standard. FAB mass spectra were
recorded either on a Micromass ZAB2-EQ or on a
VG70 mass spectrometer equipped with a FAB ion
source. (6R)-5,6,7,8-Tetrahydro-LL-biopterin was from
Schircks Laboratories (Jona, Switzerland). Pefabloc
SC hydrochloride was purchased from Roche diagnos-
tics. The 2 0,5 0-ADP Sepharose 4B resin and the S200
16/60 gel filtration column were from Pharmacia-LKB
Biotechnology Inc. The EmulsiFlex-C5 high pressure
homogenizer was from Avestin, Inc. DEAE Biogel A
and AG50W-X8 (H+) 200–400 mesh cation exchange
resin were purchased from Bio-Rad. Centrifugal filtra-
tion units (Ultrafree-15, Biomax-50K NMWL mem-
brane) were purchased from Millipore.


4.1.1. Nd-p-Toluenesulfonyl-LL-ornithine (2). CuCO3 Æ
Cu(OH)2 (7 g, 0.07 mol) was added to a solution of LL-or-
nithine Æ HCl (1) (10.1 g, 0.06 mol) in refluxing water
(30 mL) over a period of 15 min. The blue solution
was then cooled for 1 h and filtered. To this filtrate were
added p-toluenesulfonyl chloride (7.75 g, 0.04 mol) in

Et2O (30 mL) and 2 M NaOH (65 mL) with vigorous
stirring. After 40 min, a solution of p-toluenesulfonyl
chloride (7.75 g, 0.04 mol), Et2O (35 mL), and 2 M
NaOH (15 mL) was added and stirred for 3 h. The light
blue precipitate was filtered and washed with both
EtOH and Et2O. The filtered compound was dissolved
in 2 M HCl (200 mL) and H2S was bubbled through
the solution for 2.5 h. To the resulting black solution
was added activated charcoal (4 g) and the mixture
was filtered through Celite. The filtrate was adjusted to
pH 6 with NaOH and left overnight. The precipitated
solid was collected using vacuum filtration, yielding 2
(9.57 g, 56%) as a gray solid; mp 212–213 �C; 1H
NMR (300 MHz, D2O) d (ppm): 7.76 (d, J = 8.4 Hz,
2H), 7.47 (d, J = 8.1 Hz, 2H), 4.06 (t, J = 6.5 Hz, 1H),
2.96 (t, J = 6.6 Hz, 2H), 1.92 (m, 2 H), 1.60 (m, 2H);
13C NMR (400 MHz, D2O) d 170.7, 144.3, 134.5,
129.6, 126.2, 51.9, 41.4, 26.4, 24.0, 20.3; FABMS calcd
for C12H19N2O4S ([M+H]+), found m/z 287.


4.1.2. Na-Benzoyl-Nd-p-toluenesulfonyl-LL-ornithine (3). A
solution of 2 (9.57 g, 0.033 mol) in 1 M NaOH (53 mL)
was stirred at 0 �C, while a solution of benzoyl chloride
(4.28 mL, 0.037 mol) in 2 M NaOH (20 mL) was added
over 30 min. The solution was brought to room temper-
ature, stirred for 2 h, and then acidified to pH 3 with
HCl. EtOAc (350 mL) and the precipitated solid was fil-
tered yielding 3 (3.95 g, 30%); mp 184 �C; 1H NMR
(300 MHz, DMSO) d (ppm): 8.54 (d, J = 7.5 Hz, 1H),
7.86 (d, J = 7.2 Hz, 2H), 7.65 (d, J = 8.1 Hz, 2H), 7.50
(m, 1H), 7.49 (d, J = 7.5, 2H), 4.28 (m, 1H), 2.73 (q,
2H), 2.35 (s, 3H), 1.62–1.91 (m, 2H), 1.36–1.57 (m,
2H); 13C NMR (400 MHz, DMSO) d 173.6, 166.6,
142.5, 137.6, 134.0, 131.4, 129.6, 128.3, 127.5, 126.5,
52.3, 42.2, 27.8, 26.1, 20.9; FABMS calcd for
C19H23N2O5S ([M+H]+), found m/z 391. Anal. Calcd
(%) for C19H22N2O5S: C 58.45, H 5.68, N 7.17. Found:
C 57.96, H 5.90, N 6.92.


4.1.3. Na-Benzoyl-Nd-methyl-Nd-p-toluenesulfonyl-LL-
ornithine (4). In a pressure bottle with a stir bar was
added a solution of 3 (4.109 g, 0.011 mol) in 2 N NaOH
(47 mL). MeI (0.65 mL, 0.010 mol) was added and the
solution was heated to 70 �C for 1 h. The solution was
cooled to room temperature and 0.65 mL of MeI was
again added, and the solution was brought to 70 �C
for 1 h and then cooled to room temperature. This cycle
was repeated one additional time with MeI (0.65 mL)
before the solution was cooled to room temperature.
The solution was cooled to 0 �C and acidified to pH 2
with 6 M HCl. The precipitated product was extracted
with ethyl acetate (3 · 75 mL) and the combined EtOAc
layers were dried (MgSO4) and evaporated to dryness.
Recrystallization from EtOH/H2O gave 4 (3.7 g, 86%);
mp 163 �C; 1H NMR (300 MHz, DMSO) d (ppm):
8.62 (d, J = 7.8 Hz, 1H), 7.89 (d, J = 6.9 Hz, 2H), 7.64
(d, J = 8.4 Hz, 2H), 7.51 (1H, m), 7.50 (d, J = 7.2 Hz,
2H), 7.39 (d, J = 8.1 Hz, 2H), 4.38 (1H, m), 2.94 (2H,
m), 2.61 (3H, s), 2.37 (3H, s), 1.80 (2H, m), 1.56 (2H,
m); 13C NMR (400 MHz, DMSO) d 173.6, 166.5,
143.1, 133.9, 131.3, 129.8, 128.2, 127.4, 127.1, 52.3,
49.2, 34.4, 27.7, 23.8, 21.0; FABMS calcd for
C20H25N2O5S ([M+H]+), found m/z 405. Anal. Calcd
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(%) for C20H24N2O5S: C 59.39, H 5.98, N 6.93. Found:
C 59.39, H 6.08, N 6.84.


4.1.4. Nd-Methyl-LL-ornithine (5). A solution of 4 (2.66 g,
0.007 mol) in 48% HBr (21 mL) was heated to reflux for
2 h. The solution was cooled to room temperature and
filtered. The filtrate was evaporated to give a viscous
red liquid, which was dissolved in water (25 mL) and ap-
plied to a 26 mL of AG50W-X8 (H+) cation exchange
resin. The column was washed with water until the pH
of the eluent was neutral and then eluted with 2 N
NH4OH. Tubes containing (5) were combined and evap-
orated to give a brown oil, which was dissolved in water
(15 mL). The pH was adjusted to 5.8 using HCl and the
solution was boiled for 30 s with activated charcoal. The
charcoal was filtered off and the filtrate was evaporated
to dryness giving 5 (804 mg, 83%) as a solid; mp 217 �C;
1H NMR (400 MHz, D2O/TPS) d (ppm): 3.32 (t, 1H),
2.96 (t, 2H), 2.62 (s, 3H), 1.67 (4H, m); 13C NMR
(400 MHz, D2O/TPS) d 183.9, 58.0, 51.7, 35.5, 33.7,
25.1; FABMS calcd for C6H15N2O2 ([M+H]+), found
m/z 147.


4.1.5. Nd-Methyl-LL-arginine (dMA) (6). Compound 5
was dissolved in water and the pH was adjusted to 3
using concentrated HCl. The solution was evaporated
to dryness to yield 995 mg of 5 as the HCl salt. The solid
was dried overnight on a vacuum line and ground with
glass stirring rod until a dry, finely divided powder
was obtained. To a suspension of the HCl salt of 5
(650 mg, 0.004 mol) in dry DME (5.6 mL) was added
1 M triethylborane in THF (4.5 mL, 0.0045 mol). The
mixture was heated to reflux under argon for 48 h.
The resulting suspension was filtered, rinsed twice with
petroleum ether, and dried. The white compound
(381 mg, 0.002 mol) was dissolved in anhydrous DMF
(3.15 mL) to which N,N 0-bis-tert-butoxycarbonylthiou-
rea (492 mg, 1.78 mmol) and triethylamine (819 lL,
5.9 mmol) had been added. The reaction was cooled to
0 �C with an ice bath and HgCl2 (532 mg, 0.002 mol)
was added. After 1.5 h of reaction, EtOAc (25 mL)
was added and the mixture was filtered through Celite
to remove mercury salts. The EtOAc layer was washed
twice with water and once with brine and then dried
(MgSO4). Evaporation of the EtOAc gave a yellow oil,
which was applied to a silica gel column, and eluted with
EtOAc. Ninhydrin positive fractions were combined and
evaporated. Hydrolysis of the boroxazolidone was
effected by the addition of 1.5 M HCl (10 mL) and heat-
ing the acidic solution at 100 �C for 1 h. Evaporation of
the solvent resulted in a clear oil to which was added
TFA (10 mL). This solution was stirred for 2 h before
being loaded onto AG50WX-8 (H+), washed with 5 col-
umn volumes of water, and eluted with 1 M NH4OH.
Ninhydrin positive tubes were combined and evaporated
to give a clear oil. The oil was dissolved in water and the
pH was adjusted to 2.4 with acetic acid and evaporated
to give 6 (218 mg, 48%) as a white crystalline solid; mp
195 �C; 1H NMR (400 MHz, D2O/TPS) d (ppm): 4.12 (t,
J = 6.0 Hz, 1H), 3.43 (t, 2H, J = 8.4 Hz), 3.05 (s, 3H),
1.91 (4H, m); 13C NMR (400 MHz, D2O/TPS) d
172.20, 156.76, 52.97, 49.71, 36.12, 26.95, 22.48; HRMS
calcd for C7H17N4O2


+: 189.1352. Found: 189.1352.

Anal. Calcd (%) for C9H21N4O4.5: C 42.01, H 8.23, N
21.78; Found: C 42.36, H 8.21, N 21.74.


4.1.6. Nd-Methyl-N-cyano-LL-ornithine B,B-boroxazoli-
done (8). To a solution of 7 (419 mg, 2.85 mol) in dry
DME (17 mL) was added dry triethylamine (412 lL,
2.98 mmol). A solution of CNBr (622 mg, 5.87 mmol)
in dry DME (10 mL) was added and the solution was
stirred under argon for 3 h. The reaction mixture was
concentrated, applied to a silica gel column, and eluted
with EtOAc to give 7 (89 mg, 25%) as a white solid;
mp 143–145 �C; 1H NMR (400 MHz, DMSO) d
(ppm): 6.52 (t, J = 8.0 Hz, 1H), 5.60 (t, J = 8.0 Hz),
3.51 (m, 1H), 2.98 (t, J = 6.8 Hz, 2H), 2.81 (s, 3H),
1.81–1.88 (m, 1H), 1.65–1.72 (m, 2H), 1.14–1.57 (m,
1H), 0.68–0.73 (m, 6H), 0.15–0.28 (m, 4H); 13C NMR
(400 MHz, DMSO) d 173.83, 118.56, 54.05, 51.66,
38.20, 27.49, 23.73, 12.79, 12.06, 8.93; FABMS calcd
for C11H22BN3O2 (18+) found m/z 240; Anal. Calcd
(%) for C11H22BN3O2: C 55.25, H 9.27, N 17.57. Found:
C 54.91, H 9.54, N 17.86.


4.1.7. NG-Hydroxy-Nd-methyl-LL-arginine (dMHA) (9).
To a round-bottomed flask containing 8 (25 mg,
0.104 mmol) was added triethylamine (73 lL,
0.523 mmol). To this flask was added MeOH (750 lL),
followed immediately by NH2OH Æ HCl (33 mg,
0.475 mmol). The reaction was stirred for 2 h and then
concentrated on a rotary evaporator, loaded onto a
4 · 17 cm microgranular cellulose column, and eluted
with 5:3 MeCN: 0.1% TFA(aq) to give 9 (13 mg, 86%)
as a clear oil: 1H NMR (400 MHz, D2O/TPS) d (ppm):
4.12 (t, J = 8.0 Hz, 1H), 3.41 (t, J = 8.0 Hz, 2H), 3.02
(s, 3H), 1.85 (m, 4H); 13C NMR (400 MHz, D2O/TPS)
d 171.8, 158.7, 52.7, 49.6, 35.7, 26.7, 22.1; HRMS calcd
for C7H17N4O3


+: 205.1295. Found: 205.1301.


4.1.8. Expression and purification of inducible nitric oxide
synthase. Expression and purification of iNOS were car-
ried out, as described previously,6,21 with minor modifi-
cations that follow. All buffers used in the lysis,
purification, and concentration steps contained 10 lM
H4B. Cell pellets from 3 L culture were resuspended in
lysis buffer containing 50 mM Hepes (pH 7.4), 10% gly-
cerol, 1 mM Pefabloc SC, 10 lg/mL benzamidine,
5 lg/mL leupeptin, and 1 lg/mL each of pepstatin,
chymostatin, and antipain. The resuspended cells were
lysed with a high-pressure homogenizer. Centrifugation
for 1 h at 42,000 rpm yielded a supernatant that was
immediately purified using 2 0,5 0-ADP-Sepharose affinity
chromatography and DEAE Bio-Gel A anion exchange
chromatography, as previously described.6 The eluate
was concentrated using a centrifugal filtration device
and loaded onto a gel filtration column (S200 16/60),
which was equilibrated with 100 mM Hepes (pH 7.4),
100 mM NaCl, 10 lM H4B, and 10% glycerol. Fractions
containing iNOS were pooled, concentrated, and frozen
in aliquots at �80 �C. iNOS purified in this manner is
>95% pure by SDS–PAGE with Coomassie staining
and had a specific activity of �122 lmol �NO/h/mg
measured by the oxyhemoglobin assay (see below).42 Pro-
tein concentration was determined using the Bradford
protein assay using bovine serum albumin as a standard.
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4.1.9. Enzyme reactions. To determine if dMA and
LL-canavanine were substrates for iNOS, enzyme reaction
mixtures were evaluated for amino acid products by
HPLC. Total reaction volumes were 500 lL and con-
tained 240 lM NADPH, 11 lM H4B, 100 lM DTT,
50 lM LL-phenylalanine (as an internal standard), and
120 lM of either dMA or LL-canavanine in 15 mM
Hepes. After initiating the reaction with enzyme, dMA
reactions contained 250 nM iNOS and were incubated
at 37 �C for 4 h, while LL-canavanine reactions contained
500 nM iNOS and were incubated at 37 �C for 2 h.


4.1.10. Analytical reverse-phase HPLC. Amino acids
from enzyme reaction mixtures were derivatized with
NDA, as previously described,41,43 and separated by
reverse-phase HPLC at 40 �C using a Nova-Pak C18


column (150 · 3.9 mm, 4 lm, Waters) with an Alltima
C18-LL guard column (5 lm, Alltech), using a Hewlett-
Packard 1090 series II HPLC with a diode array detec-
tor. The derivatization conditions were as follows:
21 lL sample, 9 lL of 50 mMNaCN in 0.1 M potassium
borate (pH 9.5), and 3 lL of 10 mM NDA in methanol
were allowed to react for 15 min at room temperature
immediately before 25 lL of the reaction was injected
onto the column and eluted at 0.5mL/min. Elution con-
ditions for dMA reactions were modified from a previ-
ously reported procedure.41 Solvent A consisted of
5 mM ammonium acetate to which 20% methanol (v/v)
had been added and solvent B was acetonitrile. The col-
umn was equilibrated in 20% solvent B prior to each
25 lL injection of derivatized sample. Elution conditions
were 20% solvent B for 4 min, followed by a linear gradi-
ent of 20–65% solvent B over 4.5 min, 65–100% solvent B
over 1.5 min, and 100% solvent B for 3 min, followed by
a return to 20% solvent B over 2 min. Retention times:
void volume, 2.3 min; dMA, 7.9 min; and LL-phenylala-
nine, 8.6 min. For separation of amino acids in enzyme
reaction mixtures containing LL-canavanine, solvent A
consisted of 10 mM ammonium acetate and solvent B
was methanol. The column was equilibrated in 20%
solvent B, prior to each 25 lL injection of derivatized
sample. Elution conditions were 20% solvent B for
3 min, followed by a linear gradient of 20–100%
solvent B over 12 min, and 100% B for 2 min, followed
by a return to 20% solvent B for over 3 min. Retention
times: void volume, 3.3 min; LL-canavanine, 12.0 min;
and LL-phenylalanine, 13.3 min.


4.1.11. LCMS analysis of amino acids. Mass spectrome-
try data for NDA derivatives of amino acid products of
enzyme reactions mixtures were obtained on an Agilent
1100 LCMS system. The same respective sets of elution
conditions listed above for analytical HPLC were used
to separate amino acids from the dMA and LL-canavan-
ine enzyme reaction mixtures.


4.1.12. Initial velocity measurements. �NO synthesized by
iNOS can be measured indirectly by observing the rapid
oxidation of oxyhemoglobin by �NO which produces
methemoglobin and NO3


�, as described previously.42


All initial velocity measurements were recorded at
37 �C. The reference cuvette contained 6 lM oxyhemo-
globin in 100 mM Hepes (pH 7.4). The sample cuvette

contained 100 lM NADPH, 12 lM H4B, 100 lM
DTT, 15 nM iNOS, varying concentrations of LL-argi-
nine as specified in each experiment below, and 6 lM
oxyhemoglobin in 100 mM Hepes (pH 7.4). The forma-
tion of methemoglobin was followed by monitoring the
increase in absorbance at 401 nm.


4.1.13. dMA reversible inhibition kinetics. The oxyhemo-
globin assay was utilized to determine the type of inhibi-
tion exhibited by dMA on iNOS. Assay reactions
contained LL-arginine (2, 4, 10, 60, 100, 500, or
1000 lM), dMA (0, 0.5, 0.75, 1.5, 2.0, and 2.25 mM),
100 lM NADPH, 12 lM H4B, 100 lM DTT, and
15 nM iNOS in 100 mM Hepes (pH 7.4). A [dMA] ver-
sus (K/V) re-plot of data derived from Michaelis–Men-
ten plots of iNOS inhibition by dMA versus LL-arginine
was constructed for determination of a Ki for dMA.
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Abstract—Ketoheterocyclic inhibitors of cathepsin K have been disclosed. SAR of potency enhancing P2–P3 groups coupled with
ketoheterocyclic warheads to provide cathepsin K inhibitors have been described. In addition, a novel route to access a-ketothiaz-
oles using a key thioamide functionality has been disclosed. The mild method employed allows for the presence of diverse functional
groups, such as amide and carbamate functionalities, commonly found in protease inhibitors that have peptidomimetic scaffolds.
This new method should provide a quick entry into functionally diverse protease inhibitors.
� 2005 Elsevier Ltd. All rights reserved.

Bone remodeling is a dynamic process wherein bone
resorption by osteoclasts is balanced by bone rebuild-
ing by osteoblasts. A shift in this equilibrium favoring
bone resorption results in deterioration of the skeletal
microarchitecture, resulting in osteoporosis.1 Bone
resorption involves dissolution of the mineral portion
in a highly acidic environment, followed by proteolytic
degradation of the organic matrix. Cathepsin K, a cys-
teine protease highly expressed in osteoclasts, has been
shown to be the primary proteolytic enzyme that is
responsible for this process.2 Several lines of evidence
including suppression of osteoclast bone resorption
by a cathepsin K antisense oligonucleotide,3 osteope-
trotic phenotypes of inactivating mutations in the gene
expressing cathepsin K,4–6 and bone mass in mice defi-
cient in cathepsin K point to the importance of this en-
zyme in the development of osteoporosis.7,8 There have
been several reports that cover the field of cathepsin K
inhibitors.9–11


In the design of cathepsin K inhibitors, a reversible
cathepsin K inhibitor was desired. In addition to alde-
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hyde,12,13 cyanamide,14 and ketoamide-based inhibi-
tors,15–20 efforts from these laboratories were also
focused on using ketoheterocyclic-based inhibitors for
inhibition of cathepsin K. The use of ketoheterocycles
as reversible inhibitors of serine proteases is well-docu-
mented in the literature.21,22 Work disclosing the use
of ketoheterocycles, as inhibitors of cysteine protease,
has also been described.23,24 Efforts in these laboratories
were directed toward using cysteine protease recognition
motifs designed in these laboratories, such as P1/P2


groups in aldehyde-based inhibitor 1 (IC50 =
2.7 nM).12,13 The stability of ketoheterocyclics as an
alternate warhead over aldehyde-based inhibitors made
this approach attractive.13 The present work also de-
scribes a new synthetic route into peptidic ketohetero-
cyclics using a key thioamide functionality as an
handle to access various heterocyclic moieties from the
same precursor. This new method is exemplified by the
synthesis of ketothiazoles.
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The ketoheterocycles 11–18 were accessed starting from

phenyl moiety, followed by treatment with phosgene,
afforded the chloroformate, and subsequent addition

Scheme 2. Reagents and conditions: (a) LiOH, THF, 96%;


(b) iPrOCOCl, THF, NMM; (c) NaBH4, THF; (d) SO3 Æ Py, DCM;


(e) TBSCN, DCM, 18-crown-6, KCN, 84%; (f) NH2OH, AcONa;


(g) Ac2O, toluene, reflux, 65%; (h) TBAF, THF, 87%; (i) TEMPO,


KBr, NaOCl, DCM/H2O, 72%; (j) diethyldithiophosphate, THF,


reflux, 78%; a-haloketones, NMM, CH3CN, 69%; chloroformate,
iPr2NEt, THF; (k) TFA, DCM, 72%; (l) TEMPO, KBr, NaOCl,


DCM/H2O, 56%.


Scheme 3. Reagents and conditions: (a) 4 N HCl in Dioxane 99%;


subst. benzoic acids, EDC, HOBT, NMM, 86%; (b) TEMPO, KBr,


NaOCl, DCM/H2O, 53%.

the alcohol 2. Rhodium-catalyzed hydrogenation of the


of the amino ester provided carbamate 3. Hydrolysis
of the ester to the acid, followed by amidation and sub-
sequent treatment with aryl/heteroaryl lithiums, affor-
ded the target compounds 11, 12, 18, 25, and 26 (see
Scheme 1). Synthesis of oxadiazole- and thiazole-substi-
tuted ketoheterocycles required the synthesis of the key
nitrile intermediate 6. The nitrile was synthesized from
the BocNle-OMe wherein, hydrolysis of the ester, fol-
lowed by subsequent reduction of the in situ generated
anhydride with sodium borohydride, afforded the de-
sired alcohol. Oxidation of the alcohol with sulfur triox-
ide pyridine complex and subsequent treatment of the
aldehyde 5 with the silyl cyanide gave nitrile 6. Treat-
ment of the nitrile 6 with hydroxylamine in the presence
of sodium acetate, followed by subsequent reaction with
acetic anhydride, afforded the silyl protected oxadiazole.
Removal of the silyl-protecting group with fluoride, fol-
lowed by oxidation of the alcohol, afforded oxadiazole
17.


The ketothiazoles were synthesized from the same nitrile
intermediate 6 by treatment with diethyldithiophosphate
in refluxing tetrahydrofuran to afford the thioamide,
which on reaction with various a-haloketones yielded
the protected thiazoles. Cleavage of the silyl ether and
the amine protecting group with trifluoroacetic acid
afforded the amino alcohol 7. The amino alcohol was
coupled to various chloroformates to afford the carba-
mates. Oxidation of the secondary alcohol with sodium
hypochlorite gave the desired ketothiazoles 13–16, 21–
24 (see Scheme 2).


The ketothiazole containing amide functionality was
synthesized, as shown in Scheme 3 from 7. The amino
alcohol 7 was coupled to a commercially available acid
to afford the amide, which was then oxidized to afford
the desired ketothiazole 27.


The dipeptide containing ketothiazoles were synthe-
sized, as shown in Scheme 4. Coupling of the amino
alcohol 8 with Cbz-Leu, followed by oxidation and sily-
lcyanohydrin formation, gave the nitrile 9. Conversion

Scheme 1. Reagents and conditions: (a) H2, RhCl3 Æ H2O, Aliquat 336,


90%; (b) 1.93 M COCl2 in PhMe, THF, 0 �C to rt; Nle-OMe, iPr2NEt;


(c) LiOH, THF, 87%; (d) HN(MeO)(Me), EDC, HOBT, DCM, 70%;


(e) aryl/heteroaryl lithiums, THF, �78 �C, 30–64%.


Scheme 4. Reagents and conditions: (a) EDC, HOBT, NMM,


Cbz-Leu, 89%; (b) DMSO, (COCl)2, DCM, �65 �C, 78%; (c) TBSCN,


DCM, 18-crown-6, KCN, 81%; (d) diethyldithiophosphate, THF,


reflux, 72%; (e) ethylbromopyruvate, CH3CN, 68%; (f) TBAF, THF;


TEMPO, KBr, NaOCl, DCM/H2O, 50%.

of the nitrile 9 to a thioamide with diethyldithiophos-
phate, followed by treatment with ethyl a-bromopyru-
vate, afforded the silyl-protected thiazole. Deprotection
of the alcohol, followed by oxidation, gave the final
product 10.







Table 1. Inhibition of human cathepsin K by ketoheterocycles


Compound R2 R R1 IC50 (nM)a


11
O


n-Bu 3,100


12
O


n-Bu 7,100


13
O


n-Bu 10%b


14
O


n-Bu 230


15 H 0%b


16 n-Bu 13,000


17 nBu 8,100


18 n-Bu 4,000


19 n-Bu 13,000


20 H 20%b


21 n-Bu 28%b


22 n-Bu >13,000
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Aryl and heteroaryl groups directly attached to a ketone
increase the electrophilicity of the carbonyl carbon to at-
tack by active site cysteine nucleophiles to form hemi-
thioketals. In addition to activating the ketone, these
moieties can form binding interactions with the active
site trough and/or S 0 subsites. Since there were no
known ketoheterocyclic inhibitors of cathepsin K dis-
closed at the time of this work, a model of compound
11, docked into the active site, formed the basis for
SAR developed in the present work (Fig. 1). This bind-
ing mode was found to be consistent with the X-ray
structures that have been recently reported for other
ketoheterocyclic inhibitors of cathepsin K.24 The a-keto
moiety of compound 11 and the active site thiol of 25Cys
of the enzyme form a covalent hemithioketal intermedi-
ate, which is consistent with previously reported struc-
tures. The hydroxyl of the hemithioketal group
occupies the oxy-anion hole and is stabilized by hydro-
gen bonds to the side chain of 19Gln and the backbone
NH of 25Cys, similar interactions are seen in published
aldehyde and ketone cathepsin K structures. In addi-
tion, two more hydrogen bonds to the peptide backbone
of the enzyme are suggested from the model that stabi-
lize the inhibitor in the active site; the carbamate car-
bonyl accepts a hydrogen bond from the NH of 66Gly,
while the carbamate NH donates a hydrogen bond to
the backbone carbonyl of 161Asn. Further, the S1 wall
formed from 23Gly, 24Ser, 64Gly, and 65Gly provide
van der Waals interactions with one face of the P1 n-bu-
tyl group of the inhibitor. The methyl group lies in the
deep lipophilic S2 pocket composed of 67Tyr, 68Met,
134Ala, 163Ala, and 209Leu. The cyclohexyl moiety does
not extend into the S3 pocket composed primarily of
61Asp and 67Tyr (shared with S2), but forms a van der
Waals interaction with one face of the phenolic ring of
67Tyr. It was envisaged that heterocycles might accept
a hydrogen bond from the indole NH of 184Trp or pos-
sibly form a p-stacking interaction with the indole ring.
As shown in Table 1, a number of different ketohetero-

Figure 1. Active site of model structure 11 complexed with cathepsin


K. The cathepsin K carbons are colored magenta, with the inhibitor 11


carbons colored cyan. The semitransparent white surface represents


the molecular surface and possible hydrogen bonds are represented as


yellow dashed lines. This figure was generated using PYMOL version


0.97 (Delano Scientific, www.pymaol.org).


23 H 0%b


24 n-Bu 31%b


25 n-Bu 2%b


26 n-Bu 1,900


27 >13,000


a Inhibition of recombinant human cathepsin K activity in a fluores-


cence assay using 10 lM Cbz-Phe-Arg-AMC as a substrate in


100 mM NaOAc, 10 mM DTT, and 120 mM NaCl, pH 5.5. The IC50


values are means of two or three inhibition assays, individual data


points in each experiment were within a 3-fold range of each other.
b Inhibition at 12.6 lM.

cycles containing the P2/P3 piece from aldehyde 1 were
prepared and tested for cathepsin K inhibition. The
naked thiazole 11 was found to be a moderate inhibitor
of cathepsin K (IC50 = 3100 nM). Addition of a 4-phen-
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yl group as in analog 12, that could potentially form a
favorable hydrophobic interaction with 184Trp, resulted
in no additional gain in potency. Incorporation of elec-
tron-withdrawing groups to increase the electrophilicity
of the carbonyl group was then studied. Addition of an
ester to the 5-position of the thiazole, analog 13, resulted
in a decrease in inhibitory activity. In contrast, the 4-
substituted thiazole 14 (IC50 = 230 nM) gave a 10-fold
boost in potency.


Replacement of the 4-substituted esterwith an electroneg-
ative trifluoromethyl substituent as in analog 16 resulted
in a loss of potency. Thus, the enhanced activity of the es-
ter 14 may be partly attributed to its ability to accept a
hydrogen bond, possibly through a bridging water mole-
cule versus the enhanced electrophilicity of the carbonyl
thiol reactive group. Alternately, the trifluoromethyl
group may not be accommodated by the enzyme active
site. Analog 15 lacks norleucine-derived P1 substituent.
In the aldehyde series, 100-fold decrease in inhibitory
activity was seen when the P1 moiety was changed from
n-butyl to hydrogen.12 The loss of conformational bias
combined with the loss of S1 subsite van der Waals inter-
actions also led to a loss of activity in the ketoheteroaryl
series (analogs 15, 20, and 23). Replacement of the thia-
zole with oxadiazoles, as in examples 17 and 18, resulted
in analogs that were as potent as the thiazoles. As in the
thiazole 12, no additional gain in potency was observed
by having a phenyl substituent (18).


To increase the diversity of these inhibitors, various
aldehyde inhibitor-derived P1, P2 and P3 groups were
used, keeping the ketoheterocycle group constant, as
in examples 19–24, 27. The dipeptide, as well as the
other P1, P2, and P3 groups, were all found to be less ac-
tive against cathepsin K. Since the di-iso-propyl moiety
was known to enhance potency against cathepsin K,10,16


a few ketoaryl/heteroaryl analogs were also made, as in
examples 25 and 26. Interestingly, the phenyl analog 29
was found to be inactive, whereas the thiophene isostere
26 was a low micromolar inhibitor of cathepsin K.


The most active thiazole analog 14 was screened for
selectivity against a select set of cysteine proteases, as

Table 2. Inhibitory potencies (IC50) versus human cathepsins K, L, V,


S, and B


Compound K (IC50 nM) L/Ka V/Kb S/Kc B/Kd


14 230 >40 >40 >40 >40


a Inhibition of recombinant human cathepsin L activity in a fluores-


cence assay using 5 lMCbz-Phe-Arg-AMC as a substrate in 100 mM


NaOAc, 10 mM DTT, and 120 mM NaCl, pH 5.5.
b Inhibition of recombinant human cathepsin V activity in a fluores-


cence assay using 2 lMCbz-Phe-Arg-AMC as a substrate in 100 mM


NaOAc, 10 mM DTT, and 120 mM NaCl, pH 5.5.
c Inhibition of recombinant human cathepsin S activity in a fluores-


cence assay using 10 lM Cbz-Val-Val-Arg-AMC as a substrate in


100 mM NaOAc, 10 mM DTT, and 120 mM NaCl, pH 5.5.
d Inhibition of recombinant human cathepsin B activity in a fluores-


cence assay using 10 lM Cbz-Phe-Arg-AMC as a substrate in


100 mM NaOAc, 10 mM DTT, and 120 mM NaCl, pH 5.5. The IC50


values are means of two or three inhibition assays, individual data


points in each experiment within a 2-fold range of each other.

shown in Table 2. Analog 14 was found to be over 40-
fold selective over cathepsins L, V, H, and B.


In conclusion, the present work describes the use of a
ketoheterocyclic warhead for the inhibition of cysteine
protease, cathepsin K. In addition to the use of standard
protocols for their synthesis, a novel route using the thio-
amide functionality as a handle to get into ketothiazoles
has been described. Access to other heterocyclic groups
from the thioamide moiety using known methods (e.g.,
S-alkylation, followed by subsequent displacement with
appropriate synthons) can be easily envisaged. The use
of this mild method allows for the presence of diverse
functional groups, such as amide and carbamate func-
tionalities, commonly found in protease inhibitors that
have peptidomimetic scaffolds. In addition, this method
allows for incorporation of peptidomimetic scaffolds
extending into the S 0 region of proteases.

Acknowledgments


The authors thank Randy Rutkowski, Robert Johnson,
and Peter Kitrinos for analytical support.

References and notes


1. Einhorn, T. A. In Osteoporosis; Marcus, R., Feldman,
D., Kelsey, J., Eds.; Academic Press: San Diego, CA,
1996, p 3.


2. Drake, F. H.; Dodds, R. A.; James, I. E.; Connor, J. R.;
Debouck, C.; Richardson, S.; Lee-Rykaczewski, E.; Cole-
man, L.; Rieman, D.; Barthlow, R.; Hastings, G.; Gowen,
M. J. Biol. Chem. 1996, 271, 12511.


3. Inui, T.; Ishibashi, O.; Inaoka, T.; Origane, Y.; Kumegawa,
M.; Kokubo, T.; Yamamura, T. J. Biol. Chem. 1997, 272,
8109.


4. Gelb, B. D.; Shi, G.-P.; Chapman, H. A.; Desnick, R. J.
Science 1996, 273, 1236.


5. Johnson, M. R.; Polymeropoulos, M. H.; Vos, H. L.; Ortiz
de Luna, R. I.; Francomano, C. A. Genome Res. 1996, 6,
1050.


6. Hou, W.-S.; Bromme, D.; Zhao, Y.; Mehler, E.; Dushey,
C.; Weinstein, H.; Miranda, C. S.; Fraga, C.; Greig, F.;
Carey, J.; Rimoin, D. L.; Desnick, R. J.; Gelb, B. D.
J. Clin. Invest. 1999, 103, 731.


7. Saftig, P.; Hunziker, E.; Wehmeyer, O.; Jones, S.; Boyde,
A.; Rommerskirch, W.; Moritz, J. D.; Schu, P.; Von
Figura, K. Proc. Natl. Acad. Sci. U.S.A. 1998, 95, 13453.


8. Gowen, M.; Lazner, F.; Dodds, R.; Kapadia, R.; Feild, J.;
Tavaria, M.; Bertoncello, I.; Drake, F.; Zavarselk, S.;
Tellis, I.; Hertzog, P.; Debouck, C.; Kola, I. J. Bone
Miner. Res. 1999, 14, 1654.


9. Yamashita, D. S.; Dodds, R. A. Curr. Pharm. Des. 2000,
1, 1.


10. Deaton, D. N.; Kumar, S. Prog. Med. Chem. 2004, 42, 245.
11. Cai, J.; Jamieson, C.; Moir, J.; Rankovic, Z. Expert Opin.


Ther. Pat. 2005, 15, 33.
12. Catalano, J. G.; Deaton, D. N.; Furfine, E. S.; Hassell, A.


M.; McFadyen, R. B.; Miller, A. B.; Miller, L. R.;
Shewchuk, L. M.; Willard, D. H.; Wright, L. L. Bioorg.
Med. Chem. Lett. 2004, 14, 275.


13. Boros, E. E.; Deaton, D. N.; Hassell, A. M.; McFadyen,
R. B.; Miller, A. B.; Miller, L. R.; Paulick, M. G.;
Shewchuk, L. M.; Thompson, J. B.; Willard, D. H.;
Wright, L. L. Bioorg. Med. Chem. Lett. 2004, 14, 3425.







F. X. Tavares et al. / Bioorg. Med. Chem. Lett. 15 (2005) 3891–3895 3895

14. Deaton, D. N.; Hassell, A. M.; McFadyen, R. B.; Miller,
A. B.; Miller, L. R.; Shewchuk, L. M.; Tavares, F. X.;
Willard, D. H., Jr.; Wright, L. L. Bioorg. Med. Chem.
Lett. 2005, 15, 1815.


15. Catalano, J. G.; Deaton, D. N.; Long, S. T.; McFadyen,
R. B.; Miller, L. R.; Payne, J. A.; Wells-Knecht, K. J.;
Wright, L. L. Bioorg. Med. Chem. Lett. 2004, 14, 719.


16. Tavares, F. X.; Boncek, V.; Deaton, D. N.; Hassell, A. M.;
Long, S. T.; Miller, A. B.; Payne, A. A.; Miller, L. R.;
Shewchuk, L. M.; Wells-Knecht, K.; Willard, D. H., Jr.;
Wright, L. L.; Zhou, H.-Q. J. Med. Chem. 2004, 47,
588.


17. Barrett, D. G.; Catalano, J. G.; Deaton, D. N.; Long, S.
T.; Miller, L. R.; Tavares, F. X.; Wells-Knecht, K. J.;
Wright, L. L.; Zhou, H.-Q. Q. Bioorg. Med. Chem. Lett.
2004, 14, 2543.


18. Barrett, D. G.; Catalano, J. G.; Deaton, D. N.; Hassell, A.
M.; Long, S. T.; Miller, A. B.; Miller, L. R.; Shewchuk, L.

M.; Wells-Knecht, K. J.; Willard, D. H., Jr.; Wright, L. L.
Bioorg. Med. Chem. Lett. 2004, 14, 4897.


19. Tavares, F. X.; Deaton, D. N.; Miller, A. B.; Miller, L. R.;
Wright, L. L.; Zhou, H.-Q. J. Med. Chem. 2004, 47, 5049.


20. Tavares, F. X.; Deaton, D. N.; Miller, L. R.; Wright, L. L.
J. Med. Chem. 2004, 47, 5057.


21. Edwards, P. D.; Meyer, E. F., Jr.; Vijayalakshmi, J.;
Tuthill, P. A.; Andisik, D. A.; Gomes, B.; Strimpler, A.
J. Am. Chem. Soc. 1992, 114, 1854.


22. Costanzo, M. J.; Maryanoff, B.; Hecker, L. R.; Schott, M.
R.; Yabut, S. C.; Zhang, H.-C.; Andrade-Gordon, P.;
Kauffman, J.A.; Lewis, J.M., et al. J.Med.Chem. 1996, 39,
3039.


23. Tao, M.; Bihovsky, R.; Kauer, J. C. Bioorg. Med. Chem.
Lett. 1996, 6, 3009.


24. McGrath, M. E.; Sprengeler, P. A.; Hill, C. M.; Martic-
honok, V.; Cheung, H.; Somoza, J. R.; Palmer, J. T.; Janc,
J. W. Biochemistry 2003, 42, 15018.





		Ketoheterocycle-based inhibitors of cathepsin K: A novel entry  into the synthesis of peptidic ketoheterocycles

		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters 15 (2005) 3834–3837

Design, synthesis, and evaluation of 2-phenoxy-indan-1-one
derivatives as acetylcholinesterase inhibitors


Rong Sheng,a Xiao Lin,a Jingya Li,b Yanke Jiang,c Zhicai Shangc and Yongzhou Hua,*


aZJU-ENS Joint Laboratory of Medicinal Chemistry, Zhejiang University, Hubin Campus, Hangzhou 310031,China
bThe National Center for Drug Screening, Shanghai 201203, China


cDepartment of Chemistry, Zhejiang University, Hangzhou 310027, China


Received 7 May 2005; revised 30 May 2005; accepted 31 May 2005


Available online 1 July 2005

Abstract—A series of 2-phenoxy-indan-1-one derivatives have been designed, synthesized, and tested as acetylcholinesterase inhib-
itors. The most potent compound exhibited high AChE inhibitory activity (IC50 = 50 nM), and the molecular docking study indi-
cated that it was nicely accommodated by AChE.
� 2005 Elsevier Ltd. All rights reserved.

Alzheimer�s disease (AD) is one of the most severe
health problems of the aged. Acetylcholinesterase
(AChE) inhibitors are the first and the most developed
group of drugs approved for AD symptomatic treat-
ment, such as tacrine, donepezil, rivastigmine, huper-
zine, and galanthamine. Among them, donepezil (1)
and rivastigmine (2) exhibit excellent effects in the early
to moderate stages of AD patients with few side effects.1


The crystallographic structure of donepezil–TcAChE
complex reveals that the dimethoxy-indanone and ben-
zylpiperidine moieties of donepezil interact with the
peripheral and central binding site of AChE separately.2


Rivastigmine was presumed as central site binding
inhibitor.3 Recently, it has been pointed out that AChE
may be involved in several noncatalytic actions4 such as
accelerating b-amyloid peptide deposition and promot-
ing the formation of b-amyloid fibril.5 It has been spec-
ulated that the peripheral binding site may be
responsible for this aggregation-promoting action of
AChE.6 Therefore, molecules that are able to interact
with both central and peripheral binding sites may pre-
vent the catalytic and noncatalytic actions of AChE.
Following this reasoning, 5,6-dimethoxy-indan-1-one
from donepezil and dialkyl-benzylamine from rivastig-
mine were chosen as the two pharmacophoric moieties
to interact with the two binding sites of AChE separate-
ly, and they were linked with oxygen. With the changing
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of the position (para or meta) and the sort of aminoalkyl
group on the benzene ring, a series of 2-phenoxy-indan-
1-one derivatives 3a–x were designed, synthesized, and
tested for their AChE inhibitory activity (Fig. 1).


Target compounds 3a–x were synthesized as shown in
Scheme 1. Reaction of 3-(or 4-)(1-chloro-ethyl)anisole
4 with a secondary amine (dimethylamine, diethylamine,
pyrrolidine, and so on) provided 5a–l, followed by O-de-
methylation with 47% HBr to give phenols 6a–l.7 Other
phenols, 8a–l, could be prepared by reductive amination
of 3-(or 4-)hydroxyl benzaldehyde 7 with the corre-
sponding secondary amine and NaBH4.


8 Reaction of
5,6-dimethoxy-indan-1-one 9 with CuBr2 in refluxing
ethyl acetate yielded 2-bromo-5,6-dimethoxy-indan-1-
one, 10. Finally, the final products 3a–x were achieved
by refluxing phenols 6a–l or 8a–l with 10 in acetone ni-
trile in the presence of K2CO3.


To determine AChE and BChE inhibitory activities,
compounds 3a–x were measured in vitro according to
the modified Ellman method using rat cortex homoge-
nate (AChE) and rat serum (BChE).9


As shown in Table 1, most of the compounds showed
high activity of AChE inhibition, while all the com-
pounds were almost inactive against BChE. The activity
of AChE inhibition was influenced by the position and
the sort of aminoalkyl group on benzene ring. In the tri-
al, the para-position substituted compounds (i.e., 3g, k,
o) were more potent than the meta-position substituted
compounds (i.e., 3e, i, m), and compounds having mor-
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Figure 1. Structures of donepezil 1, rivastigmine 2, and 2-phenoxy-indan-1-one derivatives 3a–x.


Scheme 1. Synthesis of 2-phenoxy-indan-1-one derivatives 3a–x.
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pholine (i.e., 3q, r) and piperazine group (i.e., 3w, x)
showed less activity than those having other aminoalkyl
groups (i.e., 3a, b, g, h). We also found that the change
of R1 from H (i.e., 3a, c, m, o) to CH3 (i.e., 3b, d, n, p)
contributed little toward the AChE inhibitory activity.


The high AChE inhibitory activity of compound 3k
prompted us to perform molecular docking study to
understand the ligand–protein interactions in detail.
Compound 3k is a long chain molecule and we supposed
that its binding mode with AChE shares some of fea-
tures of donepezil–AChE complexes. Therefore, the
crystallographic structure of AChE–donepezil complex-
es was selected from PDB, and the Flexidock program
in SYBYL6.8 software was used for the docking study.
The most stable docking model was selected according
to the best scored conformation predicted by the Flexi-
dock scoring function.


As seen in Figure 2, compound 3k interacts principally
along the active-site gorge of AChE through four major

functional groups: the phenyl and oxygen of indan-1-
one moiety, the phenyl of phenoxy group, and the pyr-
rolidine nitrogen. Near the bottom of the gorge, the
charged nitrogen of pyrrolidine makes a cation–p inter-
action with the pyrrole ring of Trp84, with the distance
of 4.7 Å. In the middle of the gorge, one face of the
phenyl ring of the phenoxy group displays classic paral-
lel p–p stacking with the phenyl ring of Tyr334, with the
ring-to-ring distance being 4.83 Å. At the top of the
gorge, the phenyl ring of indan-1-one stacks against
the indole of Trp279 through p–p interaction with the
distance of 3.61 Å, and the oxygen of indan-1-one
makes a hydrogen bond with the nitrogen of the
Phe288; the distance is 3.17 Å.


In summary, a series of 2-phenoxy-indan-1-one deriva-
tives were designed, synthesized, and evaluated as AChE
inhibitors.10 Structure–activity studies showed that the
AChE inhibitory activity of compounds was influenced
by the position and the type of the aminoalkyl group
on the benzene ring. The modeling study of the most







Table 1. Physical properties and ChE inhibition activity of 2-phenoxy-indan-1-one derivatives 3a–x


Compound Structure Position of aminoalkyl


group


R1 Melting point (�C) IC50 for AChE (lM)a IC50 for BChE (lM)b


Donepezil 0.016 7.6


Rivastigmine 1.82 0.35


Huperzine A 0.053 56.2


3a meta H 96–98 1.10 207


3b CH3 92–94 0.82 288


3c para H 112–114 0.21 1980


3d CH3 107–109 0.15 1370


3e meta H 98–100 2.28 190


3f CH3 94–96 1.36 199


3g para H 123–124 0.10 251


3h CH3 100–102 0.22 234


3i meta H 99–101 2.66 39.5


3j CH3 105–107 1.96 212


3k para H 116–118 0.050 84.3


3l CH3 106–108 0.14 130


3m meta H 127–129 3.18 55.5


3n CH3 115–117 3.58 158


3o para H 136–138 0.15 262


3p CH3 120–122 0.13 176


3q meta H 168–170 14.6 219


3r CH3 138–140 22.1 247


3s para H 155–157 1.30 384


3t CH3 129–131 3.14 346


3u meta H 118–120 6.41 209


3v CH3 134–136 17.6 252


3w para H 100–102 1.42 347


3x CH3 88–90 2.98 393


a Assay performed by the modified Ellman method9 using rat cortex homogenate. Values are means of three different experiments.
b Assay performed using rat serum.
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potent compound, 3k, indicated that it was nicely accom-
modated byAChE. Further studies on this series of deriv-
atives are in progress and will be reported in due course.

Figure 2. Docking model of 3k within the AChE gorge.
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J = 16.8 and 3.6 Hz), 2.49 (m, 4H), 1.78 (m, 4H); 13C
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146.19, 132.4, 130.0, 127.3, 115.3, 107.4, 104.7, 77.9, 59.9,
56.3, 56.1, 54.0, 34.0, 23.3; IR (KBr) m (cm�1): 3083, 2962,
1703, 1604, 1589, 1453, 1270, 820; EI-MS MS (m/z): 367
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Abstract—Several different heterocyclic systems were compared as PDE5 inhibitor scaffolds. In addition to the known 3H-imi-
dazo[5,1-f][1,2,4]triazin-4-ones and pyrazolopyrimidinones, isomeric imidazo[1,5-a][1,3,5]triazin-4(3H)-ones were also shown to
be potent and selective PDE inhibitor scaffolds with in vivo activity. SAR trends were elucidated for sulfonamide derivatives with
generality across different scaffolds.
� 2005 Elsevier Ltd. All rights reserved.

Heterocyclic systems of the purinone type play an impor-
tant role in cellular biochemistry. Isosteric heterocycles
have been used as drugs to treat pathological situations
where purinones are involved in various indications,
e.g., antivirals, metabolic disorders (gout) and cancer.1a–c


Intracellular levels of purine second messengers cAMP
(1) and cGMP (2) (Fig. 1) are regulated via synthesis
and degradation to AMP and GMP, respectively. Deg-
radative enzymes for these second messengers are phos-
phodiesterases (PDEs). PDEs constitute an enzyme
superfamily with at least 11 members and various iso-
forms differing by their substrate acceptance (either
cAMP, cGMP or both).


Previously we have disclosed potent and selective PDE5
inhibitors of the 3H-imidazo[5,1-f][1,2,4]triazin-4-one
type.2 It has been demonstrated that PDE5 inhibitors
carrying this structural fragment are consistently more
potent than congeners of the pyrazolopyrimidine type,
e.g., Sildenafil�. This finding cannot be explained satis-
factorily on the basis of X-ray crystallograhpic data,
since both PDE5 inhibitors, Vardenafil� (3) and Silde-
nafil� (4), show a similar binding pattern in the pub-
lished X-ray structure3, whereas at least the tenfold
difference in potency has been shown to be due to the
different heterocyclic systems.4
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Therefore, we were interested in bringing out a more
comprehensive comparison of different heterocyclic sys-
tems as PDE inhibitors. Herein, we present our results
with different heterocyclic scaffolds as PDE inhibitors,
as well as some fundamental substituent effects on inhib-
itory potency and selectivity (Fig. 1).


Figure 2 gives an overview of the investigated heterocy-
clic scaffolds.


Syntheses of 3H-imidazo[5,1-f][1,2,4]triazin-4-ones as
PDE inhibitors have been published.5 The synthesis of
the corresponding purinone systems was carried out,
as previously reported (Scheme 1).6,7


Pyrimidinone ring closure is effected by amino carbox-
amidoimidazoles after acylation with benzoic acid
chlorides under basic conditions. The corresponding 2-
amino-3-cyanoimidazoles can be used also, in these
instances cyclisation is best performed in the presence
of hydrogen peroxide. Alternately, cyclisation can be
achieved from the amino-carboxamido heterocycle and
benzoic acid esters using potassium tert-butoxide.8,9


There are many examples of pyrazolopyrimidine sys-
tems as PDE inhibitors or kinase inhibitors reported
in the literature.10–14 In brief, 2-amino-3-carbamoylpy-
razoles can be generated from hydrazines and alkoxy-
ethylidenemalonodinitrile during a Thorpe cyclisation
and subsequent hydrolysis of the nitrile to the amide
(Scheme 2). Again, acylation and ring closure are
achieved under similar conditions as for the purinones.



mailto:Helmut.Haning@bayerhealthcare.com





Figure 1. cAMP (1), cGMP (2), Vardenafil� (3), and Sildenafil� (4).


Scheme 1. Synthesis of alkoxyphenylpurinones. Reagents and conditions: (a)


NaH, THF, RT; (c) MeOH, NaOH or K2CO3.


Figure 2. Overview of investigated heterocyclic PDE inhibitor scaffolds.
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The isomeric pyrazolopyrimidinones, as found in Silde-
nafil�, were prepared as previously described (Scheme
3).15,16


Continuing in the series of heterocyclic scaffolds with
two nitrogen atoms in the five-membered part, imi-
dazo[1,5-a][1,3,5]triazin-4(3H)-ones also were prepared
(Scheme 4).


Imidazo[1,5-a][1,3,5]triazin-4(3H)-ones have been de-
scribed in the literature in the context of purinone isos-
teres, albeit only with either hydrogen or heteroatom
substitution at the 2-position.17


However, the previously reported synthesis proved to be
largely applicable to 2-aryl substituted cases as well.
Alkylation of 2-acylamino-ethylcyanoacetate, followed
by reaction with aryl amidines, delivers an aminopyri-
midinone that undergoes an interesting rearrangement
to yield the desired heterocyclic scaffold.18

i. HC(OEt)3, AcCN, RF, ii. R1NH2, RT; (b) Py, toluene, DMAP cat. or







cheme 2. Synthesis of phenylpyrazolopyrimidinones. Reagents and conditions: (a) RF, neat; (b) i. MeOH, NH2NHR1, RF, ii. NH3, H2O2, EtOH,


8 h; (c) Py, toluene, DMAP cat.; (d) MeOH, NaOH, RF.
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Scheme 4. Synthesis of imidazo[1,5-a][1,3,5]triazin-4(3H)-ones. Reagents and conditions: (a) R1Br, NaOEt; (b) NaOEt; (c) i. Py, TMSCl, RT ii.


HMDS, RF.


Scheme 3. Synthesis of phenylpyrazolopyrimidinones. Reagents and conditions: (a) i. N2H4, ii. alkylation, e.g., Me2(SO4), iii. NaOH; (b) i. HNO3,


H2SO4, ii. NH3, iii. SnCl2; (c) DCM, NEt3, DMAP; (d) NaOH, EtOH.

Recently, cycloalkyl substituted imidazo[1,5-a][1,3,5]
triazin-4(3H)-ones have been reported as PDE7 inhibi-
tors in the patent literature.19


Members of the isoxazolo[4,5-d]pyrimidin-7(6H)-ones
also were prepared as purinone isosteres with two het-
eroatoms in the five-membered ring (Scheme 5).20

Finally, two heterocyclic scaffolds with three nitrogen
atoms in the five-membered ring were prepared: 3-al-
kyl-3,6-dihydro-7H-[1,2,3]triazolo[4,5-d]pyrimidin-7-ones,
carrying the heterocyclic core of Zaprinast�, were
prepared either by alkylation of Zaprinast� or by
treating an appropriately substituted azide with
carbamoylmalononitrile in the presence of base







Scheme 6. Synthesis of 3-alkyl-3,6-dihydro-7H-[1,2,3]triazolo[4,5-d]pyrimidin-7-ones. Reagents and conditions: (a) i. NaOEt; (b) Py, cat. DMAP;


(c) NaOH, EtOH.


Scheme 7. Synthesis of [1,2,4]triazolo[3,4-f][1,2,4]triazin-8-(7H)-ones. Reagents and conditions: (a) R1COOH, 165 �C, neat; (b) H2O2, HOAc, RF;


(c) NaH, dioxane, 90 �C, 16 h; (d) i. NaH, CO(OEt)2, 90 �C, 16 h ii. 2-(OEt)-Ethanol, RF, 16 h.


Scheme 5. Synthesis of phenyl-isoxazolo[4,5-d]pyrimidin-7(6H)-ones. Reagents and conditions: (a) CH3NO2, KF, propanol; (b) K2Cr2O7,


NBu4HSO4, CH2Cl2; (c) NH2OH.H2SO4, Tol/EtOH, RF; (d) ClCOCO2Et, NEt3, Et2O; (e) i. NH3 in MeOH, RT, ii.Zn, NH4Cl, water; (f) i. Py,


DMAP cat., 60 �C, ii. MeOH, Na2CO3, 4d RF.
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(Scheme 6), followed by acylation and ring
closure.


Examples of [1,2,4]triazolo[3,4-f][1,2,4]triazin-8-(7H)-
ones have been described in the literature but mostly
with heteroatom substitution in position 2.21 They were
prepared according to Scheme 7.22


Thiocarbonohydrazide is condensed with the corre-
sponding acid to yield a 4-amino-5-alkyl-4H-1,2,4-tri-

azole-3-thiol that in turn is treated with a 2-alkoxy ben-
zoic acid nitrile after desulfurisation. Thermal ring clo-
sure is achieved after acylation with diethylcarbonate.
This scaffold constitutes an overlay of the nitrogen atom
pattern of Vardenafil� and Sildenafil�.


For the different heterocyclic systems, only activity data
were generated, no attempt was made to add in vitro PK
parameters to these SAR studies. Table 1 gives PDE
inhibitory activity of several different heterocyclic scaf-







Table 1. IC50 data
23 for 2-ethoxyphenyl PDE5 inhibitor heterocyclic scaffolds


Compound Heterocycle R1 R2 PDE1 (IC50, nM) PDE5 (IC50, nM)


6 Propyl — 102


7 c-Propyl — 1000 300


8 c-Butyl — 1000 100


9 c-Pentyl — 500 50


10 Propyl Me — 110


11 Propyl Me 300 5


12 c-Pentyl Me 30 5


13 Me Me 1000 200


14 Propyl Me 79015a 2715a


15 Propyl H — 50


16 Propyl Me 200 40


17 c-Pentyl Me 40 20


18 Propyl — — 300


19 c-Pentyl — 800 500


(continued on next page)
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Table 1 (continued)


Compound Heterocycle R1 R2 PDE1 (IC50, nM) PDE5 (IC50, nM)


20 c-Pentyl — 50 200


21 c-Pentyl — 200 20


Table 2. IC50 data for sulfonamide PDE5 inhibitors


Compound Heterocycle R1 R2 R3 PDE1 (IC50, nM) PDE5 (IC50, nM)


22 Propyl — Me — 102


23 Propyl Me Me 3002 228


24 Propyl Et Me >1000 8


25 Propyl Me 20 5


26 Me Me 1000 10


27 c-Pentyl Me Me 10 1


28 c-Pentyl Me 10 1


29 c-Pentyl Et Me >1000 7


30 Propyl Me Me 500 10


31 c-Pentyl Me 30 10


(continued on next page)


H. Haning et al. / Bioorg. Med. Chem. Lett. 15 (2005) 3900–3907 3905







Table 2 (continued)


Compound Heterocycle R1 R2 R3 PDE1 (IC50, nM) PDE5 (IC50, nM)


32 Propyl Me Me 1000 8


33 Propyl Et Me >1000 20


34 c-Pentyl Et Me >1000 40


35 Propyl Me Me 40015a 6.615a


36 c-Pentyl Me 10 5


37 c-Pentyl — 50 50


38 c-Pentyl — 30 10
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folds. 3H-imidazo[5,1-f][1,2,4]triazin-4-ones prove to be
the most potent scaffolds (11–13), followed by pyrazolo-
pyrimidinones (10 and 14, 15). Heterocycles with three
heteroatoms in the five- membered part were less active
(18–20). Cyclopentyl substitution in R1 leads to a higher
PDE1 inhibitory activity (12, 17, 20), a trend that is also
valid for sulfonamide derivatives (vide infra). Selectivity
varies only slightly between the different unfunctional-
ized scaffolds, with the notable exception of [1,2,4]triaz-
olo[3,4-f][1,2,4]triazin-8-(7H)-ones, which show a higher
inhibitory activity for PDE1.


Only the most potent scaffolds were selected for further
derivatisation to evaluate substituent effects on activity
and selectivity. Table 2 depicts SAR trends for arylsulf-
onamide derivatives—obtained by chloro-sulfonation
and subsequent reaction with an amine—of several
heterocycles. As previously observed, 3H-imidazo[5,1-
f][1,2,4]triazin-4-ones are the most potent PDE5 inhibi-
tors in our studies (23–29). The isomeric imidazo[1,
5-a][1,3,5]triazin-4(3H)-ones that are less potent (30)
however demonstrate in vitro activity comparable to
those of purinones (22) and pyrazolopyrimidinones
(32, 35) and show in vivo oral efficacy in a rabbit model
of erectile dysfunction.24


The potency of [1,2,4]triazolo[3,4-f][1,2,4]triazin-8-(7H)-
ones (37) and isoxazolopyrimidinones (38) did not im-
prove upon addition of sulfonamide substituents.

Several interesting substituent effects were observed that
seem to constitute general SAR trends for distinct
scaffolds.


Ethyl substitution the R2 position consistently diminish-
es PDE1 activity and to a lesser extent PDE5 activity
(24, 29, 33, and 34).


Cyclopentyl at the R1 position (27, 31, 36, 37, and 38)
increases PDE1 inhibitory activity however, in combina-
tion with ethyl as R2 (29, 33), this effect is overcome by
the influence of the ethyl group. This effect is reminiscent
of the effect of an ethyl group in a recently published
purine PDE5 inhibitor series.25


The reduction in PDE1 and PDE5 inhibition seen with
the ethyl analogues can be explained examining the pub-
lished X-ray structures for PDE1B26 and PDE5A.27


Docking the R2 ethyl compounds (e.g., 29) into PDE5A
shows potential steric clashes between the R2 substituent
and Ala767. In addition, the H-bonding network
around Tyr612 can become perturbed, leading to a
slight overall loss in activity. In human PDE1A, B and
C and bovine PDE1A, and B the amino acid corre-
sponding to PDE5-Ala767 is a histidine (PDB1B-
His373). The R2 ethyl compounds (e.g., 29) potentially
intrude about 2 Å less deep into the binding pocket than
Vardenafil� to avoid steric clashes with this histidine.
The associated loss of contacts (e.g., to Gln421) explains
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the drastically reduced binding affinity of the R2-ethyl
derivatives to PDE1.


Methyl as R1 has a similar effect as ethyl substitution in
R2, PDE1 and PDE5 activities are reduced (26) puta-
tively due to a loss in hydrophobic interactions, e.g.,
with PDE5A-Leu725 and Phe786 and PDE1B-Met336
and Phe392.


However, the interpretation of binding potency or inhib-
itory activity on the basis of structural data has to be
done with caution especially for closely related deriva-
tives that do not differ by orders of magnitude in their
respective biological activity.


Overall these sulfonamide derivatives followed the same
potency order as the unsubstituted scaffolds. Activity in
most cases is increased with polar sulfonamide residues
on the aromatic ring. Selectivity can be tuned with both
parameters: substitution pattern and heterocyclic
scaffold.


A new PDE5 inhibitor class with oral efficacy—
imidazo[1,5-a][1,3,5]triazin-4(3H)-ones—was identified
during these comparative studies.
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Abstract—In the first of two half-reactions resulting in the emission of visible light, firefly luciferase forms luciferyl-adenylate from
its natural substrates beetle luciferin and Mg-ATP. The acyl-adenylate is subsequently oxidized producing the light emitter oxyluc-
iferin in an electronically excited state. In vitro, under mild conditions of temperature and pH, the acyl-adenylate intermediate is
readily hydrolyzed and susceptible to oxidation. We report here the multi-step synthesis and physical and enzymatic characterization
of an N-acyl sulfamate analog of luciferyl-adenylate, 5 0-O-[(N-dehydroluciferyl)-sulfamoyl]-adenosine (compound 5). This repre-
sents the first example of a stable and potent (Ki = 340 nM) reversible inhibitor of firefly luciferase activity based on the structure
of the natural acyl-adenylate intermediate. Additionally, we present the results of limited proteolysis studies that demonstrate that
the binding of the novel acyl-adenylate analog protects luciferase from proteolysis. The findings presented here are interpreted in the
context of the hypothesis that luciferase and the other enzymes in a large superfamily of adenylate-forming proteins adopt two con-
formations to catalyze two different partial reactions. We anticipate that the novel N-acyl sulfamate analog will be a valuable
reagent in future studies designed to elucidate the role of conformational changes in firefly luciferase catalyzed bioluminescence.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Firefly luciferase (Luc) catalyzes the formation of
luciferyl-adenylate (LH2-AMP) from substrates luciferin
(LH2) and ATP (Eq. 1). Through a multi-step oxidative
process, LH2-AMP is converted to excited state oxyluc-
iferin, the emitter of the bioluminescent reaction (Eqs. 2
and 3)1–6


Lucþ LH2 þATP ¡
Mg2þ


Luc � LH2-AMPþ PPi; ð1Þ


Luc � LH2-AMPþO2 !
Luc � AMP � oxyluciferin� þ CO2;


ð2Þ
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Luc �AMP � oxyluciferin� !
Lucþ oxyluciferinþAMPþ hm.


ð3Þ

Luc binds the highly reactive, labile intermediate LH2-
AMP (Fig. 1) tightly (Km = 4.7 lM).7We considered that
a hydrolytically stable analog of the adenylate should be
a strong inhibitor of Luc and, thus, a useful reagent for
providing structural and conformational information
from limited proteolysis and crystallographic studies.


The beetle luciferases are members of a large superfam-
ily8–10 of enzymes that includes the non-ribosomal pep-
tide synthetases (NRPS) and the aryl- and acyl-CoA
synthetases or ligases. These enzymes, like Luc, activate
carboxylic acid substrates to form acyl-adenylate inter-
mediates. In the NRPSs, acyl-adenylates are then trans-
ferred to the thiol groups of protein-bound cofactors;
while Luc oxidizes LH2-AMP to oxyluciferin and light
(Eqs. 2 and 3). Crystal structure studies with several
superfamily enzymes complexed with substrates and
adenylates have depicted the proteins in two distinct
conformations.11–15 Gulick and colleagues13,15 proposed
that these enzymes are capable of restructuring the
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Figure 1. Chemical structures of substrate firefly luciferin (LH2), dehydroluciferin, and luciferyl-adenylate (LH2-AMP).
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active site by rotation of the C-domain, and thus, cata-
lyzing each half-reaction from a distinct conformation.


Several laboratories have reported the preparation of
N-acyl sulfamate analogs of acyl-adenylates.16–21 These
novel reagents inactivated the adenylation domains of
NRPSs and aminoacyl tRNA synthetases with inhibito-
ry constants in the nanomolar range.16–21 Previously, we
identified two Luc amino acids conserved in the super-
family, one (Lys529) essential for adenylation,7 the other
(Lys443) required for the oxidative chemistry.22 These re-
sults supported the hypothesis that, through conforma-
tional change(s), Luc positions specific amino acids to
catalyze the individual partial reactions of the biolumi-
nescent process. To date, Luc has been crystallized only
in the absence of bound substrates or ligands.23


Trapping Luc in a complex using a stable analog of
LH2-AMP, with the enzyme poised to undergo the oxi-
dative half-reaction, may provide structural information
related to the role of domain rotation in Luc catalysis.


We report here the synthesis of a novel N-acyl sulfamate
analog, 5 0-O-[(N-dehydroluciferyl)-sulfamoyl]-adeno-
sine (5), and show that it is a stable, specific, and potent
reversible inhibitor of Luc. Additionally, evidence is pre-
sented that supports the notion that Luc binds com-
pound 5 in a different conformation than its natural
substrates.

Scheme 1. Synthesis of 5 0-O-[(N-dehydroluciferyl)-sulfamoyl]-adenosine (5)


chloride, 0 �C to rt, 20 h; (ii) THF/MeOH/H2O (2:1:1), LiOH Æ H2O, 75 �C
isopropylidene-5 0-sulfamoyladenosine in DMF, DBU, 40 �C, 90 min; (v) TF

2. Chemistry


We designed and prepared an N-acyl sulfamate analog
of LH2-AMP based on the structure of dehydroluciferin
(Fig. 1). Luc can catalyze the in vitro formation of dehy-
droluciferyl-adenylate,24,25 which lacks a C-4 proton
and cannot react further, and thus, is a reversible Luc
inhibitor. Further, unlike LH2, dehydroluciferin is resis-
tant to oxidative decomposition in vitro. The synthetic
scheme used to prepare milligram quantities of 5 0-O-
[(N-dehydroluciferyl)-sulfamoyl]-adenosine (5) (Scheme
1) in 33% overall yield from the ethyl ester of dehydro-
luciferin (1)1 was based generally on published proce-
dures for the preparation of N-acyl sulfamate analogs
of amino acyl-adenylates.16–21 The multi-step synthesis
(see �Supplementary materials�) was undertaken with
commercially available starting materials 2 0,3 0-O-isopro-
pylideneadenosine, which was converted into 2 0,3 0-O-
isopropylidene-5 0-sulfamoyladenosine by reaction with
sulfamoyl chloride,17 and 2-cyano-6-hydroxybenzo-
thiazole, which was transformed in two steps into com-
pound 1.1 The key step in the synthetic pathway was the
1,1 0-carbonyldiimidazole mediated condensation of
derivatives of dehydroluciferin (3) and 5 0-sulfamoyl-
adenosine, each containing acid-sensitive protecting
groups, which produced the doubly protected com-
pound 4 in 60% yield. Protection of the phenol group
as an MEM ether greatly improved the solubility of

. Reagents and conditions: (i) THF, NaH, 0 �C to rt, 1.5 h; MEM-


, 1.5 h; (iii) DMF, 1,1 0-carbonyldiimidazole, 40 �C, 1.5 h; (iv) 2 0,3 0-


A, rt, 2 h; H2O, rt, 15 min.
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dehydroluciferin in the required solvents and was essen-
tial to the success of the condensation step. N-Acyl sul-
famate analog 5 was obtained as the TFA salt,
confirmed by the 19F NMR signal observed at
�74.86 ppm, in good yield after removal of both pro-
tecting groups with TFA.


The structure of 5 was confirmed by 1H and 13C NMR,
IR, UV–vis, and HRMS. The UV–vis spectrum of 5
contains two maxima of nearly equal intensity at 263
and 354 nm, a general characteristic of adenylates con-
taining LH2 and its analogs. The N-acyl sulfamate in
pH 8.0 sodium phosphate buffer at 20 �C was complete-
ly resistant to hydrolysis, as assessed by LC–MS (data
not shown), for at least 8 weeks. Additionally, com-
pound 5 was stable to hydrolysis in buffers over the
pH range 6–9 at 37 �C for at least 2 weeks, showing
no evidence of decomposition.

3. Inhibition studies


Compound 5 was a reversible, non-competitive inhibitor
of Luc with respect to the natural substrates LH2 and
Mg-ATP with inhibition constants (Ki) of 34 ± 5 and

Figure 2. Lineweaver–Burk plots of inhibition of Luc by 5 0-O-[(N-dehydroluc


and LH2-AMP (C). Luc activity was measured as described in Supplementary


maintained at saturation while the other was varied: 5.0–128.0 lM LH2 (A)


concentration of the single substrate ranged from 0.8 to 21.0 lM. Each


measurements. In panels A and B, the concentrations of compound 5 were: 0


in panel C: 0 (h); 3.5 nM (�); 305 nM (s); 510 nM(m); 910 nM (n); 3.5 lM


Figure 3. Limited proteolysis of Luc by chymotrypsin. Proteolysis of Luc w


described in Supplementary materials, in the presence of: no additions (A); 1.5


PAGE gels (10–20% gradient) show the chymotryptic fragmentation obser


molecular weight standards (kDa) is indicated.

41 ± 3 nM, respectively (Figs. 2A and B). The finding
that the adenosine sulfamate derivative 5 was a non-
competitive inhibitor of Luc with respect to both LH2


and Mg-ATP suggests that this inhibitor binds at a site
that differs from that populated by either of these sub-
strates. In contrast, the inhibition of Luc by compound
5 with respect to synthetic LH2-AMP (as the sole sub-
strate) was reversible and competitive with
Ki = 340 ± 50 nM (Fig. 2C), indicating that this novel
compound functions by binding to a unique site on
Luc available to LH2-AMP. Possibly, 5 binds to Luc
in a conformation that restricts access of the natural
substrates to their respective binding sites.


Limited proteolysis methods can be used to probe tertia-
ry structure and dynamics of proteins in solution.26,27


Under mild conditions, cleavage sites generally represent
exposed, mobile, and flexible regions of native proteins
that can conform (local unfolding) to the active sites
of the proteases. The pattern of cleavage of Luc by chy-
motrypsin under limiting conditions is shown in Figure
3A. Peptides of estimated masses of approximately 52,
42, 38, 27, 25, 23, and 14 kDa were detected. When
either LH2 or Mg-ATP was present at concentrations
100-fold greater than their respective Km values, there

iferyl)-sulfamoyl]-adenosine (5) with respect to LH2 (A), Mg-ATP (B),


materials. For panels A and B, the concentration of one substrate was


and 22.0–522.0 lM Mg-ATP (B). In studies with LH2-AMP (C), the


point represents mean (standard deviation of 610%) of triplicate


(h); 8.8 nM (j); 17.5 nM (�); 35.4 nM (d); 42.0 (�); 70.0 nM (�); and


(j).


as performed at 20 �C with a protease/enzyme ratio of 1:125, w:w, as


mM LH2 (B); 16 mMMg-ATP (C); 50 lM compound 5 (D). All SDS–


ved in each study at 0, 0.5, 5, 10, 20, and 60 min. The migration of







Table 1. Chymotryptic fragments from Luc digestion


Band on


SDS–PAGE gel


SDS–PAGE gel


band mass (Da)a
LC–ESMS analysis


mass (Da)b
Putative identity


of peptide


Calculated mass


[M + H]+c


1 61,704 ± 560 61,159 ± 6.1 Gly�5–Leu550 61,157


2 52,398 ± 2620 49,883 ± 4.9 Gly�5–Tyr444/Lys445 49,883


3 41,693 ± 1540 ndd — —


4 38,387 ± 960 37,470 ± 3.7 Gly�5–Phe331/His332 37,467


5 26,934 ± 2183 24,915 ± 2.5 Gly�5–Phe219/Ser220 24,914


6 25,162 ± 1636 23,708 ± 2.4 Phe331/His332–Leu550 23,707


7 23,013 ± 1495 22,332 ± 2.2 Gly�5–Leu194/Ile195 22,332


8 14,200 ± 3550 11,291 ± 1.1 Tyr444/Lys445–Leu550 11,291


aMasses assigned with Kodak ID Image Analysis software from 10 to 20% gradient gels by comparison to the relative migration of Sigma low


molecular weight standards.
bMass ([M+H]+) determined from ThermoFinnigan Bioworks Browser 3.0 deconvolution software following LC–ESMS under conditions described


in Supplementary materials.
c Using the Protein Analysis Work Sheet (PAWS) software (ProteoMetrics), masses obtained from LC–ESMS were correlated to unique Luc


chymotryptic peptides. Gly�5 indicates the initial glycine of GPLGS–, which remains after the cleavage of Luc from the fusion protein. The symbol


�/� indicates an internal chymotrypsin cleavage site.
d Not detected.
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were no significant differences in the rates of protease
digestion, or in the patterns of peptides generated (Figs.
3B and C). In the presence of compound 5 (50 lM,
�150 · Ki value), however, a marked reduction in the
digestion of Luc by chymotrypsin was evident (Fig.
3D). Apparently, Luc binding of 5 (and presumably
LH2-AMP) is accompanied by a significant conforma-
tional change(s) that protects susceptible regions from
chymotryptic proteolysis. Similarly, limited proteolysis
studies of the NRPS tyrocidine synthetase 1 (TY1) by
Dieckmann et al.27,28 demonstrated that trypsin cleav-
age of the TY1 adenylation domain was appreciably re-
duced when substrates Phe and ATP were present
together, but not when only one was included. These
results27,28 were taken as evidence that the adenylation
domain had undergone a conformational change
�during or upon adenylate formation.�


Chymotrypsin digests of Luc were analyzed by LC–
ESMS enabling us to assign accurate masses to the
SDS–gel bands (Table 1). Making use of the Protein
Analysis Work Sheet (PAWS) software (ProteoMetrics),
the masses obtained by ESMS were used to tentatively
determine the identities of the Luc peptides in the
SDS–gel bands. Chymotrypsin cleavages at Phe331 and
Tyr444 of Luc (Figs. 3A–C) were clearly evident as the
complementary peptide fragments for each cut corre-
sponded to the masses assigned to SDS–gel bands 4
and 6, and 2 and 8, respectively (Table 1). The results
of additional limited digestion trials performed at 0 �C
demonstrated that Phe331 and Tyr444 were the initial
cleavage sites (data not shown). Chymotrypsin cleavage
at Leu194 and Phe219, indicated by SDS bands 7 and 5,
respectively, likely resulted from subsequent digestion
of band 2 and/or 4. Notably, the presence of compound
5 initially reduced the proteolysis of Luc at Phe331 and
Tyr444 to barely detectable levels (Fig. 3D). The eventual
appearance of bands 2 and 8, however, indicated the
limited accessibility of the Tyr444 cleavage site. Remark-
ably, one of the first sites of trypsin cleavage of TY1 was
at Arg424. The equivalent Luc residue is Lys445, which is
adjacent to the Luc chymotrypsin cleavage site at Tyr444.
These Luc amino acids are part of the A8 b-hairpin

motif (residues 442–449), which were shown to be in-
volved in catalysis of the oxidative half-reaction.22


Based on modeling 22,29 and X-ray studies, 11–14,23 this
motif is �30 Å from the active site for adenylate forma-
tion. Possibly, domain rotation to move the b-hairpin
motif into place to form a new active site, and local con-
formational changes within the motif, account for the
protection against proteolysis observed in the presence
of compound 5.


Taken together, the kinetic and limited proteolysis results
reported here support the hypothesis that Luc formsLH2-
AMP and then undergoes a conformational change(s) to
carry out the subsequent oxidative reaction. 5 0-O-[(N-
Dehydroluciferyl)-sulfamoyl]-adenosine (5) should be a
valuable reagent for use in planned structural studies de-
signed to identify theLuc residues that participate inLH2-
AMP binding. Current research is in progress to further
evaluate this new inhibitor in an investigation of the role
of conformational changes in Luc catalysis.
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Abstract—Four carbon-11-labeled camptothecin derivatives, 9-[11C]methoxy-20(S)-camptothecin ([11C]5), 10-[11C]methoxy-20(S)-
camptothecin ([11C]7), 9-nitro-10-[11C]methoxy-20(S)-camptothecin ([11C]9), and 9-[([11C]trimethylamino)methyl]-10-hydroxy-
20(S)-camptothecin ([11C]11), have been synthesized as potential positron emission tomography tracers for imaging of topoisomer-
ase I in cancers.
� 2005 Elsevier Ltd. All rights reserved.

The plant antitumor agent camptothecin is a cytotoxic
pentacyclic ring alkaloid first isolated from the Chinese
tree Camptotheca acuminata in 1966.1 Camptothecin has
been a target for synthesis because of its impressive anti-
tumor activity and the paucity of naturally derived
material, and many camptothecin analogues have been
prepared.2–4 Camptothecin and its derivatives such as
9-nitro-20(S)-camptothecin (9-NC, rubitecan) have been
used as chemotherapeutic drugs to treat various cancers
like breast cancer,5 prostate cancer,6 and lung cancer7


due to their inhibition activity toward topoisomerase I.
Topoisomerase I provides a target for in vivo biomedi-
cal imaging technique positron emission tomography
(PET) to image cancers. We are interested in the devel-
opment of novel cancer biomarkers for PET molecular
imaging, and numerous PET cancer imaging agents
have been synthesized in the laboratory and evaluated
in cancer animal models of preclinical study.8–14 These
diagnostic agents target either receptors or enzymes in
cancers.15 To image topoisomerase I in cancers and to
monitor the response to chemotherapeutic drug, 9-NC,
we designed and synthesized a series of carbon-11-
labeled camptothecin derivatives.

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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The synthesis of the precursor 9-hydroxy-20(S)-campto-
thecin (4) and the reference standard 9-methoxy-20(S)-
camptothecin (5), as indicated in Scheme 1, was
performed using a modification of the literature proce-
dure.2 Commercially available camptothecin (1) was
nitrated with 61% nitric acid in concentrated sulfuric acid
to give 9-nitro-20(S)-camptothecin (2) in 24% yield. Ni-
tro compound 2 was reduced using two different meth-
ods, by H2-Pd/C hydrogenation and by Sn–HCl
reduction, to provide 9-amino-20(S)-camptothecin (3)
in 48% and 81% yields, respectively. Amino compound
3 was converted into the hydroxyl derivative via diazoni-
um salt with NaNO2/H2SO4 to afford the precursor 4 in
36% yield. The methylation of the 9-hydroxyl precursor 4
with CH2N2 gave the reference standard 5 in 94% yield.


The synthesis of the precursor 10-hydroxy-20(S)-cam-
ptothecin (6) and the reference standard 10-methoxy-
20(S)-camptothecin (7), as indicated in Scheme 2, was
performed using a modification of the literature proce-
dure.4 The starting material 1 was converted into pre-
cursor 6 by a reduction–oxidation sequence using
HOAc-H2/PtO2 and Pb(OAc)4-HOAc in 51% yield.
The methylation of the 10-hydroxyl precursor 6 with
CH2N2 gave the reference standard 7 in 88% yield.


The synthesis of the precursor 9-nitro-10-hydroxy-
20(S)-camptothecin (8) and the reference standard 9-ni-
tro-10-methoxy-20(S)-camptothecin (9), as indicated in
Scheme 3, was performed using a modification of the
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Scheme 1. Synthesis of 9-[11C]methoxy-20(S)-camptothecin ([11C]5).


Scheme 2. Synthesis of 10-[11C]methoxy-20(S)-camptothecin ([11C]7).
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literature procedure.2 The 10-hydroxyl compound 6 was
nitrated with HNO3 to give the precursor 8 in 45% yield.
The methylation of the 9-nitro-10-hydroxyl precursor 8
with CH2N2 gave the reference standard 9 in 90% yield.
The direct nitration of the compound 7 also provided
compound 9 in a similar yield with compound 8.


The synthesis of the precursor 9-[(dimethylamino)meth-
yl]-10-hydroxy-20(S)-camptothecin (10) and the refer-
ence standard 9-[(trimethylamino)methyl]-10-methoxy-
20(S)-camptothecin (11), as indicated in Scheme 4, was
performed using a modification of the literature proce-
dure.3 The 10-hydroxyl compound 6 was converted into
precursor 10 through Mannich reaction by treatment
with dimethylamine, aqueous formaldehyde, and acetic
acid in 65% yield. The methylation of the 9-[(dimethyl-
amino)methyl]-10-hydroxyl precursor 10 with methyl
triflate gave the reference standard 11 in 60% yield.


The key radioprecursor [11C]methyl triflate (11CH3OTf)
was produced by a fast, reliable, and easy-to-operate
automated gas phase production method16 starting from

11CO2. Briefly,
11CO2 was produced by the 14N(p,a)11C


nuclear reaction in research purity nitrogen (+3% O2)
using a Siemens RDS-112 cyclotron (11 MeV). Then
11CO2 was reacted with 10% H2 in N2 at 120 �C to pro-
duce 11CH4. The monohalogenation (bromination) of
11CH4 with liquid Br2 converted to gas phase 11CH3Br.
Finally, 11CH3Br gas was passed through a silver triflate
(AgOTf) column to generate 11CH3OTf. The overall
radiochemical yield for 11CH3OTf is 67–71%, based
on 11CO2, decay corrected to end of bombardment
(EOB). Carbon-11 PET radiotracers were synthesized
using two kinds of general labeling strategies with
[11C]methyl triflate: O-[11C]methylation method labeled
at O-position and N-[11C]methylation method labeled
at N-position.


The target tracers 9-[11C]methoxy-20(S)-camptothecin
([11C]5), 10-[11C]methoxy-20(S)-camptothecin ([11C]7),
and 9-nitro-10-[11C]methoxy-20(S)-camptothecin ([11C]9)
were prepared by the O-[11C]methylation of corre-
sponding precursors 4, 6, and 8 using 11CH3OTf and
isolated by C18 solid-phase extraction (SPE) puri-







Scheme 3. Synthesis of 9-nitro-10-[11C]methoxy-20(S)-camptothecin ([11C]9).


Scheme 4. Synthesis of 9-[([11C]trimethylamino)methyl]-10-hydroxy-20(S)-camptothecin ([11C]11).
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fication17,18 in 30–50% radiochemical yield based on
[11C]CO2, 15–20 min overall synthesis time from
EOB, >95% radiochemical purity, and >1.0 Ci/lmol
specific activity at end of synthesis (EOS) measured
by analytical HPLC method (Schemes 1–3). The large
polarity difference between the hydroxyl precursor
and the labeled methyl ether product permitted the
use of an efficient SPE technique for the purification
of the tracers [11C]5, [11C]7, and [11C]9, which short-
ened total synthesis and formulation time, and afforded
higher overall radiochemical yield. This is an important
simplification for the fast routine production of car-
bon-11-labeled camptothecin derivatives. Since the pre-
cursor is more polar than the product, the SPE

technique used in this kind of radiolabeling reaction
is C18 SPE. The reaction mixture was loaded onto
the C18 Sep-Pak cartridge by gas pressure. The car-
tridge was washed with water to remove unreacted
hydroxyl precursor and 11CH3OTf, and reaction sol-
vent, and then the final labeled methyl ether product
was eluted with ethanol. The HPLC confirm that there
is no hydroxyl precursor contamination in the methyl-
ated product.


The target tracer 9-[([11C]trimethylamino)methyl]-10-hy-
droxy-20(S)-camptothecin ([11C]11) was prepared by the
N-[11C]methylation reaction of its corresponding precur-
sor 10 with 11CH3OTf and isolated by SiO2 SPE purifi-
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cation procedure18–20 in 40–65% radiochemical yield
based on [11C]CO2, 10–15 min overall synthesis time
from EOB, >99% radiochemical purity, and >1.0 Ci/
lmol specific activity at EOS measured by HPLC
(Scheme 4). A simple technique for convenient labeling
and isolation of [N-11C-methyl]quaternary amines21 by
N-[11C]methylation method was employed in the radio-
synthesis of [11C]11. The key part in this technique is a
SiO2 Sep-Pak type cartridge, which contains �0.5–2 g of
adsorbent. The large polarity difference between tertiary
amine precursor and the labeled [N-11C-methyl]quaterna-
ry amine product permitted the use of SPE technique for
fast purification of radiotracer from radiolabeling reac-
tion mixture. Since the labeled quaternary amine product
is more polar than the tertiary amine precursor, the SPE
technique used in this kind of radiolabeling reaction is
SiO2 SPE. The reaction mixture was loaded onto the
SiO2 Sep-Pak cartridge by gas pressure. The cartridge
was washed with ethanol to remove unreacted tertiary
amine precursor and 11CH3OTf, and reaction solvent,
and then the final labeled product [N-11C-methyl]quater-
nary amine was eluted with an aqueous solution of 2%
acetic acid, which can also contain up to 8% ethanol to en-
hance recovery of some labeled products.


The experimental details are given for the new tracers
[11C]5, [11C]7, [11C]9, and [11C]11, and only characteriza-
tion data are given for other known compounds 2–11.22


In summary, an efficient and convenient chemical and
radiochemical synthesis of the precursors, reference
standards, and target tracers have been well developed.
The chemistry result provides the foundation for further
evaluation of carbon-11-labeled camptothecin deriva-
tives as new potential PET radiotracers for imaging
enzyme topoisomerase I in cancers.
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column 1 · 1 cm was obtained from E. S. Industries,
Berlin, NJ, and part number 300121-C18-BD 10l. Semi-
prep SiO2 Sep-Pak type cartridge was obtained from
Waters Corporate Headquarters, Milford, MA, USA.
Sterile Millex-GS 0.22 lm vented filter unit was
obtained from Millipore Corporation, Bedford, MA,
USA. (b) Compound 2: a yellow solid, yield 24%, mp
190–192 �C, Rf = 0.81 (1:9, MeOH/CH2Cl2).


1H NMR
(300 MHz, DMSO-d6): d 0.88 (t, J = 7.35 Hz, 3H, CH3),
1.86 (dq, J = 4.41, 7.35 Hz, 2H, CH2Me), 5.31 (s, 2H, H-
17), 5.43 (s, 2H, H-5), 6.56 (s, 1H, 20-OH), 7.36 (s, 1H),
8.01 (t, J = 8.50 Hz, 1H), 8.51 (t, J = 8.50 Hz, 2H), 9.13 (s,
1H). (c) Compound 3: a yellow solid, yield 48% (H2-
10%Pd/C), yield 81% (SnCl2/Sn–HCl), mp 300 �C (dec.),
Rf = 0.50 (1:9, MeOH/CH2Cl2).


1H NMR (300 MHz,
DMSO-d6): d 0.87 (t, J = 7.0 Hz, 3H, CH3), 1.83–1.87
(m, 2H, CH2Me), 5.25 (s, 2H, H-17), 5.41 (s, 2H, H-5),
6.11 (s, 2H, NH2), 6.51 (s, 1H, 20-OH), 6.78 (d,
J = 7.40 Hz, 1H), 7.29 (t, J = 6.26 Hz, 2H), 7.50
(t,J = 8.10 Hz, 1H), 8.83 (s, 1H). (d) Compound 4: a
yellow solid, yield 36%, mp 224–224 �C, Rf = 0.58 (1:9,
MeOH/CH2Cl2).


1H NMR (300 MHz, DMSO-d6): d 0.87
(t, J = 7.35 Hz, 3H, CH3), 1.85 (dq, J = 4.41, 7.35 Hz, 2H,
CH2Me), 5.25 (s, 2H, H-17), 5.42 (s, 2H, H-5), 6.52 (s, 1H,
20-OH), 7.02 (d, J = 7.36 Hz, 1H), 7.03 (s, 1H), 7.57–7.66
(m, 2H), 8.81 (s, 1H), 10.72 (s, 1H, 9-OH). (e) Compound
5: a yellow solid, yield 94%, mp 223–225 �C, Rf = 0.52
(1:19, MeOH/CH2Cl2).


1H NMR (300 MHz, DMSO-d6):
d 0.86 (t, J = 7.35 Hz, 3H, CH3), 1.86 (dq, J = 5.15,
7.35 Hz, 2H, CH2Me), 4.03 (s, 3H, OCH3), 5.23 (s, 2H, H-
17), 5.42 (s, 2H, H-5), 6.52 (s, 1H, 20-OH), 7.15 (d,
J = 6.61 Hz, 1H), 7.30 (s, 1H), 7.68–7.75 (m, 2H), 8.82 (s,
1H). (f) Compound 6: a yellow solid, yield 51%, mp 265–
267 �C, Rf = 0.50 (1:9, MeOH/CH2Cl2).


1H NMR
(300 MHz, DMSO-d6): d 0.87 (t, J = 7.35 Hz, 3H, CH3),
1.85 (dq, J = 4.40, 7.35 Hz, 2H, CH2Me), 5.20 (s, 2H, H-
17), 5.39 (s, 2H, H-5), 6.49 (s, 1H, 20-OH), 7.25 (t,
J = 1 Hz, 2H), 7.41 (dd, J = 2.58, 9.18 Hz, 1H), 7.98 (d,
J = 8.83 Hz, 1H), 8.42 (s, 1H), 10.31 (s, 1H, 10-OH). (g)
Compound 7: a yellow solid, yield 88%, mp 254–255 �C,
Rf = 0.84 (1:9, MeOH/CH2Cl2).


1H NMR (300 MHz,
DMSO-d6): d 0.87 (t, J = 7.35 Hz, 3H, CH3), 1.81–1.90
(m, 2H, CH2Me), 3.92 (s, 3H, OCH3), 5.21 (s, 2H, H-17),
5.40 (s, 2H, H-5), 6.50 (s, 1H, 20-OH), 7.25 (s, 1H), 7.45
(d, J = 6.62 Hz, 2H), 8.01 (d, J = 10.3 Hz, 1H), 8.50 (s,
1H). (h) Compound 8: a yellow solid, yield 45%, mp 205–
208 �C, Rf = 0.58 (1:9, MeOH/CH2Cl2).


1H NMR
(300 MHz, DMSO-d6): d 0.86 (t, J = 7.35 Hz, 3H, CH3),
1.84 (dq, J = 4.41, 7.35 Hz, 2H, CH2Me), 5.24 (s, 2H, H-
17), 5.41 (s, 2H, H-5), 6.51 (s, 1H, 20-OH), 7.28 (s, 1H),
7.63 (d, J = 9.56 Hz, 1H), 8.24 (d, J = 9.56 Hz, 1H), 8.41
(s, 1H), 12.10 (s, 1H, 10-OH). (i) Compound 9: a yellow
solid, yield 90%, mp 218 �C (dec.), Rf = 0.86 (1:9, MeOH/
CH2Cl2).


1H NMR (300 MHz, DMSO-d6): d 0.87 (t,
J = 7.35 Hz, CH3), 1.86 (dq, J = 4.41, 6.62 Hz, CH2Me),
4.11 (s, 3H, OCH3), 5.24 (s, 2H, H-17), 5.41 (s, 2H, H-5),
6.53 (s, 1H, 20-OH), 7.31 (s, 1H), 8.00 (d, J = 9.56 Hz,
1H), 8.43 (t, J = 4.83 Hz, 2 H). (j) Compound 10: a
hygroscopic yellow solid, yield 65%, Rf = 0.27 (1:9,
MeOH/CH2Cl2).


1H NMR (300 MHz, DMSO-d6): d 0.87
(t, J = 7.0 Hz, 3H, CH3), 1.86 (q, J = 4.0 Hz, 2H, CH2Me),
1.89 (s, 2H, CH3CO2), 2.29 (s, 6H, (CH3)2N), 3.99 (s, 2H,
ArCH2N), 5.22 (s, 2H, H-17), 5.40 (s, 2H, H-5), 7.24 (s,
1H), 7.39 (d, J = 8.83 Hz, 1H), 7.94 (d, J = 9.56 Hz, 1H),
8.58 (s, 1H). (k) Compound 11: a hygroscopic yellow solid,

yield 60%, Rf = 0.25 (1:9, MeOH/CH2Cl2).
1H NMR


(300 MHz, acetone-d6): d 0.95 (t, J = 7.35 Hz, 3H, CH3),
1.93–1.97 (m, 2H, MeCH2), 3.23 (s, 9H, (CH3)3N


+), 5.24
(s, 2H), 5.46 (d, J = 13.24 Hz, 2H), 5.56 (s, 2H), 7.93 (s,
1H), 8.12 (d, J = 9.56 Hz, 1H), 8.60 (d, J = 9.56 Hz, 1H),
9.88 (s, 1H), 11.32 (s, 1H, 10-OH). (l) Tracers [11C]5,
[11C]7, and [11C]9: typical experimental procedure for the
radiosynthesis: the precursor (4, 6, or 8) (0.6–1.0 mg) was
dissolved in CH3CN (300 lL). To this solution was added
tetrabutylammonium hydroxide (TBAH) (2–3 lL, 1 M
solution in methanol). The mixture was transferred to a
small volume, three-neck reaction tube. 11CH3OTf was
passed into the air-cooled reaction tube at �15 �C to
�20 �C, which was generated by a Venturi cooling device
powered with 100 psi compressed air, until radioactivity
reached a maximum (�3 min), then the reaction tube was
heated at 70–80 �C for 3 min. The contents of the reaction
tube were diluted with NaHCO3 (1 mL, 0.1 M). This
solution was passed onto a C18 cartridge by gas pressure.
The cartridge was washed with H2O (2 · 3 mL), and the
aqueous washing was discarded. The product was eluted
from the column with EtOH (2 · 3 mL), and then passed
onto a rotatory evaporator. The solvent was removed by
evaporation under high vacuum. The labeled product
[11C]5, [11C]7, or [11C]9 was formulated with NaH2PO4


(50 mM), whose volume was dependent upon the use of
the labeled product [11C]5, [11C]7, or [11C]9 in tissue
biodistribution studies (�6 mL, 3 · 2 mL) or in micro-
PET imaging studies (1–3 mL) of cancer animal mod-
els,8,11,12 sterile-filtered through a sterile vented Millex-GS
0.22 lm cellulose acetate membrane and collected into a
sterile vial. Total radioactivity was assayed and total
volume was noted. The overall synthesis time was
�20 min. The decay corrected radiochemical yield, from
11CO2, was 30–50%, and the radiochemical purity was
>95% by analytical HPLC. Retention times in the
analytical HPLC system were: RT4 = 1.67 min,
RT6 = 1.99 min, RT8 = 1.64 min; RT[11C]5 = 2.49 min,
RT[11C]7 = 2.91 min, RT[11C]9 = 2.33 min. The chemical
purities of the target tracers [11C]5, [11C]7, and [11C]9
were >93%. (m) Tracer [11C]11: the precursor 10 (0.6–
1 mg) was dissolved in acetonitrile (250 lL). The mixture
was transferred to a small volume, three-neck reaction
tube. 11CH3OTf was passed into air-cooled reaction tube
at �15 �C to �20 �C, which was generated by a Venturi
cooling device powered with 100 psi compressed air, until
radioactivity in solution reached a maximum (2–3 min),
then reaction tube was isolated and heated at 70–80 �C for
2–3 min. The reaction tube was connected to the SiO2 Sep-
Pak. The product solution was passed onto the SiO2 Sep-
Pak for SPE purification by gas pressure. The reaction
tube and Sep-Pak were washed with ethanol (5 mL), and
the washing solution was discarded to a waste bottle. The
product was eluted from the Sep-Pak with 90:8:2 H2O/
EtOH/HOAc (2–4 mL) and sterile-filtered through a
0.22 lm cellulose acetate membrane and collected in a
sterile vial. The pH was adjusted to 5.5–7.0 with 2 M
NaOH and 150 mM NaH2PO4 mixed solution (1/20, 0.2–
0.4 mL). Total radioactivity was assayed and the total
volume (2.5–5.0 mL) was noted. The overall synthesis time
was 10–15 min. The decay corrected yields, from 11CO2,
were 40–65%, and the radiochemical purity was >99% by
analytical HPLC. Retention times in the analytical HPLC
system were RT10 = 2.98 min and RT[11C]11 = 1.83 min.
The chemical purity of the target tracer [11C]11 was >95%.
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Abstract—3-Pyridinylboronic acid is identified as a key sensing element for reversible sugar complexation in an aqueous solution at
the physiological pH. The utility of a sensing element has been demonstrated through a simple colorimetric titration of glucose using
absorption spectroscopy in the visible region. The mechanism of the high diol/triol binding affinity of pyridine boronic acid in the
neutral pH is discussed based on the 1H and 11B NMR spectroscopic studies.
� 2005 Elsevier Ltd. All rights reserved.

The equilibriums between arylboronic acids and the cor-
responding boronic esters of monosaccharides in aque-
ous solutions have been studied extensively for over
the past two decades for affinity sensing of glucose in
biological fluids.1 The principle of the reversible cova-
lent binding has also been applied to the development
of membrane transporters,2 molecular imaging probes,3


and medicines.4 A boronic acid moiety with high com-
plexation affinity for diols or polyols in aqueous solu-
tions at the physiological pH is highly desirable for the
above applications.5


In search of a surface-enhanced Raman molecular sen-
sor for sugars, we observed that 3-pyridinylboronic acid
displayed an unusually high glucose binding affinity in
an aqueous phosphate buffer at pH 7.4. Raman spectro-
scopic detection is potentially selective of isomeric sug-
ars and is also compatible with biological samples.6


Pyridinylboronic acid, instead of the corresponding salts
previously used by Czarnik and Norrild,2a,7 was chosen
because of the well-known tendency of pyridine to self-
assemble on gold surfaces.8 In addition, pyridinylboron-
ic acids display relatively low fluorescence that is
desirable for Raman detections.9 Subsequent examina-
tion of the binding constant using Anslyn�s indicator-
displacement assay,10 vide infra, revealed that
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3-pyridinylboronic acid has an apparent association
constant with a glucose of 272 ± 25 M�1 (Scheme 1).
The high binding affinity of this boronic acid has also al-
lowed us to investigate the supramolecular interactions
between the boronic acid and glucose using NMR spec-
troscopy at the physiological pH in water. Because affin-
ities of most arylboronic acids for glucose are quite
moderate, it is usually difficult to observe any arylboro-
nate–glucose interaction directly with NMR spectrosco-
py under these conditions.7


In a typical experiment, a solution of 3-pyridinylboronic
acid (1, 6.60 · 10�4 M) and pyrocatechol violet (3,
7.54 · 10�5 M) in phosphate buffer (3.0 ml, 0.01 M, pH

Scheme 1.
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Figure 2. Competitive colorimetric titration curve and the calibration


line determined at 503 nm.
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7.40) in a quartz cuvette (10.0 mm) was titrated using an
aqueous solution of glucose (2.81 M in 5.00 lL portions
using a Fisher Science microdispenser). The titration
was monitored with an OceanOptics� S2000 spectrome-
ter at 25 �C. The pH of the solution was checked to be
steady by a pH meter (Oakton 510). The apparent bind-
ing constant was determined by using the competitive
essay binding algorithm11 and the method reported by
Tobey and Anslyn.12 As shown in Figure 1, the addition
of glucose solution led to absorbance peak shifts and
intensity changes of the solution that can be easily quan-
tified with a low profile fiber-optic spectrometer. The
dye displayed two absorption peaks in the buffer solu-
tion due to the acid–base equilibrium. When 3-pyr-
idinylboronic acid was added, complex 5 was formed
as the predominant boronic ester with a kmax of
503 nm, redshifted from the conjugated acid form of
the dye (kmax = 463 nm, Scheme 1).13 It can be estimated
from the data that glucose of a few millimolar in neutral
aqueous solutions can be reliably quantified using this
assay (Fig. 2).


The �50 nm redshift of the absorbance peak and the
�20% increase in molar absorbance of the dye used in
titration were attributed to an extension of the p-conjuga-
tion of the dye to the arylboronic acid moiety in the
boronic ester (Fig. 1). 11BNMRof the complex displayed
a single peak at 18.8 ppm, indicating that the boron in
the ester is predominantly trivalent (5, sp2). This signifi-
cant increase in the absorbance of the dye improves the
sensitivity (S/N ratio) of colorimetric detection.14


The high binding affinity was confirmed from NMR
studies at 25 �C. For example, the 1H NMR spectrum
of a mixture of 1 and glucose (15 mmol 1 and 10 mmol
glucose, 0.70 ml D2O) showed two broadened anomeric
hydrogen peaks at 6.1 and 5.9 ppm, which were assigned
to (a-DD-glucofuranose)Æ1 (6) and (a-DD-glucofuranose)Æ12
(7 and 8), respectively (Fig. 3 and Scheme 2). When 4
equiv of 1 were used, we observed that the peak at
6.1 ppm disappeared and the 5.9 ppm resonance became
dominant. The peaks at 5.3 and 4.7 ppm are assigned to
the anomeric hydrogen signals of uncomplexed glucose.
From the integrations (Fig. 3), the concentrations of free
glucose (1), the 1:1 complex (6), and the 1:2 complex (7

Figure 1. Colorimetric titration of glucose in a pH 7.4 aqueous


phosphate buffer at 25 �C monitored by UV–vis spectroscopy.

and 8) can be determined to be 4.2, 7.1, and 3.8 mM,
respectively. With an error in NMR integration estimat-
ed to be less than 5%, it can be calculated from the inte-
grations of the anomeric proton peaks that the apparent
binding constant for the formation of 6 is about 130,
consistent with the colorimetric titration described
above. In comparison, the 1H NMR spectrum of a mix-
ture of N-methylpyridinium-3-boronic acid (28 mM)
and glucose (7 mM) showed the complexed furanose
anomeric hydrogen peak at 5.8 ppm. Less than 5% of
the glucose in the sample is estimated to be complexed
from the NMR integration in pH 7.4 phosphate buffer
in D2O at 20 �C.


3-Pyridinylboronic acid (20 mM, pH 7.4 phosphate buff-
er, and 0.7 ml D2O) displayed two peaks at 4.1 (87.1%)
and 18.6 (12.9%) ppm in 11B NMR. They were assigned
to the zwitterion 1 and its corresponding conjugate acid
2, respectively (Scheme 1 and Fig. 4a).15 When glucose
(10 mM) was added to the above sample, two resolved
new peaks at 5.1 and 6.1 ppm emerged in the 11B
NMR spectrum (Fig. 4b). Considering the 1H NMR
assignment above and qualitative intensity of the peaks,
we assigned the resonance at 5.1 ppm (11B NMR) to the
glucose 3,5,6-OH complexed boron in 6, 7, and 8, and
the resonance at 6.1 ppm (11B NMR) to the glucose
1,2-OH complexed boron in 7 and 8. From the 11B
NMR integrations, we found that the relative ratio of
the total sp2 and total sp3 boron changed only slightly
before and after the complexation in the aqueous phos-
phate buffer at pH 7.4. The difference in colorimetric
and NMR measurements is tentatively attributed to
the well-known isotopic effect of D2O solvent in the
NMR study and other systematic errors.


The resolved NMR signals of the equilibrium species
also provided new information on the rates of exchanges
of the supramolecular interactions. For example, the dif-
ferences in the resonance frequencies between sp2–sp3


boron signals allowed us to estimate that the exchange
is slow compared to the NMR time scale of about
1500 Hz.16 We did not observe any time-dependent spec-
troscopic changes during the colorimetric titrations and
the color solutions reached equilibriums within seconds
after mixing the aqueous buffers.







Figure 3. 1H NMR (750 MHz) spectrum of a mixture of 1 (15 mmol) and glucose (10 mmol), in 0.70 ml D2O at 25 �C.


Figure 4. 11B NMR of (a) 3-pyridinylboronic acid (20 mM) in a pH 7.4


phosphate buffer in D2O (0.7 ml), and (b) a mixture of glucose


(10 mM) and 3-pyridinylboronic acid (20 mM) in a pH 7.4 phosphate


buffer in D2O (0.7 ml).


Scheme 2.
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The 11B NMR study also revealed a unique stereoelec-
tronic effect of pyridinylboronic acid that led to an unusu-
ally high sugar complexation affinity at the neutral pH.
3-Pyridinylboronic acid is predominantly sp3 at the bor-
on before and after complexation in phosphate buffer.
There is no rehybridization energy to be expended during
complexation. The 3,5,6-OH tridentate chelating interac-
tion between arylboronic acid and glucose is the strongest
among all the possible interactions. Most arylboronic
acids at pH 7.4 predominantly display an sp2 geometry,
which requires rehybridization to achieve the same type
of tridentate complexation. In comparison, N-methyl-
pyridinyl-3-boronic acid (pKa 4.4) has a similar pKa as
3-pyridinylboronic acid (pKa 4.0),


17 yet it displays a bind-
ing constant of 9.6 M�1 for glucose in the pH 7.4 buffer.
11B NMR showed that it is predominantly sp2 for the
boronic acid group in the buffer, most likely due to a
counterion effect, which is not present in 1.

Examination of the complexes of 1 and several other
monosaccharides in the pH 7.4 aqueous phosphate buff-
er supported the above measurements and mechanistic
propositions for glucose. For example, fructose dis-
played a complexation constant of 1.0 · 104 M�1 with
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1 under the same experimental conditions as that of glu-
cose. While fructose is predominantly in the furanose
form, ready for tridentate complexation with 17; glucose
is predominantly in the pyranose form in aqueous solu-
tions. The concentration ratio of DD-glucofuranose versus
DD-glucopyranose in water coincides with the ratio of the
apparent binding constants of DD-glucofuranose and DD-
fructopyranose with monoarylboronic acids in water.
The smaller binding affinity for glucose can be attribut-
ed to the additional free energy requirement for it to
rearrange to the furanose form during complexation.


The observed high binding affinity and reversibility of 3-
pyridinylboronic acid to sugars and the mechanistic
inquiries, particularly of the stereoelectronic effects in
both the arylboronic acid receptor and the sugar
ligands, should provide new insights into the develop-
ment of the next generation arylboronic acid based su-
gar binding scaffolds and may be of general interest in
sensing and other biomedical applications of this unique
dynamic covalent supramolecular interaction.18

Acknowledgments


National Science Foundation (DMR0210508) and
National Institute of Health (R15DK61316-01) are
acknowledged for financial support. J.H. also thanks
the University of Akron Research Foundation for a
startup grant and faculty research fellowships. We wish
to thank The National Science Foundation (CHE-
9977144 and CHE-8808587) for funds used to purchase
the NMR instruments used in this work.

Supplementary data


Supplementary data associated with this article can be
found in the online version at doi:10.1016/
j.bmcl.2005.05.075.

References and notes


1. (a) Kawanishi, T.; Romey, M. A.; Zhu, P. C.; Holody, M.
Z.; Shinkai, S. J. Fluorescence 2004, 14, 499; (b) Fang, H.;
Kaur, G.; Wang, B. J. Fluorescence 2004, 14, 481; (c)
Phillips, M. D.; James, T. D. J. Fluorescence 2004, 14, 549;

(d) Yan, J.; Springsteen, G.; Deeter, S.; Wang, B.
Tetrahedron 2004, 60, 11205; (e) Yoon, J.; Czarnik, A.
W. J. Am. Chem. Soc. 1992, 114, 5874.


2. (a) Grotjohn, B. F.; Czarnik, A. W. Tetrahedron Lett.
1989, 30, 2325; (b) Westmark, P. R.; Gardiner, S. J.;
Smith, B. D. J. Am. Chem. Soc. 1996, 118, 11093; (c)
Duggan, P. J. Aust. J. Chem. 2004, 57, 291.


3. (a) Yamamoto, Y.; Seko, T.; Nemoto, H. J. Org. Chem.
1989, 54, 4734; (b) Yang, W.; Gao, S.; Gao, X.; Karnati,
V. V. R.; Ni, W.; Wang, B.; Hooks, W. B.; Carson, J.;
Weston, B. Bioorg. Med. Chem. Lett. 2002, 12, 2175.


4. Yang, W.; Gao, X.; Wang, B. Med. Res. Rev. 2003, 23,
346.


5. (a) Springsteen, G.; Wang, B. Tetrahedron 2002, 58, 5291;
(b) Nicholls, M. P.; Paul, P. K. C. Org. Biomol. Chem.
2004, 2, 1434.


6. Shafer-Peltier, K. E.; Haynes, C. L.; Glucksberg, M. R.;
Van Duyne, R. P. J. Am. Chem. Soc. 2003, 125, 588.


7. (a) Norrild, J. C.; Eggert, H. J. Am. Chem. Soc. 1995, 117,
1479; (b) Bielecki, M.; Eggert, H.; Norrild, J. C. J. Chem.
Soc., Perkin Trans. 2 1999, 449, The 1:2 complex shown in
the NMR spectrum is most likely an average of 9 and 10
as it is indicated by the peak broadening.


8. Allen, C. S.; Schatz, G. C.; Van, D.; Richard, P. Chem.
Phys. Lett. 1980, 75, 201.


9. Springsteen, G.; Wang, B. Chem. Commun. 2001, 1608.
10. Wiskur, S. L.; Ait-Haddou, H.; Lavigne, J. J.; Anslyn, E.


V. Acc. Chem. Res. 2001, 34, 963.
11. Conors, K. A. Binding Constants; Wiley: New York, 1987,


Chapter 4.
12. Tobey, S. L.; Anslyn, E. V. J. Am. Chem. Soc. 2003, 125,


14807.
13. The dye displayed a second kmax at 608 nm in the


phosphate buffer. It is assigned to the deprotonated form
of 3. This resulted in a second isosbestic point in the UV–
vis titration curve, which was found to have little effect on
the quantification by titration at the first kmax.


14. Rakow, N. A.; Suslick, K. S. Nature 2000, 406, 710.
15. Islam, T. M. B.; Yoshino, K.; Sasane, A. Anal. Sci. 2003,


19, 455.
16. Schultz, R. V.; Huffman, J. C.; Todd, L. J. Inorg. Chem.


1979, 18, 2883.
17. (a) Mohler, L. K.; Czarnik, A. W. J. Am. Chem. Soc. 1993,


115, 2998; (b) Fischer, F. C.; Havinga, E. Recl. Trav.
Chim. Pays-Bas 1974, 93, 21, Please note that the binding
ability of arylboronic acids is not entirely determined by
their acidity as shown here and also by Wang et al1d.


18. (a) Alexeev, V. L.; Sharma, A. C.; Goponenko, A. V.;
Das, S.; Lednev, I. K.; Wilcox, C. S.; Finegold, D. N.;
Asher, S. A. Anal. Chem. 2003, 75, 2316; (b) Badugu, R.;
Lakowicz, J. R.; Geddes, C. D. J. Fluorescence 2004, 14,
617.



http://dx.doi.org/10.1016/j.bmcl.2005.05.075

http://dx.doi.org/10.1016/j.bmcl.2005.05.075



		A colorimetric titration method for quantification of millimolar glucose in a pH 7.4 aqueous phosphate buffer

		Acknowledgments

		Supplementary data

		References and notes








Bioorganic & Medicinal Chemistry Letters 15 (2005) 3870–3873

Synthesis, structure–activity relationships, and anxiolytic activity
of 7-aryl-6,7-dihydroimidazoimidazole


corticotropin-releasing factor 1 receptor antagonists


Xiaojun Han,a,* Jodi A. Michne,b Sokhom S. Pin,a Kevin D. Burris,c Lynn A. Balanda,a


Lawrence K. Fung,d Tracey Fiedler,a Kaitlin E. Browman,e Matthew T. Taber,a


Jie Zhangf and Gene M. Dubowchika,*


aPharmaceutical Research Institute, Bristol-Myers Squibb Company, 5 Research Parkway, Wallingford, CT 06492, USA
bAstraZeneca R&D Boston, Infection Discovery, 35 Gatehouse Park, Waltham, MA 02451, USA


cPalatin Technologies Inc., 4-C Cedar Brook Drive, Cranbury, NJ 08512, USA
dNeurogen Corp., 35 N.E. Industrial Road, Branford, CT 06405, USA


eAbbott Laboratories, Dept. R4N5, Building AP9A 100 Abbott Park Road, Abbott Park, IL 60064, USA
fSanofi Aventis, 1041 Route 202-206, Bridgewater, NJ 08807, USA


Received 31 March 2005; revised 24 May 2005; accepted 26 May 2005


Available online 28 June 2005

Abstract—7-Aryl-6,7-dihydroimidazoimidazoles represent a novel series of high-affinity corticotropin-releasing factor 1 receptor
antagonists. Here, we report their synthesis and SAR as well as behavioral activity of two exemplary compounds, 7b and 7k, in
a mouse canopy model of anxiety.
� 2005 Elsevier Ltd. All rights reserved.

Corticotropin-releasing factor (CRF), a 41-residue neu-
ropeptide, secreted in the hypothalamus, mediates stress
responses by stimulating the release of adrenocorticotro-
pic hormone (ACTH) from the pituitary. The resulting
secretion of ACTH initiates the release of adrenal gluco-
corticoids, which impose their pathophysiological effects
through the hypothalamic–pituitary–adrenal axis
(HPA).1–3 The clinical relevance of the HPA/stress/de-
pression hypothesis has been supported by the fact that
high CRF levels have been detected in the cerebrospinal
fluid in more than half of depressed patients, and that
treatment with antidepressants normalize these levels.4


These findings, along with the desire to target a new
antidepressant mechanism that might avoid problems
associated with current therapies, have inspired a num-
ber of groups to develop highly selective, small molecule
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CRF1 receptor (CRF1R) antagonists. Initial clinical
work has shown promise for this target,5 but an opti-
mized compound, free of liabilities, has yet to appear.
The CRF receptor, a G-protein-coupled receptor (class
B), has two well-characterized subtypes, CRF1R and
CRF2R. The receptor is mainly expressed in the central
nervous system, primarily in the cortex, cerebellum, hip-
pocampus, amygdala, olefactory bulb, and pituitary.6


Nearly all knownnonpeptidic CRF1Rantagonists (e.g., 1
and 2) share the following structural features: a heteroa-
romatic core with an sp2-hybridized nitrogen, a small al-
kyl group on the atom next to that nitrogen, a branched
tertiary amine side-chain attached to this core, and an aryl
(or heteroaryl) ring also attached to it containing at least
one ortho substitution to reinforce the active, mutually
orthogonal conformation (Fig. 1).7 In this letter, we re-
port our efforts in the design, synthesis, binding studies
and behavioral efficacy of a novel series of 7-aryl-6,7-
dihydroimidazoimidazole CRF1R antagonists (7 and 8).


The synthesis of imidazoles 7 and 8 is outlined in
Schemes 1 and 2. N-arylethylenediamines 3 were treat-
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Figure 1. Small-molecule CRF1R antagonists.
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ed with cyanogen bromide in ethanol at 150 �C with
the condenser open to the air, to give cyclic guanidines
4.8 These were alkylated with ethyl bromoacetate in

Scheme 1. Reagents and conditions: (a) BrCN, EtOH, 150 �C, 40 min.


(b) Bromoethyl acetate, acetone, reflux, 12 h. (c) (RCO)2O, RCO2Na,


170 �C, 8 h 15–30% for three steps. (d) R1NHR2, AlMe3, PhMe, 80 �C,
14 h, 70–90%. (e) Red-Al, PhMe, rt, 24 h, 40–70%.


Scheme 2. Reagents and conditions: (a) 2-bromoethylamine-HBr salt, PhM


(c) NaN3, KI, DMF, 50 �C, 4 h, 60–90%. (d) BH3-THF, THF, reflux, 14 h,

acetone at reflux. After acetone was removed, the resi-
dues were refluxed in either acetic (for R = Me) or pro-
pionic (for R = Et) anhydride, along with their
respective sodium salts to afford esters 6.9 Amidation
under Weinreb conditions10 with secondary amines
afforded amides 7.11 Finally, employment of the non-
Lewis acidic-reducing agent, Red-Al, to reduce amides
7 produced amines 8.11


N-arylethylenediamines 3 were prepared as shown in
Scheme 2. Reaction of 2,4,6-trimethylaniline with 2-
bromoethylamine-HBr in toluene at reflux afforded
diamine 3a.12 This methodology did not extend to ani-
lines containing electron-withdrawing groups. For a
wider study of aryl substitution, a new synthesis of
N-arylethylenediamines 3b–e was developed. Di- or
tri-substituted anilines 9 were acylated with chloroace-
tic anhydride to afford chlorides 10. Treatment of 10
with NaN3 gave azides 11 in high yields. Both the
amide and azide groups were smoothly reduced by
BH3-THF to afford diamines 3b–e following
methanolysis.


CRF1R-binding affinities were determined by displace-
ment of [125I]Tyr-o-CRF from hCRF1R endogenously
expressed on IMR-32 human neuroblastoma cells.13


We first looked at the requirements for alkyl substitu-
tion at the 2-position of the imidazole as well as the tol-
erance for amide or amine substitution at position 3.
The results for a series of N-cyclopropylmethyl-N-n-pro-

e, reflux, 14 h, 45%. (b) (ClCH2CO)2O, (ClCH2)2, rt, 1 h, 80–90%.


70–88%.







Table 2. hCRF1R-binding affinities of amides 7b–cc


Compound R1 R2 Ki (nM)


7c nPr nPr 100


7d nBu Et 290


7e Me2NCH2CH2 Et >10,000


7f Allyl nPr 740


7g Allyl Allyl 3000


7h CF3CH2 nPr 61


7i CF3CH2CH2 nPr 220


7b cPrCH2 nPr 42


7j cPrCH2 Et 94


7k cPrCH2 CF3CH2 41


7l cPrCH2 CF3CF2CH2 63


7m cPrCH2 CF3CH2CH2 73


7n cPrCH2 cPrCH2 68


7o cPrCH2CH2 nPr 770


7p cPrCH2CH2 Et 610


7q cPrCH2CH2 CF3CH2CH2 650


7r PhCH2 nPr 4100


7s m-F-PhCH2 nPr 4200


7t p-Cl-PhCH2 nPr 3000


7u PhCH2 CF3CH2CH2 660


7v p-Cl-PhCH2 CF3CH2CH2 270


7w PhCH2 PhCH2 >10,000


7x PhCH2CH2 nPr 220


7y Ph H >10,000


7z Morpholine >10,000


7aa Piperazine >10,000


7bb 4-Acetylpiperazine >10,000


7cc 4-(2-F-phenyl)piperazine >10,000


Table 3. hCRF1R-binding affinities of amides 7dd–kk


3872 X. Han et al. / Bioorg. Med. Chem. Lett. 15 (2005) 3870–3873

pyl amides and amines are summarized in Table 1. In
contrast to the related series of aminothiazoles,15 tertia-
ry amides in this series were significantly more potent
than amines (7a, b, vs 8a, b). As reported for other series
of 5-membered bicyclic CRF antagonists,16 the ethyl
group in 7b conferred best activity.


Next, a series of 2-ethylimidazole-3-amides containing a
pendent 2,4,6-trimethylphenyl ring were prepared to ex-
plore SAR preferences for the amide side-chain. The
best activity was seen with compounds containing the
cyclopropylmethyl side-chain (7b and 7j–n) along with
a small alkyl (7b, 7j, and 7n) or fluorinated alkyl (7k–
m) chain. When cyclopropylmethyl was replaced by n-
propyl or n-butyl (7c, d), there was a modest loss of
affinity, while extension by one methylene group to give
cyclopropylethyl (7o–q) resulted in a >10-fold reduction
in potency. Benzyl, or substituted benzyl, derivatives
(7r–w) showed poor activity, but a single phenylethyl
example (7x vs 7r) was ca. 20-fold more potent, perhaps
because of greater conformational mobility. An attempt
to introduce polarity into the side-chain (7e) was unsuc-
cessful as were efforts to tie up the side-chains into 6-
membered rings (7z–cc). These results argue for a rela-
tively small, hydrophobic-binding pocket in which a
�pseudo-aromatic� group such as cyclopropylmethyl
binds well, either because of size or the restricted confor-
mation of the side-chain amide linkage, larger groups
such as benzyl do not (Table 2).


Finally, a small selection of 2-ethylimidazole-3-cyclo-
propylamides containing four different pendent halo-ar-
omatic rings were prepared with either n-propyl or
trifluoroethyl side-chain (Table 3). While mono-bromin-
ation (7hh–ii) and mono- and di-chlorination (7dd–gg)
gave little-or-no potency advantage over corresponding
2,4,6-trimethyl analogues (7b and 7k), the loss of activity
seen with the 2-bromo-4-isopropylphenyl compounds
(7jj–kk) suggests the need for two ortho substituents in
this chemotype.


Compounds 7b and 7k were chosen for further in vivo
study. Table 4 shows the results of a pharmacokinetic
study of 7b in rats. The compound showed a high-to-
moderate clearance with good oral bioavailability, but
a fairly low brain-to-plasma ratio.

Table 1. hCRF1R-binding affinities of amides 7a, b and amines 8a, b


Compound R W Ki (nM)


7a Me O 220


7b Et O 42


8a Me H2 6600


8b Et H2 19,000


Compound X Y Z R1 Ki (nM)


7dd Cl Me Me CF3CH2 41


7ee Cl Me Me nPr 94


7ff Cl Cl Me CF3CH2 24


7gg Cl Cl Me nPr 75


7hh Br Me Me CF3CH2 26


7ii Br Me Me nPr 126


7jj Br iPr H CF3CH2 270


7kk Br iPr H nPr 1559

We used the mouse canopy stretched attend posture
(SAP) model to determine the anxiolytic potential of
compounds 7b and 7k (Fig. 2).17 Behavioral efficacy is







Table 4. Rat PK parameters for 7b (10 mg/kg, po; 2 mg/kg, iv)a


Cl 35 mL/min/kg


Vd 5.7 L/kg


AUC0–24 h (plasma, po) 1524 ng h/mL


B/P (2 h) 0.21


Fpo 32%


Cmax (po) 250 ng/mL


Tmax (po) 4 h


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


umes were 1 and 3 mL/kg for iv and po, respectively. Brain to plasma


concentration ratio (B/P) was determined after IV administration.


Figure 2. Canopy test results in which a reduction in stretched attend


posture corresponds to putative anxiolytic activity. Data represent


means ± SEM of 10 mice (BALBc) per group. Asterisk indicate


significant difference from vehicle, p < 0.05 (Dunnett�s test).
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indicated by a reduction in SAPs. Both compounds, giv-
en ip, significantly reduced SAPs in a dose-dependent
manner at 32 and 64 mg/kg, while compound 7k was
inactive at 16 mg/kg. Buspirone (2 mg/kg) was included
in the study as a positive control.


In summary, 7-aryl-6,7-dihydroimidazoimidazoles rep-
resent a novel series of high-affinity CRF1R antagonists.
Representative compounds show anxiolytic activity in a
mouse canopy model.
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Abstract—A series of Oroxylin A derivatives, prepared by alkylation and condensation, were fully characterized by spectroscopic
methods. All the derivatives were screened for antibacterial activity against a panel of susceptible and resistant Gram-positive and
Gram-negative organisms. It was observed that acylation of 7-OH group in Oroxylin A significantly enhanced the activity as
compared to their parent compound (Oroxylin A).
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Flavanoids are a broad class of polyphenolic secondary
metabolites that are abundant in plants and in various
common foods such as apples, onions, tea, and red wine.
Apart from their important biological roles in nitrogen
fixation and chemical defense, flavanoids possess a
broad range of pharmacological properties, including
antioxidant, anticancer, and anti-inflammatory proper-
ties1, and hence received considerable therapeutic
importance.


Oroxylin A, a widely distributed flavanoid, has been
reported to possess many biological activities, such as
CoX-2 inhibition,2,3 cytotoxic,4 antimicrobial,5 and
antiallergic6 activities. Furthermore, Oroxylin A has
demonstrated anti-HIV7 and lipid peroxidation inhibi-
tion8 activities. The versatile biological activities of the
Oroxylin A prompted us to prepare a new series of its
derivatives and evaluate their biological significance.


In view of the above and in continuation of our earlier
studies on the synthesis of new bioactive derivatives,9–11


we illustrate the synthesis and antibacterial activities of
alkoxy and 7-O-acyl derivatives of Oroxylin A.
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2. Chemistry


Oroxylin A was isolated from the traditional Indian
medicinal plant Oroxylum indicum in substantial yield.
Alkyl derivatives of Oroxylin A were prepared by
alkylation using alkyl bromide or alkyl chloride. As
a result, 5,7-dialkoxy Oroxylin A and 5-hydroxy 7-alk-
oxy Oroxylin A were synthesized (Scheme 1). System-
atic analytical investigation revealed that the
substitution occurred mostly at the seventh position
of Oroxylin A but very slight at its fifth position. It
is due to hydrogen bonding of the 5-OH group with
the carbonyl group. Acyl derivatives of Oroxylin A
were synthesized by condensation using 1-(3-dimeth-
ylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDCI) and hydroxyl benzotriazole (HOBt) in DMF/
DCM solvent12 (Scheme 2). In this case, Oroxylin A
derivatives substituted only at the seventh position
were obtained but not at the fifth position. Among
the alkoxy and acetoxy analogues synthesized, com-
pounds 2a14, 2b15, 2d16, and 2e17 are previously
known, and their physical and spectral characteristics
are in perfect agreement with reported literature val-
ues. All the synthetic compounds were well character-
ized by their spectral characteristics.18

3. Biological activity


The minimum inhibitory concentrations (MIC) of 7-O-
acyl derivatives of Oroxylin A were obtained against
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Scheme 2. Synthesis of 7-O-acyl derivatives of Oroxylin.

three representative Gram-positive organisms viz
Bacillus subtilis (MTCC 441), Bacillus sphaericus (MTCC
11), and Staphylococcus aureus (MTCC 96), and three
Gram-negative organisms viz Chromobacterium
violaceum (MTCC 2656), Klebsiella aerogenes (MTCC
39), and Pseudomonas aeruginosa (MTCC 741) by the
broth dilution method recommended by the National
Committee for Clinical Laboratory (NCCL) standards.13


Standard antibacterial agents, such as penicillin and
streptomycin, were also screened under identical condi-
tions for comparison. The minimum inhibitory concen-
trations are given in Table 1. It has been observed that
the test compounds exhibited interesting biological activ-
ity however, with a degree of variation.


The alkyl substituted Oroxylin A derivatives (2a–2d)
displayed moderate levels of antibacterial activity.
However, the introduction of acyl group at the C-7 po-
sition of Oroxylin A has enhanced the inhibitory poten-
tial to a great extent. Compound (2f) exhibited
remarkable antibacterial activity. However, by increas-
ing the chain length of the aliphatic esters, activity did
not improve.

Synthetic esters of Oroxylin A (2e–2p) showed varying
degrees of antibacterial activity. Among the aromatic
esters, compounds 2f and 2l showed good activity
against B. sphaericus. Similarly, compounds 2f and 2o
exhibited good activity against C. violaceum. None of
the esters exhibited any activity against P. aeruginosa,
even at a concentration of 200 lg/ml. The compounds
were also inactive against the tested antifungal strains.

4. Experimental


All the melting points were uncorrected. The 1H NMR
spectra in CDCl3 were recorded on a Bruker AV-300
spectrometer. The IR spectra were recorded on a
Perkin-Elmer spectrophotometer. Schemes 1 and 2 rep-
resent a schematic sketch of the synthesis of the 7-O-acyl
derivatives of Oroxylin A (2a–2p).


4.1. General procedure


4.1.1. Synthesis of alkoxy derivatives of Oroxylin A. To
a solution of Oroxylin A in acetone (50 mL) under







Table 1. Minimum inhibitory concentrations (MIC, lg/ml) of 7-O-acyl derivatives of Oroxylin A


Compound Microorganisms


Gram-positive Gram-negative


B. subtilis B. sphaericus S. aureus K. aerogenes C. violaceum


Oroxylin A 50 25 50 50 25


2a 25 12.5 50 50 25


2b 50 25 25 50 25


2c 25 25 50 25 25


2d 25 12.5 25 25 25


2e 12.5 25 50 50 25


2f 25 6.25 25 25 6.25


2g 25 12.5 25 25 25


2h 25 12.5 12.5 12.5 25


2i 25 12.5 50 50 25


2j 25 25 25 12.5 25


2k 12.5 12.5 25 25 12.5


2l 12.5 6.25 25 25 12.5


2m 25 25 12.5 25 25


2n 50 25 50 25 50


2o 12.5 25 25 12.5 6.25


2p 25 12.5 12.5 12.5 25


Streptomycin 6.25 12.5 6.25 1.562 3.125


Penicillin 1.562 3.125 1.562 6.25 12.5


Negative control DMSO—no activity.
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nitrogen was added K2CO3. After stirring for 10 min, al-
kyl bromide or alkyl chloride was added to the deep yel-
low colored solution and the mixture was refluxed for
3 h. After completion of the reaction (TLC), the reaction
mixture was filtered to remove the K2CO3 and the fil-
trate was concentrated under vacuum. The residue was
purified by column chromatography on silica gel (60–
120 mesh) to give the 7-alkoxy Oroxylin A derivative
in major yield and 5,7-dialkoxy Oroxylin A in minor
yield.


4.1.2. Synthesis of 7-O-acyl derivatives of Oroxylin A.
The corresponding acids, EDCI (0.836 mmol) and
HOBt (0.69 mmol), were cooled to 0 �C and stirred in
anhydrous methylene chloride (5 ml) for 15–30 min
under nitrogen atmosphere. To this mixture, Oroxylin
A (1) (0.704 mmol) in anhydrous N,N-dimethylformal-
dehye (3 ml) was added. The entire reaction mixture
was stirred at room temperature for 4–5 h under nitro-
gen atmosphere. After completion of the reaction
(TLC), the reaction mixture was poured into ice water
and washed with methylene chloride (2 · 10 ml). The
combined organic layers were dried over anhydrous so-
dium sulfate and concentrated under vacuum. The resi-
due was purified by column chromatography on silica
gel (60–120 mesh) to give the corresponding 7-O-acyl
derivatives of Oroxylin A (2e–2p) in very good yield
(60–80%).

5. Conclusion


In conclusion, a series of 7-O-acyl derivatives of Oroxy-
lin A derivatives were synthesized and evaluated for
antibacterial activity. All the compounds exhibited mod-
erate to good activity, irrespective of their chain length
and substitution. Among them, compounds (2f, 2l, and

2o) displayed the most significant activity, whereas other
compounds exhibited moderate activity against both
Gram-positive and Gram-negative strains.
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495 [M++1]. Compound (2j): yellow solid, mp 105–106 �C;
1H NMR (300 MHz, CDCl3): d 12.42 (1H, s, OH-5), 7.92–
7.96 (2H, m, H-2 0, 6 0), 7.52–7.60 (3H, m, H-3 0, 40, 5 0), 6.78
(1H, s, H-8), 6.70 (1H, s, H-3), 3.94 (3H, s, OMe), 2.60 (2H,
t, H-200), 1.70–1.92 (2H, m, H-300), 1.0–1.58 (24H, br s, H-
400–H-1500), 0.90 (3H, t, H-1600). FABMS: 523 [M++1].
Compound (2k): pale yellow solid, mp 78.4 �C; IR (KBr)
vmax: 3415, 1770, 1620 cm


�1 1HNMR (300 MHz, CDCl3): d
12.82 (1H, s, OH-5), 7.80–7.86 (2H, m, H-2 0, 6 0), 7.44–7.54
(3H, m, H-3 0, 4 0, 5 0), 6.72 (1H, s, H-8), 6.68 (1H, s, H-3),
3.92 (3H, s, OMe), 2.60 (2H, t, H-200), 2.36 (2H, m, H-300),
1.78–1.82 (2H, m, H-400), 1.58–1.68 (2H, m, H-500), 1.20–
1.50 (24H, br s, H-600–H-1700), 0.88 (3H, t, H-1800). FABMS:
573 [M++Na]. Compound (2l): yellow solid, mp 205 �C; IR
(KBr) vmax: 3415, 1735, 1618 cm�1; 1H NMR (300 MHz,
CDCl3): d 12.84 (1H, s, OH-5), 8.22 (2H, d, J = 4 Hz, H-200,
600), 8.10–8.18 (2H, d, J = 2 Hz,H-300, 500), 7.82–7.92 (2H,m,
H-2 0, 60), 7.62–7.70 (1H, m, H-400), 7.48–7.58 (3H, m, H-3 0,
40, 5 0), 6.86 (1H, s, H-8), 6.76 (1H, s, H-3), 3.92 (3H, s,
OMe). FABMS: 389 [M++1]. Compound (2m): yellow
solid, mp 185.6 �C; IR (KBr) vmax: 3415, 1744, 1632 cm�1;
1H NMR(300 MHz, CDCl3): d 12.86 (1H, s, OH-5), 8.12
(1H, d, J = 2 Hz, H-600), 7.82–7.86 (2H, m, H-2 0, 6 0), 7.50–
7.60 (5H, m, H- 0, 4 0, 5 0, H-400, 500), 7.20–7.22 (1H, m, H-300),
6.86 (1H, s, H-8), 6.74 (1H, s, H-3), 4.0 (3H, s, OMe).
FABMS: 423 [M++1]. Compound (2n): yellow solid, mp
203 �C; 1H NMR (300 MHz, CDCl3): d 12.82 (1H, s, OH-
5), 8.46 (2H, d, J = 6 Hz, H-200, 600), 7.82–7.84 (2H, m, H-2 0,
60), 7.50–7.58 (3H, m, H-3 0, 40, 5 0), 7.36 (2H, d, J = 6 Hz,
H-300, 500), 6.90 (1H, s, H-8), 6.70 (1H, s, H-3), 3.96 (3H, s,
OMe), 2.52 (3H, s, Ar-Me). FABMS: 429 [M++Na].
Compound (2o): yellow solid, mp 180–182 �C; 1H NMR
(300 MHz, CDCl3): d 12.84 (1H, s, OH-5), 7.82–7.88 (2H,
m, H-2 0, 6 0), 7.48–7.58 (3H, m, H-3 0, 40, 5 0), 7.42 (2H, s,
H-200, 600), 6.84 (1H, s, H-8), 6.64 (1H, s, H-3), 3.98 (12H, 4·
OMe). FABMS: 415 [M++1]. Compound (2p): yellow solid,
mp 169–170 �C; 1HNMR (300 MHz, CDCl3): d 12.40 (1H,
s, OH-5), 6.60 (1H, d, J = 10 Hz, H-a), 6.62 (1H, s, H-3),
6.80 (1H, s, H-8), 7.84–7.92 (2H, m, H-2 0, 60), 7.56–7.64
(3H,m, H-3 0, 40, 5 0), 7.48–7.56 (3H,m, H-200, 600, H-b), 7.38-
7.45 (3H, m, H-300, 400, 500). FABMS: 479 [M++1].





		Synthesis and in vitro study of novel 7-O-acyl derivatives of  Oroxylin A as antibacterial agents

		Introduction

		Chemistry

		Biological activity

		Experimental

		General procedure

		Synthesis of alkoxy derivatives of Oroxylin A

		Synthesis of 7-O-acyl derivatives of Oroxylin A





		Conclusion

		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters 15 (2005) 3874–3880

The characterization of a novel rigid nicotine analog
with a7-selective nAChR agonist activity and modulation


of agonist properties by boron inclusion


Roger L. Papke,a,* Guangrong Zheng,b Nicole A. Horenstein,c


Linda P. Dwoskinb and Peter A. Crooksb


aAssociate Professor of Pharmacology and Therapeutics, 100267 JHMHSC, University of Florida, College of Medicine,


1600 SW Archer Road, Gainesville, FL 32610, USA
bCollege of Pharmacy, University of Kentucky, Rose Street, Lexington, KY 40536-0082, USA


cDepartment of Chemistry, University of Florida, Gainesville, FL 32610, USA


Received 25 March 2005; revised 26 May 2005; accepted 26 May 2005


Available online 6 July 2005

Abstract—The a7 nAChR subtype is of particular interest as a potential therapeutic target since it has been implicated as a mediator
of both cognitive and neuroprotective activity. The rigid nicotine analog ACME and the N-cyanoborane conjugate ACME-B are
selective partial agonists of rat a7 receptors expressed in Xenopus oocytes, with no significant activation of either a3b4 or a4b2
receptors. ACME-B is both more potent and efficacious than ACME. The efficacies of ACME-B and ACME are approximately
26% and 10% of the efficacy of ACh, respectively. Similar N-conjugation of S(�)nicotine with cyanoborane decreased efficacy
for a3b4 and a4b2 receptors, as well as for a7 nAChR. Structural comparison of ACME with the benzylidene anabaseines, another
class of previously identified a7-selective agonists, suggests that they share a similar structural motif that may be applicable to other
a7-selective agonists.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


There is a remarkable diversity of nicotinic acetylcholine
receptor (nAChR) subtypes in the vertebrate nervous
system, and an even greater diversity in the chemical
structures which have been identified as nicotinic ago-
nists. One goal for dealing with this diversity of both
the ligands and receptor subtypes is to define general
principles that may have predictive value for anticipat-
ing the selectivity, potency, and efficacy of new drug
candidates. One approach of proven value is to study
simple defined receptor subtypes in heterologous expres-
sion systems such as the Xenopus oocyte.1 Nine genes
have been identified that code for the a subunits of neu-
ronal nAChRs (a2–a10) along with three genes coding
for b subunits (b2–b4), and the potential diversity that
could arise from the pentameric assemblies of these sub-
units is enormous.2 Nonetheless, simple pairwise combi-
nations or single subunits can serve as useful models for
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the major subtypes of the brain and autonomic nervous
system. For example, nAChRs of the brain are broadly
categorized into two main subtypes. One subtype binds
nicotine and other agonists with high affinity upon
desensitization, and these receptors are largely made
up of a4 and b2 subunits.3,4 The other main subtype,
of roughly equal abundance, binds a-bungarotoxin with
high affinity and is associated with homomeric assem-
blies of a7 subunits.5,6 These two receptor subtypes have
complementary and largely non-overlapping patterns of
distribution, serve different functions, and have been
identified as potential therapeutic targets for different
indications. The a7 subtype is of particular interest as
a therapeutic target in association with schizophrenia7


and Alzheimer�s disease.8 Receptors containing a3 and
b4 subunits are commonly used as a model for the nAC-
hRs of the autonomic nervous system,9 and, to avoid
unwanted side effects, drugs for CNS indications should
have low activity for receptors formed with these
subunits.


In this paper, we study three receptor subtypes, a7, a4b2,
and a3b4, and we report that ACME (cis-1-methyl-
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2,3,3a,4,5,9b,-hexahydro-1H-pyrrolo[3,2-h]isoquinoline),
a rigid analog of nicotine, is a selective partial agonist for
a7-type receptors. The partial agonist activity of an N-
cyanoborane-conjugated form of ACME at a7 nAChRs
was increased compared to the parent compound, while,
interestingly, N-cyanoborane conjugation to S(�)nico-
tine resulted in a decrease in agonist activity at this recep-
tor subtype. Structural comparison of ACME with other
a7-selective agonists suggests a common structural motif,
which may be exploited for the further development of
new a7-selective agonists.

Figure 1. Structure of rigid nicotine analogs.

2. Methods


2.1. Preparation of RNA


The nAChR clones were obtained from Dr. Jim Boulter
(UCLA). After linearization and purification of cloned
cDNAs, RNA transcripts were prepared in vitro using
the appropriate mMessage mMachine kit from Ambion
Inc. (Austin, TX).


2.2. Expression in Xenopus oocytes


Mature (>9 cm) female Xenopus laevis African toads
(Nasco, Ft. Atkinson, WI) were used as a source of
oocytes. Prior to surgery, frogs were anesthetized by
placing the animal in a 1.5 g/L solution of MS222
(3-aminobenzoic acid ethyl ester) for 30 min. Oocytes
were removed from an incision made in the abdomen.


To remove the follicular cell layer, harvested oocytes
were treated with 1.25 mg/ml collagenase from Wor-
thington Biochemical Corporation (Freehold, NJ) for
2 h at room temperature in calcium-free Barth�s solution
(88 mM NaCl, 1 mM KCl, 2.38 mM NaHCO3,
0.82 mM MgSO4, 15 mM HEPES (pH 7.6), and
0.1 mg/ml gentamicin sulfate). Subsequently, stage 5
oocytes were isolated and injected with 50 nl (5–20 ng)
each of the appropriate subunit cRNAs. Recordings
were made 5–15 days after injection.


2.3. Chemicals


ACME, BCME (cis-1-methyl-2,3,3a,4,5,9b,-hexahydro-
1H-pyrrolo[2,3-f]quinoline), ACME-B, S(�)-nicotine,
and S(�)nicotine-B (see Fig. 1 for structures) were syn-
thesized at the University of Kentucky utilizing previ-
ously reported methods.10 All other chemicals used in
electrophysiology studies were obtained from Sigma
Chemical (St. Louis, MO). Fresh acetylcholine stock
solutions were made up daily in Ringer�s solution and
diluted.


2.4. Electrophysiology


Experiments were conducted using OpusXpress 6000A
(Axon Instruments, Union City CA), or manual oocyte
two-electrode voltage-clamp systems as previously
reported.11 OpusXpress is an integrated system that pro-
vides automated impalement and voltage clamp of up to
eight oocytes in parallel. Cells were automatically per-

fused with bath solution, and agonist solutions were
delivered from a 96-well plate. Both the voltage and cur-
rent electrodes were filled with 3 M KCl. The agonist
solutions were applied via disposable tips, which elimi-
nated any possibility of cross-contamination. Drug
applications alternated between acetylcholine (ACh)
controls and experimental applications. Flow rates were
set at 2 ml/min for experiments with a7 receptors and
4 ml/min for other subtypes. Cells were voltage-clamped
at a holding potential of �60 mV. Data were collected at
50 Hz and filtered at 20 Hz. ACh applications were 12 s
in duration followed by 181 s washout periods with a7
receptors and 8 s with 241 s wash periods for other sub-
types. For manual oocyte recordings, Warner Instru-
ments (Hamden, CT) OC-725 C oocyte amplifiers were
used, and data were acquired with a minidigi or digidata
1200A with pClamp9 software (Axon Instruments).
Sampling rates were between 10 and 20 Hz and the data
were filtered at 6 Hz. Cells were voltage clamped at a
holding potential of �50 mV.


2.5. Experimental protocols and data analysis


Each oocyte received two initial control applications of
ACh, then an experimental drug application, and then a
follow-up control application of ACh. The control ACh
concentrations for a3b4, a4b2, and a7 receptors were
100, 10, and 300 lM, respectively. In other experiments
(not shown12), these concentrations were determined to
be the EC15, EC22, and EC100, respectively. These stan-
dard control concentrations13 were found to give robust
reproducible responses for the indicated subtypes with-
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out significant desensitization or rundown following
repeated applications at the specified interval.


Responses to experimental drug applications were calcu-
lated relative to the preceding ACh control responses to
normalize the data, compensating for the varying levels
of channel expression among the oocytes. Drug respons-
es were initially normalized to the ACh control response
values and then adjusted to reflect the experimental drug
responses relative to the ACh maximums. Responses for
a7 receptors were calculated as net charge.14 For sub-
types other than a7, responses were calculated from
the peak current amplitudes. Means and standard errors
(SEM) were calculated from the normalized responses of
at least four oocytes for each experimental concentra-
tion. The application of some experimental drugs caused
the subsequent ACh control responses to be reduced,
suggesting some form of residual inhibition (or pro-
longed desensitization). To measure the residual inhibi-
tion, this subsequent control response was compared to
the pre-application control ACh response.


For concentration–response relations, data derived from
net-charge analyses were plotted using Kaleidagraph
3.0.2 (Abelbeck Software; Reading, PA), and curves
were generated from the Hill equation:


Response ¼ Imax½agonist�n


½agonist�n þ ðEC50Þn
;


where Imax denotes the maximal response for a particu-
lar agonist/subunit combination, and n represents the
Hill coefficient. Imax, n, and the EC50 were all uncon-
strained for the fitting procedures. Negative Hill slopes
were applied for the calculation of IC50 values.

3. Results


3.1. ACME and ACME-B


ACME (Fig. 1, structure 1) is a conformationally
restrained analog of the syn-rotamer of nicotine (Fig. 1,
structure 2), while BCME (Fig. 1, structure 3) is a con-
formationally restrained analog of the anti-rotamer of
nicotine (Fig. 1, structure 4). ACME and its N-cyanobo-
rane conjugate ACME-B (Fig. 1, structure 5) were tested
on oocytes expressing rat a7, a4b2, or a3b4 nAChR. As
shown in Figure 2A, both ACME and ACME-B
produced significant activation of a7, but there was essen-
tially no significant receptor activation of a4b2 or a3b4
receptors. The alternative conformationally restrained
anti-rotameric nicotine analog, BCME (cis-1-methyl-
2,3,3a,4,5,9b,-hexahydro-1H-pyrrolo[2,3-f] quinoline,
Fig. 1, structure 3) had no agonist activity at any nAChR
subtype studied (data not shown). Likewise the boron-
conjugated analog of BCME, BCME-B (not shown),
had no agonist activity (data not shown).


The efficacy and potency of ACME-B at a7 nAChRs
were roughly twice that of ACME (see Table 1). After
the application of ACME and ACME-B at concentra-
tions above 30 lM, subsequent ACh control responses
were not fully recovered after a 5 min wash (not shown),

indicating some residual inhibition or prolonged desen-
sitization. This effect was most pronounced with
ACME-B.


3.2. Nicotine and nicotine-B


N-Cyanoboration of (S)-nicotine has previously been
reported10 to form S(�)nicotine-B (Fig. 1, structure 6)
and resulted in a loss of binding affinity to a4b2-type
but not a7-type receptors in rat brain membranes when
compared with (S)-nicotine. To determine whether N-
cyanoborane conjugation enhanced the efficacy of (S)-
nicotine as it did for ACME, we tested S(�)nicotine
and S(�)nicotine-B on the same receptor subtypes ex-
pressed in Xenopus oocytes. As shown in Figure 2B,
the N-cyanoborane-conjugated nicotine produced sig-
nificantly less activation of all the nAChR subtypes test-
ed. As measured by the amplitude of ACh controls
following a 5 min wash, S(�)nicotine-B also produced
less receptor desensitization of both a7 and a4b2 than
did S(�)nicotine (data not shown).

4. Discussion


We report three principle findings: first, that the con-
formationally restrained nicotine analog ACME is an
a7-selective partial agonist; second, that the N-conjuga-
tion of ACME with a cyanoborane moiety increases its
efficacy and potency for activation of a7 ; and third, that
in contrast to the effects of N-cyanoborane conjugation
of ACME, similar N-conjugation of S(�)-nicotine has
the effect of decreasing efficacy for a7 as well as for other
nAChR subtypes.


Bicyclic nAChR agonist molecules such as nicotine and
anabaseine have rotational freedom about the C–C
bond joining the two azaheterocyclic rings in these mol-
ecules. Both ab initio and molecular dynamics studies of
the nicotine molecule have identified two low energy
conformations, in which the pyridyl ring is rotated such
that the pyridyl nitrogen atom can either be close to, or
far apart from, the pyrrolidinyl nitrogen; these confor-
mational forms are referred to as �syn� and �anti� rotom-
ers, respectively.15,16 These two nicotine rotomers were
found to be isoenergetic with each other in the gas-
phase15,16; however, in solution a slight (<1 kcal/mol
energy difference) preference for the syn rotomer was
observed.16 In the present work, molecular mechanics
(MM2, Chem3D Ultra) or semi-empirical calculations17


suggest that anabaseine may behave similarly, although
direct comparison with the previous work on the nico-
tine molecule must be made cautiously, since the steric
features of the anabaseine and nicotine molecules differ.
In this respect, the syn rotomer of anabaseine is only
0.3 kcal/mol preferred over the anti conformer with the
PM3 parameter set (Fig. 3A). These results indicate that
either conformer in solution is readily available for bind-
ing to nAChRs. It has not been previously established if
one of these low energy conformers preferentially binds
to the a7 nAChR. Our use of conformationally re-
strained or rigid molecules that mimic the syn and anti
conformers of nicotine strongly suggests that it is the







Figure 2. (A) Concentration–response curves for a7, a3b4, and a4b2 nAChR subunits expressed in Xenopus oocytes to either ACME or ACME-B.


Responses are normalized to internal ACh controls for each cell and then expressed relative to maximal ACh-evoked responses determined in


separate experiments. Each point is the mean ± SEM for at least four separate cells. (B) Concentration–response curves for a7, a3b4, and a4b2
nAChR subunits expressed in Xenopus oocytes to either S(�)nicotine or S(�)nicotine-B. Responses are normalized to internal ACh controls for each


cell and then expressed relative to maximal ACh-evoked responses determined in separate experiments. Each point is the mean ± SEM for at least


four separate cells.
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syn conformer that is preferentially recognized by
nAChR, since the anti-rotamer analog of nicotine,
BCME, had no agonist activity at the a7 nAChR or at
any other nAChR subtype studied.


There is a long history of research into the nature of the
nAChR pharmacophore (for a recent review see Ref.
18), most of which has focused on muscle-type receptors
or binding to the high-affinity desensitized form of
brain-type (i.e., a4b2) receptors. One early model was
that developed in 1970 by Beers and Reich,19 who sug-
gested that nicotinic ligands require a charged nitrogen

(onium) group and a hydrogen-bond acceptor feature
that interacts with a receptor-based hydrogen bond
donor site. Refinements of this basic model have been
suggested by numerous groups.18 However, in regard
to the activation of neuronal nAChRs, we have shown
that the minimal structure required is nothing more than
the cationic quaternary ammonium ion alone, as in
tetramethylammonium ion (TMA).20 Elaborations of
this minimal structure may produce changes in potency
and/or selectivity, as in the case of choline, which
becomes selective for the a7 nAChR, but is 10-fold less
potent than either TMA or ACh. A number of lines of







Table 1.


ACME ACME-B


Imax
a EC50 (lM)b Imax EC50(lM)


a7 0.11 ± .01 44 ± 9 0.26 ± .02 20 ± 5


a3b4 NAb NA NA NA


a4b2 NA NA NA NA


S(�)nicotine S(�)nicotine-B


Imax EC50(lM) Imax EC50(lM)


a7 0.60 ± .04 13 ± 3 0.15 ± .01 21 ± 7


a3b4 0.69 ± .14 86 ± 4.4 0.06 ± .02 28 ± 19


a4b2 0.17 ± .01 1 ± .5 0.05 ± .01 150 ± 7


NA, insufficient response to obtain a value.
a Imax expressed relative to the maximum ACh evoked responses.
b From curve fits in figures.
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research suggest that a7 receptors tolerate extensive
elaboration on the basic activation pharmacophore,
within certain structural requirements. For example,
anabaseine is a nonselective nicotinic agonist, while ben-
zylidene-conjugated anabaseines are selective for a7
nAChR.21 A comparison of the a7-selective nAChR
agonists shown in Figure 3B suggests that in the ACME
molecule the carbon bridge between the pyridyl and pyr-
rolidine rings may extend into a large pocket in the a7
nAChR binding site. It is known that the a7 nAChR
binding site accepts agonists containing bulky aromatic
moieties, for example, the benzylidene anabaseine series
of compounds and the tropisetron molecule, which con-
tains a heteroaromatic indole moiety.13,22 Thus, overlay
of 3-benzylidene anabaseine with ACME reveals that

Figure 3. (A) Gas-phase rotomer energy profile for anabaseine. Calculations


holding the torsion angle fixed while optimizing all other coordinates to tigh


anabaseine and ACME, showing the correspondence of hydrophobic structu

the bridged methylene moiety adjacent to the piperidinyl
ring in ACME overlaps with the sp2 benzylidene carbon
of benzylidene anabaseine (Fig. 3B). We hypothesize
that the a7 selective agonist activity of ACME may re-
sult from this specific interaction. Alternatively, the a7
binding site may accept the relatively rigid syn-rotameric
conformation of ACME, while non-a7 nAChR ligands
may interact with other nAChR subtypes in alternative
rotomeric conformations that are precluded in the
ACME molecule.


It is interesting that the N-cyanoborane conjugate,
ACME-B, is both more potent and efficacious than the
parent compound, ACME, particularly since a similar
N-cyanoborane conjugation of S(�)-nicotine (nicotine-
B) decreased efficacy for a3b4 and a4b2 receptors as well
as for a7 nAChRs. N-Cyanoborane conjugation of
S(�)-nicotine has previously been reported to result in
a large reduction in binding affinity for a4b2 receptors
in brain membrane preparations and relatively little
change in affinity for putative a7 receptors.10 This is
consistent with our current studies, and the effect of nic-
otine-B on EC50 values for a7 and a4b2 nAChRs. Note
that although S(�)nicotine-B has lower efficacy for a4b2
or a3b4 nAChRs than for a7 nAChRs, S(�)nicotine-B
is not a selective agonist.


While ACME has comparable low affinity for a4b2 and
a7 binding sites in brain membranes (Table 2), it has
agonist activity for a7 receptors but not a4b2 receptors
expressed in oocytes. However, comparing the ACME
profile for binding and activity to that of nicotine, the

utilized the semi-empirical PM3 parameter set, and were performed by


t convergence. (B) Comparison of the a7-selective agonists benzylidene
ral elements in the overlay.







Table 2. Ki values for nicotine, ACME, BCME and their cyanoborate


analogs for the displacement of either radiolabeled nicotine or MLA


from rat brain membranesa


Ki values (lM)


[3H]Nicotine [3H]MLA


Nicotine 0.001 0.77


ACME 0.40 0.59


BCME 12.2 >100


NIC-B 0.041 15.2


ACME-B 0.60 2.4


BCME-B >100 >100


These values are taken to reflect the binding affinity of these com-


pounds for putative a4b2 or a7-type receptors, respectively.
a Data take from Xu et al.10
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loss of high affinity for nicotine binding would seem to
be predictive for loss of a4b2 function. Consistent with
this, the cyanoborate form of nicotine shows both de-
creased binding affinity and decreased agonist activity
compared to nicotine. In contrast to the relatively pre-
dictive relationships between binding and function for
a4b2 receptors, there is relatively poor correlation be-
tween MLA (i.e., putative a7) binding and a7 function.
ACME-B is more potent than ACME for a7 receptor
activation but has lower affinity for the brain binding
sites. Likewise, S(�)nicotine-B is essentially equipotent
as S(�)nicotine for activating a7 although it shows 20-
fold lower affinity for the MLA binding sites in rat brain
membranes. In the case of the BCME compounds
though, there are parallel and complete losses of both
binding affinity and agonist activity for a7.


The effects of the N-cyanoborane conjugation may be
either intramolecular, changing the properties of the
pharmacophore, or intermolecular, affecting interac-
tions between the agonist and the amino acids in the
agonist binding site of the receptor. Alternatively, both
kinds of effects may be important. If intermolecular ef-
fects do occur, then perhaps the rotational freedom in
S(�)nicotine-B molecule permits a deleterious intermo-
lecular interaction that is excluded in the more rigid
ACME-B molecule.


Ligand-gated ion channels such as nAChRs are mar-
velously complex molecular machines that encompass
the features of drug selectivity and the translation of
agonist binding to the conformational changes detected
as channel activation and receptor desensitization.
Selectivity, potency, and efficacy are all key criteria
for therapeutic targeting of a7 or any other CNS recep-
tor. The data we report here provide additional guide-
lines for future drug design, which ultimately may have
translational value for emerging therapies for such di-
verse indications as Alzheimer�s disease, schizophrenia,
and inflammation. While our analysis of the rigid
rotomer analogs of nicotine is informative regarding
the basis through which drugs can selectively activate
a7 nAChR, it is unclear if ACME and ACME-B them-
selves will be good lead compounds for further drug
development since both of these compounds produced
significant residual inhibition (or prolonged desensitiza-
tion). Similar mixed agonist/antagonist properties have

been reported for select benzylidene and cinnamylidene
anabaseines, including the most well-studied analog,
GTS-21.23,24 Interestingly, while in vitro studies of
cinnamylidene compounds suggested that analogs
which produced significant residual inhibition were less
effective as cytoprotective agents than similar com-
pounds with less antagonist or desensitizing effects,
agents which produced residual inhibition were equally
effective as nondesensitizing compounds at producing
in vivo behavioral effects.24
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Abstract—Four new isoquinoline derivatives bearing guanidinium group or amino group-terminated side chain were synthesized to
target the HIV-1 TAR element. Their abilities to bind TAR RNA and inhibit Tat–TAR RNA interaction were determined by CE
analysis, a Tat-dependent HIV-1 LTR-driven CAT assay and SIV-induced syncytium evaluation.
� 2005 Elsevier Ltd. All rights reserved.

The early phase of the HIV-1 replication is controlled by
the interaction of trans-activator of transcription (Tat)
protein with the trans-activation responsive region
(TAR) RNA.1,2 A three-nucleotide bulge (U23, C24,
and U25) of HIV-1 TAR is essential for high affinity
and specific binding of Tat protein.3 The Arginine resi-
due at position 52 of Tat is the only sequence-specific
contact mediating the complex formation between Tat
and TAR, and its guanidine group interacts with the
residue U23 of the trinucleotide bulge.4–6 On the basis
of the structural information from HIV-1 Tat–TAR
interaction as well as the design principle put forward
previously,7 we defined requirements for potential low-
molecular weight inhibitor of TAR recognition by the
Tat protein. A series of isoquinoline derivatives with
fused aromatic moiety bearing guanidinium group or
amino group-terminated side chain were designed and
synthesized under the molecular modeling direction.
Their bioactivities were evaluated by CE, a Tat-depen-
dent HIV-1 LTR-driven CAT assay and SIV-induced
syncytium evaluation.


The route used for the preparation of N-(2-amino-
ethyl)-isoquinoline-3-carboxamide, N-(3-aminopropyl)-
isoquinoline-3-carboxamide, N-(2-guanidinoethyl)-iso-
quinoline-3-carboxamide bisulfite, and N-(3-guanidino-
propyl)-isoquinoline-3-carboxamide bisulfite (I1, I2,
IG1, and IG2) was carried out as outlined in Scheme 1.
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Isoquinoline derivatives 3 and 4 were synthesized
according to the procedure described previously.8,9


Compounds I1 and I2 were obtained by isoquinoline
methyl ester reacted with ethylenediamine and 1,3-prop-
anediamine, respectively. Finally, coupling of isoquino-
line carboxamide derivatives with S-methylisothiourea
yielded compounds IG1 and IG2. Compounds I1, I2,
IG1 and IG2 were characterized by MS and 1H NMR.10


Capillary electrophoresis (CE) was used in the analysis
of RNA–protein interactions, which provided a quick,
sensitive, and precise method to study the binding of
Tat–TAR RNA and drug-TAR RNA.11–14 Herein, we
used CE to study the four compounds� binding specific-
ity of TAR RNA and to determine their binding
constants.15 The result of IG2–TAR interaction is pro-
vided here as an example.


TAR, Tat, and IG2 migrated at about 10 min, 6 min,
and 3 min, respectively. As shown in Table 1, the bind-
ing of compound IG2 with TAR RNA was observed
with the decrease of the area of free compound�s peak
in the presence of TAR. Then the inhibition of com-
pound IG2 on the binding of Tat–TAR complex was
probed. Figure 1h showed the height and area of Tat�s
peak was greater than those of Figure 1c, which implied
that compound IG2 could not only bind to TAR but
also hinder the Tat–TAR interaction. The CE analysis
of other compounds provided similar results as well.


We assume for simplicity that TAR RNA has a single
site for Tat, then define a simplified reaction model for
the TAR–Tat system:
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Table 1. CE analysis of IG2–TAR interaction


Peaks Migration time (min) Peak area


1 9.750 1496436.501


2 6.017 174852.453


3 6.022 30264.600


4 8.583 117549.797


5 2.498 53183.648


6 2.352 30466.404


7 7.898 112402.95


8 2.223 23299.400


9 9.300 164893.842


10 2.982 22429.500


11 12.777 36775.083


12 2.453 30264.600


13 6.422 575355.408


14 10.026 100301.579
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Figure 1. CE elctrophorograms of IG2–TAR interaction. (a) TAR


alone (300 lM); (b) Tat alone (300 lM); (c) Tat + TAR (300 lM, each)


incubated for 30 min; (d) IG2 alone (300 lM); (e), (f) and (g)

where [PR], [R], and [P] is the concentration of TAR–
Tat complex, nonbonding TAR, and nonbonding Tat
in the mixture.


By the law of mass action, the molar concentration of all
TAR–Tat complexes ([PR]) is equal to the concentration
of bound Tat peptide and the net concentration of
bound Tat peptide is equal to the total Tat peptide
concentration (CP) less the concentration of free Tat
([P]) remaining at equilibrium. The TAR binding ratio
cP is calculated as Eq. 2.

IG2 + TAR (300 lM, each), incubated for 15 min, 30 min and

cP ¼ ½PR�=½R� ¼ ðCP � ½P�Þ=½R�: ð2Þ


45 min, respectively.

The concentration of free TAR RNA ([R]) in the equi-


librium mixture was set equal to the total concentration
of TAR (CR) added to the mixture minus the amount of
bound RNA in the complex (equal to [PR]). To estimate
the binding constant of TAR–Tat complex using our CE
method, we developed Eq. 3.

cP ¼ ðCP � ½P�Þ=ðCR � CP þ ½P�Þ: ð3Þ

In our method, linear equations by which concentration
of free Tat or the compounds in the mixture could be
calculated were obtained.16 Thus, the ratio cP and the

;


binding constant K were calculated and summarized in
Table 2.


As seen in Table 2, compounds bearing guanidinium
group-terminated side chain had stronger affinities than
those with terminal amino group, thus the guanidinium
group played an important role in the interaction with
TAR. Furthermore, the length of the side chain also
affected their affinities, but the effect did not appear so
obviously as that of guanidinium group.







Table 3. Computer simulation of the interaction between the title


compounds and TAR RNA


Compounds E1
a (kcal/mol) E2


b (kcal/mol) H-bond number


I1 93.8721 �1.70263 2


I2 79.2974 �4.37024 N


IG1 15.2278 �6.40564 N


IG2 �4.20675 �47.2764 2


a Optical conformation energy.
bMinimization binding energy. All the compounds, TAR RNA and


their complexes were minimized by using DISCOVERDISCOVERwith a steepest


descents algorithm in an AMBER FRC potential forcefield on SGI


(Silicon Graphics Inc.) IRIX6.5 workstation, respectively.


Figure 2. Effect of compounds I1, IG1, I2, and IG2 on Tat-mediated


transactivation in 293T cell.


Table 4. Inhibition effect of compounds on SIV induced syncytium


Compounds EC50 (lM) Inhibition %


I1 12.9 44.2


IG1 6.86 56.2


I2 8.74 58.7


IG2 3.92 60.7


Table 2. Binding constants of the compounds and Tat with TAR


Compounds Linear equation R2 Peak area Concentration (·10�4 M) K


Tat A = 22184c + 3759.9 0.9881 30264.600 1.195 1.26 · 104


I1 A = 37074c � 1645.1 0.9824 28515.699 0.814 3.30 · 104


I2 A = 18417c + 3577.5 0.9977 23958.539 1.107 1.54 · 104


IG1 A = 48670c � 2215.4 0.9822 15154.543 0.357 2.07 · 105


IG2 A = 78175c � 7385.9 0.9783 23299.400 0.393 1.69 · 105


3980 M. He et al. / Bioorg. Med. Chem. Lett. 15 (2005) 3978–3981

In order to reveal the mechanism of their TAR RNA-
binding properties, molecular modeling experiments
were also performed. The docking calculation of the
four small molecules, I1, I2, IG1, and IG2, with target
TAR RNA sequences was carried out using the Biosym
modeling package (Biosym Technologies) in Insight II.
The theoretical calculating energies are presented in
Table 3.


The modeling results implied that IG2 was a good match
to the trinucleotide bulge (U23-C24-U25) of TAR RNA
and two hydrogen bonds formed between the terminal
guanidinium group of the side chain and the phosphate
of C24 at the intercalation site. IG2 exhibited the lowest
optical conformation energy and minimization binding
energy among the four compounds, which indicated that
the complex IG2–TAR was more stable than the other
analogues. Those data agree well with our CE results.
Using the program, DISCOVERDISCOVER,watermolecular andmetal
cation have been excluded in the calculation, bywhich our
experimental data of the binding between the compounds
and TAR RNA are consistent with the estimation.


In order to probe whether the title compounds could
block the Tat-mediated transactivation in human cells,
the activities of compounds I1, I2, IG1, and IG2 were
examined by using Tat dependent HIV-1 LTR-driven
CAT gene expression colorimetric enzyme assays.14,17


As shown in Figure 2, the decreased CAT activities in
the presence of the title compounds reflect their compe-
tition with Tat for TAR RNA binding and the inhibi-
tion of Tat function in vivo.


Moreover, the inhibitions of SIV-induced syncytium in
CEM174 cells with the compounds were tested to con-
firm their antiviral effects,18 and the data were summa-
rized in Table 4. From the two tests above, it is
indicated that compounds containing guanidine group
were more potent in inhibiting Tat–TAR RNA interac-
tion and showed stronger inhibition of the syncytium

formation as well. Also, we found that a side chain with
a suitable length linking isoquinoline and guanidine
group played an important part in the inhibition.


All the experiments reported here show that the newly
designed compound IG2 bearing guanidinium
group-terminated side chain could block the Tat–TAR
interaction and have the anti-HIV potency. These stud-
ies provide a new idea for the design of HIV-1 Tat–TAR
inhibitors.
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Abstract—A series of novel five- and six-membered ring urea derivatives have been described as potent and selective NK1 receptor
antagonists. Several compounds in this series exhibited good oral activity and brain penetration. Syntheses of these compounds are
also described herein.
� 2005 Elsevier Ltd. All rights reserved.

Substance P is a member of the tachykinin family of neu-
rotransmitters that selectively binds to the NK1 receptor.
Substance P has been implicated in a number of patho-
logical disorders in the central nervous system (CNS)
and peripheral tissues,1,2 including pain, inflammation,
depression, emesis and cough.3–6 Consequently, an
antagonist of the NK1 receptor has potential therapeutic
use in the treatment of cough,6 inflammation,7 asthma,8


pain,9 chemotherapy-induced emesis,10 migraine,11 anxi-
ety, and depression.12 Recently, Emend was approved
for the treatment of CINV (chemotherapy-induced nau-
sea and vomiting), and several NK1 antagonists are in
clinical trails for anxiety and depression.13
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Herein, we report the discovery of novel cyclic urea
derivatives 2 and 3 as potent and selective NK1 antago-
nists that are orally active and have good CNS penetra-
tion. These cyclic ureas provide structural novelty while
possessing the minimal pharmacophoric elements of
phenylglycinol-derived NK1 antagonists of type 1.14


The racemic 4,4-disubstituted-2-imidazolidinones (2a–j)
shown in Table 1 were prepared by the synthetic route
illustrated in Scheme 1.15 Alkylation of 3,5-bis(trifluo-
romethyl)benzyl alcohol 4 with 2-iodo-N-methoxy-N-
methylacetamide 5, which was prepared in acetone from
its chloride derivative using sodium iodide, afforded
Weinreb amide 6. The coupling of Weinreb amide 6 with
phenyllithium gave the ketone 7 in excellent yield (80%).
Treatment of ketone 7 with trimethylsilyl cyanide and
ammonia in presence of zinc iodide afforded amine–
nitrile intermediate 7a, which was subsequently reduced
without isolation to give the diamine compound 8. The
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Table 1. NK1 receptor binding affinity and GFT inhibition for


compounds 2a–j


Compounda R1 R2 NK1
b Ki


(nM)


GFTb


(%inh.)


2a –H –H 16 NTc


2b (S) –H –H 332 NTc


2c (R) –H –H 6 54


2d (R) –CH3 –H 94 NTc


2e (R) –H –CH3 8 0


2f –H 4 18


2g –H 0.7 23


2h –H 1 68


2i –H 0.5 15


2j –H 1 0


aUnless defined as (R) or (S), the compounds in the table are racemic.
b See Ref. 17–20.
c NT = not tested.


Scheme 1. Reagent and conditions: (a) KN(TMS)2/THF, 0–25 �C,
18 h, 60%; (b) PhLi/THF, �78 �C, 1.5 h then rt, 80%; (c) TMSCN/


ZnI2/THF, rt, 1 h, filtered, concd then NH3/MeOH, 45 �C, 2 h then


filtered, concd; (d) LiAlH4/ether, �78 �C then rt, 18 h, 25–35% from 7;


(e) CDI/THF, rt, 18 h, 97%; (f) ketone, aldehyde/NaBH(OAc)3/


CH2Cl2, rt or NaBH3CN/MeOH or alkyl halide/DMF.


H.-J. Shue et al. / Bioorg. Med. Chem. Lett. 15 (2005) 3896–3899 3897

cyclization of diamine 8 in the presence of N,N 0-carbon-
yldiimidazole (CDI) afforded the unsubstituted urea
compound 2a. An alternative four-step sequence to com-
pound 2a from compound 4 in higher overall yield has
previously been reported.16 Treatment of compound 8
with 1 equiv of ketone/aldehyde in the presence of a
reducing agent, such as sodium triacetoxyborohydride,
or an alkylating reagent, followed by CDI cyclization
afforded the N-substituted cyclic ureas 2f–j. In order to
determine the effect of the absolute stereochemistry on
binding activity, compound 2a was resolved to the enan-
tiomers 2b and 2c by chiral HPLC on a Daicel Chiralpak
AD� column. The assignment of absolute configuration
of enantiomer 2c was made based on the established chi-
ral synthesis.16 The chiral N-methylated compounds (2d
and 2e) were prepared by alkylation of the chiral com-
pound 2c with methyl iodide in the presence of sodium
hydride in N,N-dimethylformamide.


The in vitro NK1 binding and in vivo NK1 agonist-
induced gerbil foot-tapping (GFT) inhibition data for
4,4-disubstituted-2-imidazolidinones (2a–j) are listed in
Table 1. The NK1 binding assay determines the affinity
of these compounds (2a–j) toward the NK1 receptor
while the GFT inhibition measures the potency of these
compounds antagonizing an NK1 receptor-mediated
CNS effect. As shown in Table 1, the unsubstituted five
membered urea analogue 2a exhibited good NK1 bind-
ing affinity (Ki = 16 nM). It was noted that enantiomer
2c (R-isomer) had higher affinity for the NK1 receptor
than the enantiomer 2b (S-isomer) (6 vs 330 nM). In
addition, compound 2c was active in the GFT assay
(54% inhibition of foot-tapping at 1 mg/kg po after a
2 h pretreatment time) which demonstrated CNS pene-
tration and NK1 antagonist activity. In order to under-
stand the importance of the urea NH protons for
affinity, the N-methyl derivatives of 2c were synthesized.
When the hindered NH of the urea ring was methylated
(2d), the binding affinity was greatly reduced
(Ki = 94 nM). On the other hand, when the less hindered
NH was methylated (2e), retention of the binding affin-
ity was observed (Ki = 8 nM). This suggested that the
NH proton adjacent to the tertiary position of the cyclic
urea is more important for NK1 receptor binding. Con-
sequently, substitutions at the less hindered NH were
further explored. We found that a polar amide side
chain improved potency (e.g., 2f, Ki = 4 nM). Further
increase in polarity from a neutral substitution to basic
amino group containing side chains, significantly im-
proved NK1 affinity and in some cases (2g and 2i)
picomolar binding was achieved. Both the acyclic 2g
and cyclic (2h–j) amine side chains were well tolerated
and the position of the basic nitrogen did not significant-
ly affect the binding (2g, Ki = 0.7 nM and 2j, Ki = 1 nM).
The best representative of the amine side chain contain-
ing compounds was analogue 2h, which bound with high
affinity (Ki = 1 nM) and produced good activity (68%
inhibition) in the GFT assay.


A series of racemic six-membered cyclic urea derivatives
(3a–g) were prepared by the synthetic route shown in
Scheme 215 and their biological data are listed in Table
2. The chiral compounds 3a and 3b were prepared by







Scheme 2. Reagent and conditions: (a) PhCH2Br, Et3N/THF/80 �C,
48 h, 46%; (b) LDA/ICH2CN/THF, �78 �C to �20 �C, 51%; (c) LAH/


THF, �78 �C to rt, 64%; (d) t-BOC-anhydride/20% Pd(OH)2–C,


H2, 50 psi, 18 h, 85%; (e) Ag2O/DMF, 3,5-bis(trifluoromethyl)benzyl


bromide, rt, 18 h, 64%; (f) HCl/Et2O, rt, 18 h, 99%; (g) CDI/THF, 0–


25 �C, 18 h, 48–63%; (h) ketone/HOAc/NaBH3CN/MeOH, or CH3I/


K2CO3/DMF or R2CH2Br/DMF.


Table 2. NK1 receptor binding affinity and GFT inhibition for


compounds 3a–g


Compounda R1 R2 NK1
b Ki


(nM)


GFTb


(%inh.)


3a (S) –H –H 350 NTc


3b (R) –H –H 9 0


3c –H –CH3 14 18


3d –H 9 16


3e –H 3 47


3f –H 2 2


3g –H 0.5 56


aUnless defined as (R) or (S), the compounds in the table are racemic.
b See Ref. 17–20.
c NT = not tested.
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the chiral HPLC separation of the racemic mixture 3a,b
on a Daicel Chiralpak AS� column.


As shown in Table 2, the six-membered ureas also
exhibited good NK1 receptor binding affinities. Similar
to five-membered urea derivatives, the activity of six-
membered urea derivatives also resided mostly in the
R-isomer, for an example, compound 3b (R-isomer,
Ki = 9 nM) versus compound 3a (S-isomer, Ki =
350 nM). However, compound 3b was found to be
inactive in GFT assay. This may be due to a poorer
pharmacokinetic profile of the latter. Based on the
SAR of the five-membered ureas, the substitutions at
the less hindered NH were subsequently explored in
the six-membered series. The N-methyl derivative 3c
and acetylpiperidine derivative 3d retained the binding
while the pyran analogue 3e showed improvement in
both binding (Ki = 3 nM), and in vivo activity (47%
inhibition). As previously observed with five-mem-
bered analogues, incorporation of basic amine side
chains (3f,g) improved the binding, and in the case
of methyl-piperidine analogue (3g), sub-nanomolar
NK1 affinity (Ki = 0.5 nM) was achieved. The analogue
3g showed the best GFT activity (56% inhibition) in
the six-membered urea series which was comparable
to the most potent five-membered series analogues 2c
and 2h.


In conclusion, we have identified a novel series of cyclic
urea derivatives of structures 2 and 3 as potent NK1


antagonists. Several compounds in these series exhibit
good NK1 selectivity, are orally active and have good
brain penetration. For example, compound 2c (SCH
388714) showed an excellent selectivity (NK2,
NK3 > 1 lM), good oral bioavailability (69% in rat)
and it displayed very good brain penetration (brain/plas-
ma ratio 4 in rat). Further details of the SAR effort to
improve potency of this class of NK1 antagonist will
be reported in due course.
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Abstract—The synthesis and structure–activity relationships (SAR) of salubrinal, a small molecule that protects cells from apoptosis
induced by endoplasmic reticulum (ER) stress, are described. It is revealed that the trichloromethyl group greatly contributes to the
activity. Based on the SAR results, salubrinal was converted into a biotinylated derivative which retains activity and can be used as a
biological tool for target identification.
� 2005 Elsevier Ltd. All rights reserved.

The endoplasmic reticulum (ER) stress response, a sig-
naling pathway that connects ER with the nucleus, is
essential for cellular homeostasis of all eukaryotic cells.1


However, excessive and uncorrected ER stress can in-
duce cell apoptosis, which has been implicated in many
important pathologies, including diabetes, Alzheimer�s
disease, and viral infection.2 Therefore, a better under-
standing of apoptotic pathway activated by ER stress
will provide insight into the development of therapeutics
for important human diseases. In a screen for com-
pounds that protect mammalian cells from apoptosis
induced by ER stress, we identified a small molecule,
termed salubrinal (1).3 Salubrinal protects cells against
ER stress-induced apoptosis by selectively inhibiting
the translation initiation factor eIF2a dephosphoryla-
tion. It blocks eIF2a dephosphorylation via inhibiting
the protein complex GADD34/PP1 consisting of the
general cellular serine/threonine phosphatase PP1 and
the non-enzymatic cofactor GADD34, which targets
eIF2a for dephosphorylation by PP1. As a specific
inhibitor of eIF2a dephosphorylation, salubrinal is also
useful in a disease model. It inhibits eIF2a dephospho-
rylation mediated by a herpes simplex virus encoded
protein and blocks viral replication in vitro and in vivo.3


These results suggest that the inhibition of eIF2a
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dephosphorylation may be a potent therapeutic strategy
in diseases involving ER stress and viral infection, and
that such small molecule as salubrinal might find thera-
peutic use in these diseases.


Whether salubrinal inhibits the GADD34/PP1 complex
via direct binding or an indirect signaling event is yet un-
clear. A more detailed understanding of the molecular
mechanism of salubrinal action is currently under inves-
tigation. We describe herein our efforts to investigate the
structure–activity relationships (SAR) of salubrinal and
to convert it into a biotinylated derivative as a biological
tool for target identification.


The simplest modifications for salubrinal involves vary-
ing the substituents at its terminuses. The synthesis of
these analogs is outlined in Scheme 1. Reaction of
amides with anhydrous chloral gave chloralamides 2,
which were subsequently transformed into the corre-
sponding amines 3 via two successive substitution reac-
tions.4 Addition of these amines to separately prepared
isothiocyanates resulted in N,N 0-disubstituted asym-
metric thioureas 4.5 Compound 4l was directly obtained
by reduction of 4k with FeCl2 in 79% yield. The struc-
tures of 4a–4q are shown in Table 1.
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Table 1. Structures of compounds 4a–4q and EC50 values of salubrinal


(1) and compounds 4–12


Compound R1 R2 EC50 (lM)


1 15


4a NA


4b 40


4c >100


4d –n-Bu 24


4e NA


4f NA


4g 33


4h 29


4i 40


4j 38


4k 28


4l 56


4m 50


4n NA


4o 72


4p 30


Table 1 (continued)


Compound R1 R2 EC50 (lM)


4q 41


5 TX


6 TX


7 TX


8 51


9 75


10 NA


11 NA


12 NA


NA: not active up to 100 lM. TX: toxic.


Scheme 1. Reagents and conditions: (i) CCl3CHO, toluene, 90 �C, 80–97%; (ii) (1) PCl5, Et2O, (2) NH3, Et2O, 0 �C, 60–80%; (iii) R2AN@C@S, THF,


60 �C, 60–95%.
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In order to explore whether the trichloromethyl unit is
necessary for the activity, analogs 5–10 were synthe-
sized. As outlined in Scheme 2, compounds 5 and 6 were
readily prepared via condensation of cinnamic acid with
hydrazine and ethylenediamine respectively and subse-
quent addition to 2-isothiocyanatopyridine. Following
the same procedure as for the synthesis of 4, compounds
7–10 were obtained starting from the reaction of cinna-
mide with a range of aldehydes, as indicated in Scheme
3.6 Compound 10 was further transformed into 11 and
12 via reduction and subsequent cyclization as described
in Scheme 4.7


Compounds were assayed for their ability to protect the
rat pheochromocytoma cell line PC12 from apoptosis
induced by ER stress. In this assay, PC12 cells were
treated with tunicamycin (Tm) and different doses of
compounds for 37 h and then cell viability was assessed
by cellular ATP content. Tm is an inhibitor of protein
glycosylation in the ER and thus results in the accumu-
lation of misfolded proteins, which will induce ER stress
and subsequent apoptosis.10 A treatment with 100 lM
of zVAD.fmk, a broad-spectrum caspase inhibitor,
served as a positive control. Salubrinal inhibited ER
stress-mediated apoptosis in a dose-dependent manner
with a median effective concen-tration (EC50, as defined
by the concentration at which the compound produces
half-maximal rescue from cell death versus the Tm-only
control) at about 15 lM and rescued about 35% of PC12
cells at 100 lM.3 The cytoprotection activity of other
analogues was assessed and the EC50 values are listed
in Table 1.


As shown in Table 1, Compounds 4a–4d and salubrinal
bear the same R1 group but different R2 groups. Struc-
turally compound 4a is almost the same as salubrinal







Scheme 2. Reagents and conditions: (i) for 5: (1) oxalyl chloride,


DMF, CH2Cl2, (2) hydrazine, Et2O, 0 �C, 35%; for 6: (1) HOSu, DCC,


THF, (2) ethylenediamine, 60%; (ii) 2-isothiocyanatopyridine, EtOH,


60 �C, 44–78%.
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except for the substitution position at the quinoline ring.
However, 4a displayed no activity. Replacement of the
quinoline ring by pyridyl, benzoyl, or alkyl groups
resulted in derivatives 4b–4d. The potency of compound

Scheme 3. Reagents and conditions: (i) for 7–9: cinnamide, toluene, 90 �C, 8
Et2O, 0 �C, 40–80%; (iii) 2-isothiocyanatopyridine, THF, 60 �C, 70–90%.


Scheme 4. Reagents and conditions: (i) NaBH4, LiCl, THF/EtOH, 85%; (ii)


Scheme 5. Reagents and conditions: (i) (1) SOCl2, Et2O, (2) KSCN, a


BocNH(CH2)4NH2, CHCl3, 80%; (iii) for 16: biotin, EDC, DMAP, DMF, 6


60%.

4c was much lower than salubrinal, whereas compound
4b and 4d had a close EC50 to that of salubrinal. Com-
pound 4b even demonstrated improved efficacy (the
maximum protection from cell death at the optimal con-
centration) over salubrinal, therefore we retained the
pyridine ring instead of quinoline ring in the following
structural modifications.


Next, the cinnamide system was modified and analogues
4e–4qwere synthesized. Most of them displayed cytopro-
tection activity except compounds 4e, 4f, and 4n. Activity
results of compounds 4b, 4e, and 4h indicated that a cyclic
moiety as R1 might be favored for the activity. Compar-
ison of compounds 4b,4f, and4g suggested that a proper
distance between the cyclic moiety and the trichlorometh-
yl groupmight play some role for the activity. Activity re-
sults of compounds 4b, 4g, and 4m demonstrated that the
(E)-double bond in the leading compound might be
unimportant because it could be changed into a (Z)-dou-
ble bond or a single bond without much loss of activity.

0–90%; for 10: cinnamide, THF, rt, 65%; (ii) (1) PCl5, Et2O, (2) NH3,


PPh3, DEAD, THF, 45%.


cetone, 73%; (ii) for 14: HOCH2CH2NH2, CHCl3, 70%; for 15:


0%; for 17: (1) TFA, CH2Cl2, (2) biotin, EDC, HOBt, DIPEA, DMF,
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Substituents on the phenyl ring or replacement of it by
other heterocycles seemed to have little influence on the
activity except that a long chain attachment on the phen-
yl ring was unfavored (compound 4n).


Next, the role of the trichloromethyl group was investi-
gated. Removing the trichloromethyl unit resulted in
analogues 5 and 6, both of which were toxic to cells.
Replacement of the trichloromethyl group by other mul-
tihalomethyl groups resulted in compounds 7–9. Inter-
estingly, a trifluoromethyl substituent completely
eliminated the cytoprotection activity (compound 7),
whereas tribromomethyl (compound 8) and dichloro-
methyl (compound 9) substituents were tolerated. Other
modifications on the trichloromethyl group afforded
compounds 10–12, which were all inactive. By consider-
ing all these results together, it is clear that the trichlo-
romethyl group in the leading compound is crucial for
the activity.


As mentioned above, salubrinal protects cells against
ER stress-induced apoptosis via inhibiting eIF2a
dephosphorylation (namely inducing eIF2a phospho-
rylation). We tested the analogues that showed rescue
activity and found they also induced eIF2a phosphory-
lation,3 which suggested that these analogs protected
cells by the same mechanism.


After getting a clear SAR pattern, we turned to intro-
duce a biotin moiety as an affinity tag into salubrinal,
in the hope of using such a tagged reagent to purify
the molecular target of salubrinal. According to the dif-
ferent activities of compounds 4d and 4n, we chose to
link biotin from the R2 side and used 2-hydroxyethyl-
amine or 1,4-diaminobutane as a linker. Thus, com-

Figure 1. Dose-dependent protection of PC12 cells treated with Tm by


salubrinal, compounds 16 and 17, assessed by cellular ATP content.


An amount of 100 lM of zVAD.fmk serves as a positive control. Error


bars represent standard deviation.

pound 2a was converted into the corresponding
isothiocyanate 13 via two successive substitution reac-
tions.8 Addition of 2-hydroxy-ethylamine and mono-
protected 1,4-diaminobutane to 13 afforded thiourea
14 and 15, respectively. Condensation of 14 and depro-
tected 15 with biotin gave the corresponding biotinyla-
ted derivatives 16 and 17 (Scheme 5).9


We tested compounds 16 and 17 for the ability to pro-
tect PC12 cells from Tm-induced apoptosis. Compound
16 was almost inactive up to 100 lM. However, com-
pound 17 exhibited considerable cytoprotection activity
at the concentration range from 50 to 100 lM, and the
efficacy was quite close to that of salubrinal, as shown in
Figure 1. These results encourage us to use compound
17 as an affinity reagent to identify the binding target
of salubrinal. The results will be reported elsewhere in
due course.
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Abstract—The inhibition of the last human carbonic anhydrase (CA, EC 4.2.1.1) isozyme (hCA XIV) discovered has been investi-
gated with a series of sulfonamides, including some clinically used derivatives (acetazolamide, methazolamide, ethoxzolamide,
dichlorophenamide, dorzolamide, brinzolamide, benzolamide, and zonisamide), as well as the sulfamate antiepileptic drug topira-
mate. The full-length hCA XIV is an enzyme showing a medium-low catalytic activity, quite similar to that of hCA XII, with the
following kinetic parameters at 20 �C and pH 7.5, for the CO2 hydration reaction: kcat = 3.12 · 105 s�1 and kcat/KM =
3.9 · 107 M�1 s�1. All types of activities have been detected for the investigated compounds, with several micromolar inhibitors,
including zonisamide, topiramate, and simple sulfanilamide derivatives (KI-s in the range of 1.46–6.50 lM). In addition, topiramate
and zonisamide were observed to behave as weak hCA XII inhibitors, while zonisamide was an effective hCA IX inhibitor (KI of
5.1 nM). Some benzene-1,3-disulfonamide derivatives or simple five-membered heteroaromatic sulfonamides showed KI-s in the
range of 180–680 nM against hCA XIV, whereas the most effective of such inhibitors, including 3-chloro-/bromo-sulfanilamide, ben-
zolamide-like, ethoxzolamide-like, and acetazolamide/methazolamide-like derivatives, showed inhibition constant in the range of
13–48 nM. The best hCA XIV inhibitor was aminobenzolamide (KI of 13 nM), but no CA XIV-selective derivatives were evidenced.
There are important differences of affinity of these sulfonamides/sulfamates for the three transmembrane CA isozymes, with CA XII
showing the highest affinity, followed by CA IX, whereas CA XIV usually showed the lowest affinity for these inhibitors.
� 2005 Elsevier Ltd. All rights reserved.

At least 15 isoforms of the widely spread metalloenzyme
carbonic anhydrase (CA, EC 4.2.1.1) were discovered up
to now in humans.1–4 These are hCA I–hCA XIV, but
there are two CA V-like enzymes, i.e., hCA VA and
hCA VB,5,6 which lead to the final number of 15 iso-
zymes (although they are numbered from I to XIV). Iso-
zyme CA XIV was the last to be discovered by
Nishimori�s group,7 who sequenced the gene encoding
this protein, mapped it on chromosome 1, and ex-
pressed/purified the enzyme. The catalytic domain of
the corresponding murine enzyme (mCA XIV) was then
crystallized and the X-ray structure reported by Chris-
tianson�s group,8 whereas research from Nishimori�s,7,9


Parkkila�s and Sly�s groups10–12 revealed its distribution
in the human body as well as potential physiological/
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doi:10.1016/j.bmcl.2005.06.055


* Corresponding author. Tel: +39 055 457 3005; fax: +39 055 4573


385; e-mail: claudiu.supuran@unifi.it

pathological roles. Indeed, it has been observed that
hCA XIV is highly abundant in the brain, kidney, colon,
small intestine, urinary bladder, liver, and spinal
cord.7,9–12 It has been then shown that in kidneys, the
luminal CA XIV is involved in bicarbonate reabsorption
(a function previously considered to be played by CA
IV),10 whereas the same group also showed that in hepa-
tocytes plasma membranes CA XIV is involved in the
control of pH and ion transport processes among the
hepatocytes, sinusoids, and bile canaliculi.11 Finally, this
extracellular CA isoform is highly abundant in neurons
and axons in the murine and human brains, where it
seems to play an important role in modulating excitato-
ry synaptic transmission.12


Similar to isozymes CA IX1,13 and CA XII,14 CA XIV is
a transmembrane isozyme with the active site oriented
extracellularly,7,8 but unlike these two CAs, it seems to
be not associated predominantly with tumors.1 Further-
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more, similar to the above-mentioned two isozymes, CA
XIV possesses a highly conserved catalytic domain rath-
er similar even with that of the cytosolic isozymes CA I
and CA II, in addition to a short intracellular polypep-
tide segment and a single transmembrane helix (CA IX
also possesses in addition to these domains an extracel-
lular quite large proteoglycan-like segment).1,7,8,13,14 As
the X-ray crystal structures of both the catalytic do-
mains of hCA XII15 and mCA XIV8 were reported, a
high degree of similarity between these two proteins,
has been noted as they both contain: (i) a Zn(II) ion
coordinated by three histidine residues (His94, His96,
and His119, CA II numbering of the amino acid resi-
dues)8 and a water molecule (similar to all known a-
CAs investigated up to now),1 (ii) identical door-keeping
residues in the neighborhood of the catalytic zinc (i.e.,
Thr199 hydrogen bonded to the zinc-bound water mol-
ecule/hydroxide ion and to the carboxylate moiety of
Glu106), and (iii) the same proton shuttle residue,
His64.16 All these active site amino acid residues play
important roles in the a-CAs catalytic cycle or to their
inhibition by sulfonamides and other types of
inhibitors.16

We have previously investigated the inhibition of most
of the known human CAs (except CA Vb and CA
XIV) with sulfonamides and anions, the most investigat-
ed classes of CA inhibitors (CAIs).16–25 It has thus been
shown that many of these CA isozymes are druggable
targets, and that their inhibitors may have applications
in the design of antiglaucoma, antitumor, anticonvul-
sant or antiobesity therapies among others.16–25 Here,
we report the first hCA XIV inhibition study with a
large series of sulfonamides/sulfamates, showing that
this widely distributed isoform may also be a target
for the design of therapeutic agents. We also report a
method for producing high amounts of the full-length
(337-amino acid polypeptide) isozyme hCA XIV.


Sulfonamides/sulfamates investigated for the inhibition
of the transmembrane isozyme hCA XIV, of types
1–30 are shown below. Derivatives 22–30 are clinically
used drugs, such as acetazolamide 22, methazolamide
23, ethoxzolamide 23, and dichlorophenamide 24—the
classical CAIs. Dorzolamide 26 and brinzolamide 27
are topically acting antiglaucoma agents, benzolamide
28 is an orphan drug belonging to this class of pharma-
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cological agents,16 whereas topiramate 29 and zonisa-
mide 30 are antiepileptic drugs.26,27 Compounds 1–4,
9, 10, 16, 21–27, 29, and 3 are commercially available
from Sigma–Aldrich, Merck, Alcon, Johnson & Jonson
or DaiNippon, whereas 5–8,28 11–15,29,30 20,31 and 28,31


were prepared as reported earlier by this group.


There are conflicting literature data regarding the cata-
lytic activity of CA XIV: Nishimori�s group7 reported
full-length hCA XIV (obtained in Escherichia coli) to
possess a medium-low catalytic activity (of around 10%
that of hCA II), whereas Whittington et al.8 reported
that their preparations of mCA XIV (obtained in
Chinese hamster ovary cells as expressing system) show
very high catalytic activity for the CO2 hydration reac-
tion (of around 130% that of hCA II), but in both these
valuable studies no kinetic parameters have been ob-
tained. These discrepancies may be due to the fact that
the murine and human isozymes may show indeed quite
different catalytic properties (a recent such example is
furnished by the human and bovine CA IV which show
very different catalytic activities and affinities for sulfon-
amides),17 or to the fact that the enzymes produced in
prokaryotic expressing systems are not glycosylated, in
contrast to those obtained in eukaryotes. However, usu-
ally the glycosylation sites are far from the active site, as

seems to be the case for CA XIV too,7 and probably the
above-mentioned discrepancy is due to the different
mammalian species from which the two enzymes have
been obtained. Here, we confirm the original finding of
Fujikawa-Adachi et al.7 that hCA XIV is an enzyme
showing a medium-low catalytic activity, quite similar
to that of hCA XII, to which this isozyme is the most
similar both from the point of view of the sequence7 as
well as from that of the tridimensional structure8 (Table
1). Furthermore, the originally reported7 GST–hCAXIV
construct and expressing system in E. coli affords the en-
zyme in good yields and with a rather simple purification
procedure, involving two affinity column purification
steps: one on a glutathione–Sepharose column and the
other one on a sulfonamide affinity column.32


As seen from data of Table 1, hCA XIV has a catalytic
activity similar to that of the slow cytosolic red blood
cell isozyme hCA I or that of the related transmembrane
isoform hCA XII (catalytic domain).2,19 The kinetic
parameters for the CO2 hydration reaction catalyzed
by full-length hCA XIV at 20 �C and pH 7.5, deter-
mined by a stopped-flow technique,34 were
kcat = 3.12 · 105 s�1, and kcat/KM = 3.9 · 107 M�1 s�1.
These parameters are at least one order of magnitude
lower than those of the very efficient catalyst which is







Table 2. hCA IX, hCA XII, and hCA XIV inhibition data with


compounds 1–30


Inhibitor KI
a (nM)


hCA IXb hCA XIIb hCA XIVc


1 33 085 6500


2 238 125 4800


3 294 37 5400


4 103 0.3 3200


5 245 1.1 180


6 264 3.1 21


7 269 20 15


8 285 11 79


9 24 45 680


10 39 44 570


11 30 4 245


12 38 85 13


13 14 3.7 48


14 21 220 3840


15 22 55 3255


16 26 34 780


17 305 11 1450


18 33 3.2 2900


19 41 33 280


20 24 4.5 76


21 16 3.4 89


AAZ 22 25 5.7 41


MZA 23 27 3.4 43


EZA 24 34 22 25


DCP 25 50 50 345


DZA 26 52 3.5 27


BRZ 27 37 3.0 24


BZA 28 47 3.5 33


TPM 29 1590 3800 1460


ZNS 30 5.1 11,000 5250


Data for hCA IX and hCA XII are from Refs. 19 and 25 except the


hCA IX topiramate and benzolamide data, and the zonisamide hCA


IX and hCA XII data which are new.
a Errors in the range of 5–10% of the shown data, from three different


assays.
b Catalytic domain of the human recombinant isozymes.
c Full length, human recombinant isozyme, CO2 hydrase assay


method.34


Table 1. Kinetic parameters for CO2 hydration reaction catalyzed by the cytosolic a-CA isozymes I–III, and the transmembrane isozymes hCA XII


(catalytic domain) and hCA XIV (full length), at 20 �C and pH 7.5, and their inhibition data with acetazolamide AAZ (5-acetamido-l,3,4-thiadiazole-


2-sulfonamide), a clinically used compound


Isozyme Activity level kcat (s
�1) kcat/Km (M�1 s�1) KI (acetazolamide) (nM)


hCA Ia Low 2.0 · 105 5 · 107 250


hCA IIa Very high 1.4 · 106 1.5 · 108 12


hCA IIIb Very low 1.0 · 104 3 · 105 300,000


hCA XIIc Low 4.20 · 105 3.5 · 107 5.7


hCA XIV Low 3.12 · 105 3.9 · 107 41


a From Ref. 2.
b From Ref. 16.
c From Ref. 19.
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hCA II,1,16 and quite comparable with the correspond-
ing kinetic parameters of hCA I and hCA XII (catalytic
domain). On the other hand, hCA XIV is a much better
catalyst as compared to the catalytically very inefficient
isozyme hCA III (Table 1). It may be thus speculated
that the extracellular CA isoforms (CA IX, CA XII,
and CA XIV) may have evolved quite early during the
evolution of life on earth, as catalysts needed to convert
carbon dioxide to bicarbonate which may subsequently
be used in biosynthetic reactions involving C1 units. In-
deed, many of these isoforms are overexpressed in hyp-
oxic tumors33 in which the metabolic pathways are
completely different from those found in normal cells,
due to the lack of oxygen and the acidic environment.
Data in Table 1 also show that similar to hCA II and
hCA XII, the new isozyme investigated here, hCA
XIV, is inhibited by acetazolamide, the sulfonamide
CAI par excellence, whereas hCA I has a lower affinity
for this inhibitor. hCA III has very low affinity for sul-
fonamide CAIs,1,16 as also seen from data in Table 1.


Detailed inhibition data of hCA XIV with sulfonamides/
sulfamates 1–30 are shown in Table 2, together with
hCA IX and hCA XII inhibition data, since these trans-
membrane CA isozymes are most similar to the target
isoform investigated here.


The following should be noted regarding data in Table
2: (i) a group of compounds, including the clinically used
sulfamate topiramate 29 and the antiepileptic sulfon-
amide zonisamide 30, as well as derivatives 1–4, 14,
15, 17, and 18, showed weak hCA XIV inhibitory activ-
ity, with inhibition constant in the range of 1.45–
6.50 lM. It may be observed that most of these com-
pounds (except the two clinically used drugs 29 and
30) are simple benzenesulfonamide derivatives, mono-
substituted in ortho-, meta- or para with compact moie-
ties such as amino, hydroxy, aminomethyl/ethyl,
hydroxymethyl/ethyl or hydrazino. Furthermore, it
should be noted that many of these simple benzenesulf-
onamides act as much more effective inhibitors of the
other two transmembrane CA isozymes, CA IX and
CA XII, with efficiencies in the low nanomolar range
in some cases. Thus, there are important differences be-
tween the inhibitory properties of these sulfonamides/
sulfamates against the three transmembrane CA iso-
zymes, with CA XIV being the most resistant to inhibi-
tion, followed by CA IX, whereas CA XII is the most
prone to be inhibited by most of these compounds. Since

both topiramate and zonisamide were not investigated
in detail up to now against the other two cancer-associ-
ated transmembrane isozymes, CA IX and CA XII, it
must be stressed that these data show topiramate to be
a weak hCA IX inhibitor, whereas zonisamide to be a
very effective one (KI of 5.1 nM). Both compounds act
on the other hand as extremely weak hCA XII inhibitors
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(inhibition constant in the range of 3.8–11.0 lM). Again
we confirm the early data of Fujikawa-Adachi et al.7


that sulfanilamide 3 is a weak CAI; (ii) another group
of derivatives, such as 5, 9–11, 16, 19, and DCP 25, be-
haved as medium potency hCA XIV inhibitors, with
KI-s in the range of 180–680 nM, being usually much
more potent hCA IX and hCA XII inhibitors (except
5, which is a rather weak hCA IX inhibitor). These com-
pounds are either benzene-1,3-disulfonamide derivatives
(9, 10, and 25), simple five-membered heteroaromatic
sulfonamides (11 and 19) or substituted benzenesulfona-
mides incorporating fluorine, amino, and carboxyl moi-
eties (5 and 16); (iii) a small number of derivatives,
including iodosulfanilamide 8, and the derivatives 20
and 21 incorporating two cyclic moieties in their mole-
cule, behaved as effective hCA XIV inhibitors, with inhi-
bition constant in the range of 76–89 nM; (iv) the most
effective hCA XIV inhibitors detected in the library of
derivatives investigated here were 6, 7, 12, 13, 22–24,
and 26–28, which showed KI values in the range of 13–
48 nM. Several structural classes of potent hCA XIV
inhibitors are thus so far evidenced. They include among
others some halogenated sulfanilamides, such as the 3-
chloro- and 3-bromo-sulfanilamides 6 and 7 (it should
be noted that the corresponding fluoro- and iodo-deriv-
atives are weaker inhibitors, as discussed above, and that
all these compounds are generally ineffective hCA IX
inhibitors but very effective hCA XII inhibitors). Other
structural classes among the best hCA XIV inhibitors
detected here, include the benzolamide-like derivatives
12 and 28, the ethoxzolamide-like compounds 13 and
24, together with the other bicyclic ring systems incorpo-
rating the thienothiopyran/thiazine rings present in dor-
zolamide and brinzolamide, respectively, as well as the
1,3,4-thiadiazole/thiadiazoline-sulfonamide derivatives
used clinically, acetazolamide 22, and methazolamide
23. It may be thus observed that acetylation of the imine
11 or the amine 19 leads to a drastic increase in hCA XIV
inhibitory properties of the corresponding derivatives,
whereas the corresponding differences for the inhibition
of hCA IX or hCA XII with such pairs of compounds
are not at all so important. All these data suggest that
hCA XIV is a druggable enzyme and that SAR of sulfon-
amide/sulfamate inhibitors may be quite different from
those corresponding to the related transmembrane iso-
zymes hCA IX and hCA XII investigated earlier. This
may also lead to the possible design of hCAXlV-selective
inhibitors, since the compounds investigated here do not
show selectivity for any of the three transmembrane iso-
zymes CA IX, CA XII or CA XIV.


In summary, the first CA XIV inhibition study is
presented here. The full-length hCA XIV is an
enzyme showing a medium-low catalytic activity,
quite similar to that of hCA XII, with the following
kinetic parameters at 20 �C and pH 7.5, for the
CO2 hydration reaction: kcat = 3.12 · 105 s�1 and kcat/
KM = 3.9 · 107 M�1 s�1. A large series of sulfonamides
and a sulfamate have been tested for their interaction
with this isoform, including clinically used derivatives
such as acetazolamide, methazolamide, ethoxzolamide,
dichlorophenamide, dorzolamide, brinzolamide, benzo-
lamide, and zonisamide, as well as the sulfamate antiep-

ileptic drug topiramate. All types of activities have been
detected, with several micromolar inhibitors, including
zonisamide, topiramate, and simple sulfanilamide deriv-
atives (KI in the range of 1.46–6.50 lM). It has also been
observed that topiramate and zonisamide are very weak
hCA XII inhibitors, whereas zonisamide is an effective
hCA IX inhibitor (KI of 5.1 nM). Some benzene-1,3-
disulfonamide derivatives or simple five-membered het-
eroaromatic sulfonamides showed KI-s in the range of
180–680 nM against hCA XIV, whereas the most effec-
tive of such inhibitors, including 3-chloro-/bromo-sulfa-
nilamide, benzolamide-like, ethoxzolamide-like, and
acetazolamide/methazolamide-like derivatives, showed
inhibition constant in the range of 15–48 nM. The best
hCA XIV inhibitor was aminobenzolamide (KI of
13 nM), but no CA XlV-selective derivatives were evi-
denced. There are important differences of affinity of
these sulfonamides/sulfamates for the three transmem-
brane CA isozymes, with CA XII showing highest affin-
ity, followed by CA IX, whereas CA XIV usually
showed the lowest affinity.
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I. Nishimori et al. / Bioorg. Med. Chem. Lett. 15 (2005) 3828–3833 3833

Portetelle, D.; Stanbridge, E. J., et al. Oncogene 1994, 9,
2877.


14. Tureci, O.; Sahin, U.; Vollmar, E.; Siemer, S.; Gottert, E.;
Seitz, G.; Parkkila, A. K.; Shah, G. N.; Grubb, J. H.;
Pfreundschuh, M.; Sly, W. S. Proc. Natl. Acad. Sci. U.S.A.
1998, 95, 7608.


15. Whittington, D. A.; Waheed, A.; Ulmasov, B.; Shah, G.
N.; Grubb, J. H.; Sly, W. S.; Christianson, D. W. Proc.
Natl. Acad. Sci. U.S.A. 2001, 98, 9545.


16. Carbonic anhydrase—its inhibitors and activators; Supu-
ran, C. T., Scozzafava, A., Conway, J., Eds.; CRC Press:
Boca Raton, New York, London, 2004, pp 1–363.


17. Innocenti, A.; Firnges, M. A.; Antel, J.; Wurl, M.;
Scozzafava, A.; Supuran, C. T. Bioorg. Med. Chem. Lett.
2005, 15, 1149.


18. Innocenti, A.; Vullo, D.; Scozzafava, A.; Casey, J. R.;
Supuran, C. Bioorg. Med. Chem. Lett. 2005, 15, 573.


19. Vullo, D.; Innocenti, A.; Nishimori, I.; Pastorek, J.;
Scozzafava, A.; Pastorekova, S.; Supuran, C. T. Bioorg.
Med. Chem. Lett. 2005, 15, 963.


20. Vullo, D.; Voipio, J.; Innocenti, A.; Rivera, C.; Ranki, H.;
Scozzafava, A.; Kaila, K.; Supuran, C. T. Bioorg. Med.
Chem. Lett. 2005, 15, 971.


21. Winum, J. Y.; Innocenti, A.; Gagnard, V.; Montero, J. L.;
Scozzafava, A.; Vullo, D.; Supuran, C. T. Bioorg. Med.
Chem. Lett. 2005, 15, 1683.


22. Winum, J. Y.; Pastorekova, S.; Jakubickova, L.; Montero,
J. L.; Scozzafava, A.; Pastorek, J.; Vullo, D.; Innocenti,
A.; Supuran, C. T. Bioorg. Med. Chem. Lett. 2005, 15, 579.


23. Pastorekova, S.; Casini, A.; Scozzafava, A.; Vullo, D.;
Pastorek, J.; Supuran, C. T. Bioorg. Med. Chem. Lett.
2004, 14, 869.


24. Vullo, D.; Franchi, M.; Gallori, E.; Antel, J.; Scozzafava,
A.; Supuran, C. T. J. Med. Chem. 2004, 47, 1272.


25. Vullo, D.; Scozzafava, A.; Pastorekova, S.; Pastorek, J.;
Supuran, C. T. Bioorg. Med. Chem. Lett. 2004, 14, 2351.


26. Laskey, A. L.; Korn, D. E.; Moorjani, B. I.; Patel, N. C.;
Tobias, J. D. Pediatr. Neurol. 2000, 22, 305.


27. Leppik, I. E. Seizure 2004, 13, S5.
28. Ilies, M. A.; Vullo, D.; Pastorek, J.; Scozzafava, A.; Ilies,


M.; Caproiu, M. T.; Pastorekova, S.; Supuran, C. T. J.
Med. Chem. 2003, 46, 2187.


29. Scozzafava, A.; Briganti, F.; Mincione, G.; Menabuoni,
L.; Mincione, F.; Supuran, C. T. J. Med. Chem. 1999, 42,
3690.


30. Scozzafava, A.; Menabuoni, L.; Mincione, F.; Briganti,
F.; Mincione, G.; Supuran, C. T. J. Med. Chem. 1999, 42,
2641.


31. Supuran, C. T.; Clare, B. W. J. Enzyme Inhib. Med. Chem.
2004, 19, 237.


32. The CA XIV-GST construct: A putative full-length cDNA
of hCA XIV (Accession No. AB025904) was obtained by
RT-PCR with poly(A) RNA from the human spinal cord
(Clontech, Palo Alto, CA) and the 5 0 and 3 0 rapid
amplification of cDNA ends (RACE) has been performed
by the previously described method.7 The cDNA fragment
encoding the open reading frame of hCA XIV was
amplified by PCR using adopter primers including EcoRI
and SalI recognition sequences (underlined in the follow-
ing sequences, respectively): 5 0-CCGAATTCGGACTGC
ATGTTGTTCTCCGCCCTCCT-3 0 and 50-TTTGTCG
ACTTATGCCTCAGTCGTGGCTT-3 0. The PCR was
hot-started with incubation for 5 min at 94 �C and

consisted of 35 cycles of 30 s at 94 �C, 30 s at 55 �C, and
30 s at 72 �C. The PCR products were cleaved with the
corresponding restriction enzymes, purified, and cloned in-
frame into a modified pGEX-4T2 vector using T4-ligase
(Promega). The proper cDNA sequence of the hCA XIV
insert included in the vector was reconfirmed by DNA
sequencing. The constructs were then transfected into E.
coli strain BL21 for production of the hCA XIV protein,
similar to the procedure already described for hCA IX.33


The protein expression was induced by adding 1 mM
isopropyl-b-DD-thiogalactopyranoside, cells were harvested
when the OD600 arrived at 1.00 and lysed by sonication in
PBS. The cell homogenate was incubated at room
temperature for 15 min and homogenized twice with a
Polytron (Brinkmann) for 30 s each at 4 �C. Centrifuga-
tion at 30,000g for 30 min afforded the supernatant
containing the soluble proteins. The obtained supernatant
was then applied to a prepacked glutathione–Sepharose
4B column (Amersham). The column was extensively
washed with buffer and then the fusion (GST–hCA XIV)
protein was eluted with a buffer consisting of 5 mM
reduced glutathione in 50 mM Tris–HCl, pH 8.0. Finally,
the GST part of the fusion protein was cleaved with
thrombin. The advantage of this method is that hCA XIV
is purified quite easily and the procedure is quite simple.
The obtained hCA XIV was further purified by sulfon-
amide affinity chromatography, the amount of enzyme
being determined by spectrophotometric measurements
and its activity by stopped-flow experiments, with CO2 as
substrate.34
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Abstract—The phenolic hydroxy group of opiate-derived ligands is of known importance for biological activity. We have developed
a SAR study around LY255582 by comparing the effect of the hydroxy group in the 2- and 4-position of the phenyl ring. Also, we
have proved that the 3-position of the phenyl ring is optimal for opioid activity. Furthermore, we have successfully replaced the
hydroxy group in LY255582 by carbamate and carboxamide groups. The new analogs have high affinity for the opioid receptors
comparable to the corresponding phenol. Carboxamide analog 12 has an improved metabolism profile and proved to be efficacious
in in vivo studies.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Opioid receptors are involved in a multitude of physio-
logical functions, such us GI motility, pain, appetite and
emotional state.1 Thus, selective opioid antagonists may
find uses in a number of therapeutic areas. The relative
safety of opioid antagonists makes them attractive as a
potential drug for the treatment of chronic diseases such
as obesity.


Zimmerman2 described the discovery of opioid antago-
nist activity in a series of trans-3,4-dimethyl-4-(3-
hydroxyphenyl)piperidines. These 4-phenylpiperidine
antagonists were structurally unique since opioid antag-
onists were generally analogs of morphine. This work
led to the discovery of LY255582 (1, Fig. 1).3


LY255582 is a centrally active antagonist which has a
high affinity for l, j, and d receptors (Ki: 0.18, 4.68
and 4.82 nM, respectively). This antagonist has shown
exceptional potency and durability in reducing food
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intake and body weight gain in obese Zucker rats when
compared to the standard opioid antagonists naloxone,
naltrexone and nalmefene.4 The bioavailability of parent
LY255582 was <1% in both the rat and dog, primarily
because of extensive first pass metabolism.5 Our hypoth-
esis was that the phenol group played an important role
in this first pass metabolism. However, our previous
SAR in the piperidine scaffold had been based on the
3-phenol substitution by analogy to the morphine-type
structures. Traditional structure–activity relationship
of morphinans suggests that the phenolic hydroxyl
group in the 3-position was a strict requirement for

Figure 1.
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binding to opioid receptors, serving as a H-bonding
donor to a complementary site on the protein.6,7


We first wanted to know if the 3-position of the phenyl
ring was optimal for substitution. In addition, we have
studied replacements of the hydroxyl group to improve
the ADME profile of LY255582. For these purposes,
we synthesized and evaluated different trans-3,4-dimeth-
yl-4-arylpiperidine analogs of LY255582.

2. Chemistry


Mitch and co-workers developed a nine-step synthesis
for the preparation of these arylpiperidines8 and a few
years later Werner et al.9 published an improved synthe-
sis of LY255582. However, we desired a new synthetic
approach that would allow for the preparation of differ-
ent 4-arylpiperidines in a more effective way. Thus, we
implemented a new chemistry route where the key step
involves the Suzuki coupling between the racemic
vinyltriflate 1310 and the corresponding boronic acid
(Scheme 1). After some experimentation we found that
the best conditions for the coupling are the ones report-
ed by Fu:11 Pd(Ph3)4, K2CO3, DMA/THF, rt. The meth-
ylation of the allylamine 14 with dimethylsulfate at
�50 �C gave the desired 3,4-dimethylenamine 15 in
excellent yield. Alkylation of the allylamine is regiospec-
ific at the c-position and occurs exclusively trans to the
C3-methyl substituent.12 The reduction of the enamine
using NaBH4 gave piperidine 16. N-demethylation with
phenyl chloroformate in refluxing toluene followed by
removal of both N- and O-protecting groups with HBr

Scheme 1. Reagents and conditions: (a) i—LDA, THF, �78 �C, ii—N-pheny


K2CO3, DMA, THF, rt; (c) i—n-BuLi, THF, �10 �C, ii—Me2SO4, �50 �C; (d
reflux, ii—pH 10.5; (g) NaHCO3, A, DME, reflux.

in refluxing AcOH gave the racemic piperidine 17. Final-
ly, its alkylation with the enantiomerically pure brosy-
late (S)-A afforded compounds 2 and 3 which were
separated by chiral chromatography to give enantiomer-
ically pure 2A, 2B, 3A and 3B. The relative stereochem-
istry of methyl groups on carbons 3 0 and 4 0 is trans;
however, the absolute stereochemistry on these carbons
for 2A, 2B and 3A, 3B was not assigned (see Scheme 1).


The 3-substituted phenyl ring piperidines 4, 10–12 were
synthesized from the common intermediate 18, prepared
from LY255582.13 The reductive elimination of the tri-
flate in a Pd-catalyzed reaction using NaHCO2 as a
reducing agent gave compound 4. On the other hand,
the carbonylation of the triflate using the same catalytic
system: Pd(OAc)2/dppf in the presence of methanol
gives the ester 10 which upon treatment with ammonia
leads to the carboxamide 12. Hydrolysis of 10 in the
presence of LiOH gives the carboxylic acid 11.


Amine 5 was prepared from phenol 1 by the Smiles rear-
rangement.14 The treatment of 1 with 2-bromo-2-meth-
ylpropionamide in the presence of sodium hydride and
cesium carbonate in a mixture of NMP, DMPU and
dioxane at reflux gave 19, which was treated with acid
to give amine 5. Analogs 6–9 were synthesized starting
from 5 by reaction with the corresponding electrophile.

3. Results and discussion


Our effort was directed towards the analysis of the struc-
ture–activity relationship around the aryl domain by

ltriflimide, Et3N, CH2Cl2, �78 �C, rt; (b) (OH)2BC6H4OMe, Pd(Ph3)4,


) NaBH4, MeOH, rt; (e) PhO2CCl, toluene, 100 �C; (f) i—HBr, HOAc,







Scheme 2. Reagents and conditions: (a) N-phenyltriflimide, Et3N, CH2Cl2, rt; (b) Pd(OAc)2, dppf, Et3N, NaHCO2, DMSO, 65 �C; (c) Pd(OAc)2,


dppf, Et3N, CO, DMSO, MeOH, 65 �C; (d) MeOH, NH3, NaCN; (e) LiOH 1 N, 0 �C rt; (f) 2-bromo-2-methylpropionamide, NaH, Cs2CO3, NMP,


DMPU, dioxane, reflux; (g) 6 N HCl, EtOH, (h) CH2Cl2, pyridine, E.
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changing the nature of the functional group or by
changing the position of the hydroxyl group. For that
purpose, we synthesized and evaluated compounds
2–12, which are shown in Table 1.

Table 1. Binding data (Ki) and antagonist activity (Kb) of compounds 1–12


R Ki (nM)


l j


1 3-OH 0.1 4.7


2A 2-OH 410 1340


2B 235 1074


3A 4-OH 30.4 224.3


3B 376 386


4 H 7.7 749


5 3-NH2 1.9 55.2


6 3-NHCONHMe 1.8 69.5


7 3-NHCOMe 2.4 133


8 3-NHSO2Me 9.4 192


9a 3-NHCO2Me 1.0 10.6


9b 3-NHCO2Et 1.2 12.3


10 3-CO2Me 43.3 2326


11 3-CO2H 143 3015


12 3-CONH2 0.2 12.7


nd, not done.
aKi affinities were measured using [3H]diprenorphine instead of [3H]bremazo

Compounds were tested for their affinities (Ki) towards
the cloned human l, j and d receptors expressed in Chi-
nese hamster ovary cells as measured by their abilities to
displace [3H]diprenorphine (l- and j-opioid receptor

Kb (nM)


d l j d


4.8 0.04 0.3 1.2


6993a 40.5 559.1 >2038


2381a 18.8 >1711 747.5


364.0a 1.3 92.2 122.4


3543a 23.1 88.3 >2015


169 1.6 40.6 47.1


44.9 0.7 15.7 24.7


51.3 0.3 9.8 14.3


64.9 0.4 16.4 25.8


251 nd nd nd


14.2 0.1 0.6 1.9


24.6 0.1 0.7 3.2


1635 34.6 984 1242


3507 nd nd nd


6.4 0.1 1.9 2.8


cine.
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assays) or [3H]bremazocine (d-opioid receptor assay).15


Functional antagonist potency (Kb) of the compounds
was assessed by their ability to inhibit agonist-stimu-
lated activation of G-proteins using a [35S]GTPcS bind-
ing assay in CHO membranes containing each of the
cloned opioid receptor subtypes.16 No agonist activity
was detected for these compounds at concentrations
up to 10 lM.


Our primary goal for this study was to determine if the
phenolic group was mandatory and if its position on
carbon 3 of the phenyl ring was optimal. To accomplish
this goal, we evaluated aryl piperidines 2, 3 and 4.


The activity of both compounds 2A and2B for all three
receptors declines precipitously relative to compound 1.
In the case of compound 3, where the hydroxyl group
has been moved to the 4-position of the phenyl ring, iso-
mer 3A shows higher affinity (for l and d receptors) than
isomer 3B; however, 300-fold lower than those observed
with LY255582. This activity is similar to that of com-
pound 4, the deshydroxy derivative. These results sug-
gest that the hydroxyl group in the 3-position is of
importance for the molecular interaction of the aryl-
piperidines with the opioid receptors. Recently, Kim
et al. have published similar findings showing the need
for a specific phenolic position in 5-phenylmorphans.17


Our second goal was to find replacements of the hydrox-
yl group that would retain the essential H-bond donat-
ing properties of the 3-phenol in LY255582 but have
an improved ADME profile, thus we prepared com-
pounds 5–12 to evaluate this hypothesis.


We first prepared aniline 5, as the amino group is known
to mimic the hydroxy group at the site of some recep-
tors.18 In fact, Wentland et al. have successfully replaced
OH by amino groups in their cyclazocine analogs.19 In
our case, we also found that aniline 5 had significant
affinity for l, j and d receptors, however, it was 20-,
11- and 10-fold less potent than LY255582, respectively.


Next, we tested analogs 6–9. Urea 6 shows similar affin-
ity across the three receptors compared to aniline 5.
Amide 7 and sulfonamide 8,20 although active at l, j
and d receptors, had lower affinity than aniline 5.


On the other hand, carbamates 9a and9b showed im-
proved potency across the three receptors compared to
aniline 5 (9a; Ki: 1.0, 10.6 and 14.2 nM for l, j and d,
respectively), though these analogs are less potent than
LY255582 (10-, 2- and 3-fold less potent) they do retain
significant potency. Furthermore, carbamates displayed
potent in vitro antagonist activity for the three opioid
receptors (9a, Kb: 0.1, 0.6 and 1.9 nM for l, j and d,
respectively).


Continuing with the effort of looking for suitable
replacements for the phenolic group we prepared and
evaluated analogs 10–12, where the OH was replaced
by a carbon attachment. There are very few papers that
describe any type of carbon attachment at the position
of the prototypic phenolic OH. For example, when

3-OH group of morphine21 and naltrindole22 was re-
placed by alkyl, acetyl, aryl and/or heteroaryl groups;
these molecules had substantially lower affinity for opi-
oid receptors. Very recently, Neumeyer et al. reported
the successful replacement of the phenolic hydroxyl moi-
ety of morphinans by a 2-aminothiazole.23


Wentland et al. had reported the only carbon attach-
ment that has successfully replaced the prototypic
hydroxyl group. They found unexpectedly high affinity
for opioid receptors in cyclazocine analogs, where the
OH– was replaced by a carboxamide group24 (though
a significant decrease was observed on replacement of
hydroxy by carboxamide in morphine and naltrexone).25


We prepared and tested the carboxamide derivative 12.
Carboxymethoxy analog 10 and carboxylic acid 11,
which were intermediates in the synthesis of the carbox-
amide, were also tested. While the ester and acid 10 and
11 had substantially diminished affinity for opioid recep-
tors relative to their 3-OH counterpart, compound 12
showed high affinity at the three opioid receptors, com-
parable to its OH– counterpart (Ki: 0.18, 12.73 and
6.38 nM, respectively). Compound 12 displayed potent
in vitro l, j and d antagonist activity (Kb: 0.1, 1.9 and
2.8 nM, respectively), which was similar to the antago-
nist potency of 1 (Kb: 0.04, 0.3 and 1.2 nM, respectively).


During the preparation of this paper, Bourdonnec
et al.26 published that the carboxamide group was an
effective isostere in vitro of the phenolic OH moiety in
this trans-3,4-dimethyl-4-(3-hydroxyphenyl)piperidine
scaffold.

4. Pharmacology and metabolism


We next wanted to study if carboxamide 12 was active
in vivo and if it could provide us with a better profile
than LY255582 (1).


Opioid antagonist activity in vivo was measured in the
tail-flick assay, measuring the compound�s ability to
block morphine-induced analgesia.27 Phenol 1 exhibited
higher potency (ED50sc: 0.017 mg/kg) than 12 (ED50sc:
0.024 mg/kg) when administered by the subcutaneous
route. However, carboxamide 12 showed better oral
potency (ED50po: 0.15 mg/kg) than 1 (ED50po:
0.26 mg/kg). This result might be due to an improved
metabolism of compound 12.


In fact, the studies of the metabolism in rat liver slices
after 24 h show that carboxamide 12 was 27% metabo-
lized while phenol 1 was 98% metabolized. The de-
creased metabolism of compound 12 was found to
correspond to an improved oral bioavailability (%F)28


in rats compared to compound 1 (%F = 32% and
2.5%, respectively)


Compound 12 was evaluated for its effect on food con-
sumption in fasted male Long–Evans rats.29 Oral
administration of a 3 mg/kg dose of 12 resulted in a sta-
tistically significant reduction of the cumulative amount
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of food consumed, as measured over 1- and 2-h time
periods. In contrast, oral administration of a 3 mg/kg
dose of LY255582 was inactive over the same time
periods.

5. Conclusions


From these early SAR findings, it seems reasonable to
conclude that the hydroxyl group on carbon 3 of the
aromatic ring of 1 plays an important role in binding
to opioid receptors. We have been successful in the bio-
isosteric replacement of the hydroxyl group by a carbox-
amide group (analog 12). Carbamates 8 also show high
receptor affinity. We have demonstrated that carboxam-
ide 12 improved the pharmacokinetic properties of
LY255582 and also was efficacious in reducing food
consumption in rats. Further evaluation of carboxamide
12 is on going.
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Abstract—A series of piperidone analogues of 1b–q, seeking replacements for the polar sulfamide moiety in clinical candidate
UK-224,671 1a, possessing reduced H-bonding potential as a strategy to improve oral absorption, were prepared. These studies
led to the successful identification of 1n, which demonstrated equivalent pharmacology and metabolic stability to 1a, and greatly
improved oral absorption as assessed in rat PK studies.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Tachykinins and their receptors have been postulated to
play a significant role in the pathophysiology of a wide
variety of diseases including gastrointestinal disorders,1


emesis,2 chronic pain,3 depression4 and asthma.5 Our
own long-standing efforts in this field have focused on
investigating the role of neurokinin-2 (NK2) antagonists
in urological disorders.6 In an earlier communication
from these laboratories,6c we reported the discovery of
UK-224,671 1a, (Fig. 1), as a potent selective antagonist
of the NK2 receptor. Progression of this compound into
human clinical trials, however, revealed the compound
to possess poor oral bioavailability,7 as a consequence
of poor oral absorption.8


In this communication, we report a successful strategy
to improve the oral absorption of this piperidone series
while retaining high functional potency against the hu-
man NK2 receptor.


Our strategy (Fig. 1) focused on replacement of the
polar (high H-bond count), primary sulfamide. In

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


doi:10.1016/j.bmcl.2005.05.134


* Corresponding author. Fax: +44 1304 651987; e-mail:


don.s.middleton@pfizer.com

tandem, we sought to identify alternative, metaboli-
cally stable replacements for the N-cyclopropylmethyl
piperidone substituent, which could confer greater
potency. These studies led to the successful identifica-
tion of 1n, which possessed both equivalent pharma-
cology and metabolic stability to 1a and greatly
improved oral absorption as assessed in rat PK
studies.

2. Chemistry


Test compounds 1a–f, h–n, and p–q were prepared from
homochiral (S)-piperidone (2)9 by the general method in
Scheme 1, as described previously.9,10 Alkylation of pip-
eridone (2) with the appropriate alkyl halide or tosylate
as leaving group, followed by acid-mediated deprotec-
tion of the dioxolane group, yielded the aldehyde.
Reductive amination using NaBH(OAc)3 and the appro-
priate 3-substituted azetidine gave targets 1a–f, h–n, and
p–q.


Test compounds 1g and o were also prepared by the
methods previously described10 as shown in Scheme 2.
Treatment of ester (3)10 with amine (4)11 at 100 �C gave
the amide (5). Conversion of the primary alcohol to the
mesylate and intramolecular displacement with the
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Figure 1. Revised medicinal chemistry strategy to improve oral absorption in piperidone series (1).


Scheme 1. Synthesis of 1-alkyl-5-(3,4-dichlorophenyl)-5-{2-[3-(substi-


tuted)-1-azetidinyl]-ethyl}-2-piperidones 1a–f, h–n, p,q. Reagents and


conditions: (a) R–X (X = Br or –OTs), KOH, DMSO, 16 h, rt; (b) 5 N


HCl, THF, reflux, 4 h; (c) 3-(substituted)azetidine, NaBH(OAc)3,


AcOH, NEt3, THF, rt.


Scheme 2. Synthesis of 1-alkyl-5-(3,4-dichlorophenyl)-5-{2-[3-(substi-


tuted)-1-azetidinyl]-ethyl}-2-piperidones 1g and o. Reagents and con-


ditions: (a) (4), 100 �C, 16 h; (b) MsCl, CH2Cl2, NEt3, rt; (c) NaH,


THF, reflux; (d) O3, MeOH, Me2S; (e) 3-(N-morpholino)azetidine (1g)


or 3-(4-fluoropiperidinyl)azetidine (1o), NaBH(OAc)3, AcOH, NEt3,


THF, rt.
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amide anion, generated using sodium hydride, gave
piperidone (6). Ozonolysis of the terminal olefin and
reductive amination of the resulting aldehyde with
appropriate 3-substituted azetidine in the presence of
NaBH(OAc)3 gave target compounds 1g and o.


The synthesis of all 3-substituted azetidines has been
reported previously.9,10

3. Results and discussion


All binding, functional and human liver microsomal sta-
bility screening were performed using the methods previ-
ously reported.6c


Previous communications from these laboratories
described the discovery of potent NK2 antagonist,
UK-224,671.6c Progression of this compound into hu-
man clinical trials revealed the compound to possess
long terminal half-life (28 h) and low clearance (2–
3 ml/min/kg).7 Oral bioavailability in human, however,
was found to be very low (5–10%), indicative of very
poor absorption, likely caused by a combination of
intrinsically poor permeability and transporter-mediated
(P–gp) efflux.8


Our medicinal chemistry objectives in seeking a clinical
replacement for UK-224,671 were therefore to (1) retain
the excellent potency and selectivity; (2) retain high met-
abolic stability, as assessed in human liver microsomes
(HLM, T1/2 > 120 min), as a strategy to minimise first-
pass in vivo metabolism; and (3) significantly improve
intrinsic transcellular permeability, as assessed in a
Caco-212 model for passive GI transit (target: Caco-2
>20%/h), to minimise any potential impact of P–gp
affinity in this series.


We made a decision to remain in the piperidone series
from which UK-224,671 originated, as this template of-
fered excellent potency, general selectivity and metabolic
stability. Much work has been published on physico-
chemical descriptors for oral absorption13 and prelimin-
ary assessment of this series (MW 500–550 kDa,
relatively low H-bond donor (HBD) and acceptor
count, moderate, positive, c log P) did not suggest that
its physicochemistry should be incompatible with oral
absorption. However, while we did not regard the
HBD count in 1a as excessively high, (HBD 2), we felt
this, combined with the exposed nature of the polar pri-
mary sulfamide moiety, high topological polar surface
area (TPSA) (98 Å2), and relatively high MW (545),
might explain the origin of the poor permeability ob-
served in man.


We, therefore, targeted modulation of TPSA and HBD
count in 1a to improve intrinsic permeability as the prin-
cipal focus of our design programme, recognising that a
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likely consequence of this strategy would also be to in-
crease lipophilicity, again, consistent with our goal of
improving permeability.


We were reassured that high permeability, coupled to
good HLM stability, could be achieved in this series

Table 1. Human, NK2 binding, functional (RPA) rabbit pulmonary artery, h


1-alkyl-5-(3,4-dichlorophenyl)-5-{2-[3-(substituted)-1-azetidinyl]-ethyl}-2-pipe


Compounda R X NK2


(pIC50)
b


RPA


(pA2)
b


c


(


p


UK-224,671c


1a


8.4 8.9 2


1b 7.8 8.0 2


1c 7.1 8.7 2


1d 8.2 8.7 1


1e 7.8 8.2 2


1f 8.1 8.5 2


1g 9.5d 9.6 4


1h 9.1 9.0 4


1i 8.1 8.9 3


1j 8.9 9.0 3


1k 9.0 9.7 2


1l 8.9 10.1 2


1m 8.5 9.7 3


1ne 9.4 9.2 4


1o 10.0d NT 4


1p 8.0 8.6 3


1q 8.6 8.8 3


a All compounds are single (S)-enantiomers.
b All assay determination Pn = 2 (each experiment performed in triplica


(A–B):basolateral-apical (B–A)).
c pA2 (human bladder) = 8.8.
d pKi.
e pA2 (human bladder) = 8.0. human NK1 binding (IM9 cells) IC50 > 10 lM
fPapp value (106 cm/s). This value is indicative of very poor transcellular per

by morpholine analogue 1c (Table 1) (HBD 0, MW
466 kDa, TPSA 36 Å2), which showed greatly improved
permeability in the Caco-2 assay [A–B, 12%/h], relative
to 1a (A–B 1%/h), while retaining good stability in the
HLM assay (T1/2 120 min). Unfortunately, 1c, demon-
strated low potency in h-NK2 binding studies (pIC50

uman liver microsomal half-life and Caco-2 flux permeability data for


ridones 1a–1q


log P


log D,


H 7.4)


HLM


(T1/2, min)


Molecular


weight


(kDa)


TPSA


(Å2)


HBD Caco-2


(%/h)


(A–B/B–A)


.2 (1.7) >120 545 98 2 1/18


.3 NT 573 76 0 NT


.5 (2.3) 120 466 36 0 12/18


.4 NT 480 47 2 2/3 f


.4 NT 509 36 0 34 ER = 1


.2 <10 544 73 0 10 ER < 2


.1 < 1 521 36 0 NT


.2 14 509 36 0 12/16


.9 80 545 36 0 33/35


.3 NT 622 73 0 6/12


.5 (0.1) NT 558 53 2 < 1


.4 (2.2) NT 559 47 1 2/12


.8 NT 557 44 0 NT


.1 >120 561 27 0 >35 ER = 1


.7 2 537 27 0 60/60


.1 85 482 27 0 60/60


.6 NT 497 27 0 NT


te). NT = not tested; ER = efflux ratio (ratio of apical-basolateral


.


meability.
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7.1). Introduction of polar, 4-aminopiperidine function-
ality 1d gave a >10-fold increase in binding potency
(h-NK2 pIC50 8.2) relative to 1c (h-NK2 pIC50 7.1); how-
ever, the compound was poorly fluxed in the Caco-2 as-
say. 4-Ethoxypiperidine analogue 1e, which possessed no
HBD functionality, showed excellent Caco-2 flux (A–B,
34%/h). Similarly, piperazine sulfonamide 1f, which also
possessed no HBD groups, displayed significantly higher
permeability in the Caco-2 assay than 1d (A–B, 10%/h)
despite both higher TPSA (73 Å2 vs 47 Å2) and MW
(544 kDa vs 480 kDa) than 1d.


These data suggested that minimising HBD count, in
particular, was key to achieving good permeability in
this series. Building on these observations, simple dime-
thylation (1b) (Table 1) of the primary sulfamide in 1a as
a strategy to remove the two HBD groups was under-
taken. Unfortunately, this resulted in an unacceptable
drop in potency in both the human NK2 binding assay
(pIC50 7.8) and the rabbit pulmonary artery (RPA)
functional screen (pA2 8.0).


Increasing the lipophilicity of the piperidone N-substitu-
ent in the 3-(N-morpholino)azetidine series as a strategy
to increase potency,6c 1g and h, did result in an increase
in activity against the human NK2 receptor (pKi 9.5 and
pIC50 9.1, respectively). However, in both instances,
these piperidone N-substitutions led to a reduction in
metabolic stability, relative to the N-cyclopropylmethyl
analogue 1c (1g, HLM T1/2 < 1 min; 1h, HLM, T1/2


14 min).


Metabolic route profiling in this series revealed that
CYP3A4-mediated oxidation at the 4-position of the
N-cyclohexyl ring in 1h was a likely major metabolic
pathway. Blocking this metabolically vulnerable site by
difluorination (1i) resulted in a significant improvement
in both metabolic stability relative to 1h (1h, T1/2 14 min;
1i, T1/2 80 min) and a further improvement in permeabil-
ity in the Caco-2 assay (A–B, 33%/h). Unfortunately,
this 4,4,-difluoro substitution resulted in a 10-fold
reduction in potency in the h-NK2 binding assay (1i,
pIC50 8.1; 1h, pIC50 9.1). As a strategy to further im-
prove potency in this series, we then evaluated a range
of alternative 3-azetidine substituents 1j–n, all designed
to possess lower HBD count and/or TPSA than 1a.
Piperazine sulfonamide (1j) was found to be potent in
the NK2 binding assay (pIC50 8.9) and functionally in
the RPA screen (pA2 9.0). Encouragingly, 1j like its N-
cyclopropylmethyl analogue 1f displayed encouraging
Caco-2 permeability (A–B 6%/h), despite its relatively
high MW (622 kDa) and TPSA (73 Å2).


4-Amino piperidine (1k) and 4-hydroxypiperidine (1l)
were potent in the RPA assay; however, both suffered

Table 2. Comparative Caco-2 permeability, HLM stability and oral rat PK


Compound Caco-2 (%/h) (A–B/B–A) Rat PK (oral absorption


UK-224,671 (1a) 1/18 <20b


UK-290,795 (1n) >35 (ER = 1) >80


aUK-224,671 (10 mg/kg), UK-290,795 (20 mg/kg).
b See Ref. 7.

from poor permeability in the Caco-2 assay (A–B, 1%/
h and 2%/h, respectively), consistent with the emerging
SAR that any HBD functionality in this region was gen-
erally not compatible with high permeability in the
Caco-2 assay. Simple oxidation of the primary alcohol
in 1l to the ketone 1m was also found to retain potency.


Excitingly, replacing the 4-hydroxy group in 1l with a 4-
fluoro substituent 1n gave a compound with excellent
potency (pIC50 9.4, RPA pA2 9.2, human bladder pA2


8.0), coupled with high permeability in the Caco-2 assay
(A–B, >35%/h). In addition, 1n retained high metabolic
stability in the HLM assay (T1/2 > 120 min), the high
metabolic stability of 1n being particularly noteworthy,
given its significantly increased lipophilicity (c log P
4.1) relative to 1a (c log P, 2.3). Similarly, very high per-
meability was observed with 4-fluoropiperidine ana-
logues 1o and p (A–B 60%/h), although with highly
variable metabolic stabilities (HLM; 1o, T1/2 2 min; 1p,
T1/2 85 min). Attempts to further improve the potency
and stability profile through incorporating N-cyclopro-
pyl ethyl substitution (1q) were also investigated; howev-
er, this compound did not possess our overall target
profile.


Analogue 1n was progressed into rat pharmacokinetic
studies (Table 2) to assess whether the in vitro perme-
ability improvement over 1a seen in the Caco-2 assay
translated into improved absorption in vivo. Excitingly,
1n exhibited greatly improved oral absorption (>80%)
relative to prototype clinical candidate 1a (<20%), con-
sistent with the observed excellent Caco-2 permeability.
This, coupled to its high metabolic stability in HLM
studies, equivalent to 1a which showed low clearance
in human, made 1n highly attractive. Following broader
profiling, 1n, UK-290,795 was nominated for clinical
development.


In summary, a detailed analysis of the origin of the poor
human pharmacokinetics observed with UK-224,671 led
to a revised medicinal chemistry design strategy, target-
ing compounds with reduced HBD potential and re-
duced TPSA in this high MW series, to improve
transcellular permeability. Metabolic route profiling of
potent, highly permeable, but metabolically vulnerable
N-cyclohexylmethyl analogue (1h) led to the design of
N-(4,4-difluorocyclohexyl)methyl substitution, to block
CYP3A4-mediated oxidative metabolism, leading to po-
tent compounds with significantly enhanced metabolic
stability.


Exploration of the 3-azetidine substituent SAR led
to the discovery that while HBD groups in this region
conferred potency, the presence of even a single HBD
generally compromised permeability in this series.

data for UK-224,671 1a and UK-290,795 1n


) (%)a HLM (T1/2, min) Human in vivo clearance (ml/min/kg)


>120 <3b


>120 —
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HBD score generally proved a better predictor of perme-
ability than TPSA values in this series. Poor permeabil-
ity was successfully overcome by incorporation of a 4-
fluoro-substituent (1n) in place of 4-amino- or 4-hy-
droxy-functionality on the piperidine ring. Analogue
1n displayed excellent potency and metabolic stability.
Evaluation of 1n in rat PK showed this compound to
possess greatly enhanced oral absorption relative to
UK-224,671.


Our continuing studies in this area will be the subject of
future communications from these laboratories.
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Abstract—A comparative molecular similarity index analysis (CoMSiA) has been performed for cytochrome P450 2D6 inhibition on
a series of aryloxypropanolamines to determine the factors contributing to this activity. The model is in agreement with a CYP2D6
homology model constructed on the basis of the mammalian CYP2C5 crystal structure. The energy minimized conformations were
generated using the systematic search methodology in Sybyl 6.7. The model not only elucidated the relationship between structure
and biological activity but, more importantly, provided useful strategies to modulate CYP2D6 affinity in the aryloxypropanolamine
series.
� 2005 Elsevier Ltd. All rights reserved.

Cytochrome P450 2D6 (CYP2D6) has been reported as
one of the primary metabolizing enzymes for com-
pounds containing a basic amine.1 Metabolism of com-
pounds not containing a basic amine by CYP2D6 has
also been reported.2 CYP2D6 is absent in 5–9% of the
Caucasian population, resulting in deficiencies in the
oxidation of drugs that are metabolized primarily by
this enzyme.3 Due to the issues related to drug–drug
interactions, as well as pharmacogenomic variability,
small-molecule drug optimization involves optimizing
compounds such that inhibitory activity towards
CYP2D6 is minimized.4,5 Common characteristics for
inhibitors and substrates of CYP2D6 include a basic
nitrogen atom, a hydrophobic region located 5–7 Å
from the site of oxidation and hydrogen bonding ele-
ments.6 Aryloxypropanolamines represent an important
class of biologically active compounds that show potent
inhibition of the CYP2D6 enzyme. This communication
describes a CoMSiA7 model for CYP2D6 inhibition for
a series of analogues of propranolol. The model is in
agreement with a docked model of the series into a
CYP2D6 homology model constructed on the basis of
the recently published8 mammalian CYP2C5 crystal

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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structure. The 3D-QSAR (CoMSiA) model was crucial
in understanding the CYP2D6 structure–activity rela-
tionship in this series and provided strategies to design
new analogues with reduced CYP2D6 inhibition.


Aryloxypropanolamines were found to be useful starting
points in a study directed at certain G-protein coupled
receptors. Propranolol (compound 7) and analogues
are known to be moderate inhibitors of CYP2D6 with
IC50 values in the low micromolar range (Table 1). How-
ever, analogues with an additional aromatic ring (such
as compounds 5 and 13) were found to have a signifi-
cantly increased affinity for CYP2D6. The developed
model was applied in design of analogues with decreased
CYP2D6 inhibition.


To determine IC50 values for CYP2D6, inhibition by the
test substance of AMMC (3-[2-(N,N-diethyl-N-methyla-
mino)ethyl]-7-methoxy-4-methylcoumarin) dealkylation
was determined. Quinidine, an established inhibitor of
CYP2D6, was used as the positive control. After buffer,
cofactors, and test substance addition, the plates were
pre-warmed to 37 �C. Incubations were initiated by the
addition of pre-warmed enzyme (1.5 pmol cytochrome
450 recombinant human CYP2D6) and substrate
(1.5 lmol). The final cofactor concentrations were
0.0081 mM NADP, 0.41 mM glucose-6-phosphate, and
0.4 U/mL glucose-6-phosphate dehydrogenase. The final
incubation volume was 0.2 mL. At the end of the
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Table 1. CYP2D6 IC50 values for compounds in the CoMSiA model


Compound No. Structure IC50 (lM)


1 21


2 66


3 21


4 3.8


5 0.03


6 18


7 1.9


8 100


9 24


10 28


11 11


12 0.42


13 0.05


14 0.03


(continued on next page)


Table 1 (continued)


Compound No. Structure IC50 (lM)


15 8.4


16 0.08


17 0.05


18 0.31


19 12


20 2.1


21 0.05


22 0.28


23 0.12


24 0.05


25 4.8


26 0.05


27 0.04


(continued on next page)
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Table 1 (continued)


Compound No. Structure IC50 (lM)


28 0.35


29 0.07


30 0.04


31 0.11


32 0.09


33 0.12


34 0.03


35 0.04


36 0.67


Figure 1. The alignment of CYP2D6 (lower sequence) with CYP2C5


secondary structure. The cysteine residue in green binds to the


porphyrin.
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incubation period (45 min), reactions were stopped by
the addition of 0.075 mL of 80% acetonitrile–20%
0.5 M Tris base. Fluorescence per well was measured
using a FLUOstar Model 403 plate scanner. The
AMMC metabolite, 3-[2-(N,N-diethyl-N-methylami-
no)ethyl]-7-hydroxy-4-methylcoumarin, was measured
using an excitation wavelength of 390 nm and emission
wavelength of 460 nm. The IC50 values were calculated
utilizing XLfit curve-fitting software.


The homology model of CYP2D6 (Fig. 1) was generated
using COMPOSER within the SYBYL 6.7.1 suite, from
the structure of CYP2C5 (PDB code 1DT6, 43%
identity). Several low energy conformations of compound
13 were generated using the systematic search methodol-
ogy in SYBYL 6.7 within 10 kcal/mol from the lowest
energy conformation using the Tripos force field.


These structures were optimized using the MMFF94
force field as implemented in SYBYL. Conformations

within 5 kcal/mol from the minimum and those where
the root-mean square distance (not including the H
atoms) was greater than 2 Å from each other, were re-
tained. The resulting four conformations were then
docked into the homology model. Only the lowest ener-
gy U-shaped conformation shown in Figures 3 and 4
provided a good fit into the active site. Structures for
the other compounds in Table 1 were generated using
SYBYL from the docked conformation and optimized
using the MMFF94 as implemented within SYBYL.
The structures were then overlaid using the nitrogen,
the neighboring hydrogen, and the oxygen of the etha-
nolamine functionality. This was the alignment used
for the CoMSiA3 as available within SYBYL. Com-
pounds 4, 8, 11, 22, 25, and 28 were not used in the der-
ivation of the CoMSiA but were used to check the
predictive capability of the model. As shown in Figure
2, for the fitted versus actual plot, the predicted values
fit within the standard errors of the fitted model. The
CoMSiA fields were generated using the steric and the
electrostatic probes. Inclusion of other CoMSiA fields
did not improve the correlation. The default regions de-
fined by SYBYL 6.7 were used together with a minimum
sigma of 2.0. The steric field contributed 51% toward the
QSAR.


The PLS results from the CoMSiA are shown in Figure
2 and the steric coefficient plots are shown in Figure 3
together with the docked structure of compound 13.
The steric coefficient plots are shown as green contours
for positive (0.03) and red contours for negative (�0.03)
coefficients. The conformation of quinidine (Fig. 4) was
generated using a searching technique similar to the one
previously described for compound 13. The overlay of
quinidine with compound 13 was done by a RMS-fit
using the centroids of the benzene rings as defined,
together with the amine nitrogen and the hydroxyl oxy-
gen from both the molecules. This conformation of







Figure 2. (A) Statistics from the PLS analysis and (B) fitted (blue), and


predicted (red) versus actual pIC50 [log (1/IC50) where IC50 is in lM]


values using the CoMSiA model.


Figure 4. A model (orthographic projection) showing the indole group


from compound 13 (magenta) and quinoline substitution at the


quinuclidine nitrogen in quinidine occupying similar space. The


overlay is in keeping with the reported SAR for analogues of


quinidine.
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quinidine was overlaid on the conformation of com-
pound 13 that had been docked into the homology
model of CYP2D6.


The favorable statistics obtained from the CoMSiAmod-
el confirmed that these molecules adopt a U-shaped con-

Figure 3. Compound 13 docked into the homology model of the


enzyme. The coefficient plots from the CoMSiA model agree with the


docked conformation. The reported metabolite pattern is also consis-


tent with this mode.

formation. The conformation could be stabilized by a
favorable p-stacking between the two aromatic rings. Fig-
ure 3 shows compound 13 docked into the homology
model of CYP2D6. The red contour close to the heme
group delineates the regionwhere substitution creates ste-
rically unfavorable interactions with either enzyme or co-
factor in the active site. Substitution in this region should
reduce affinity for the 2D6 enzyme. Indeed, appropriate
substitution on either ring decreases CYP2D6 inhibitory
potency (e.g., compounds 20 or 12 compared to 13).
The spatial arrangement shown in Figures 3 and 5 is in
agreement with the structure of the observed metabolite
(4-hydroxylation on the naphthalene group) upon
CYP2D6-mediated oxidation of propranolol.9


The large hydrophobic pocket defined by the residues
Phe120, Val370, Met374, Phe483, and Leu484, is shown
in Figure 5. The basic nitrogen atom of the aryloxypro-
panolamine could potentially interact with Glu21610 be-
cause the distance between the amine nitrogen and the
carboxylate oxygen of Glu216 is around 4 Å. The

Figure 5. Residues that stabilize compound 13 in the active site of


CYP2D6.
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hydroxyl group may be involved in a hydrogen bond
with the backbone carbonyl group of Ser304.


The overlay of quinidine on compound 13 (Fig. 4) shows
agreement between the reported11 structure–activity
relationship for CYP2D6 inhibition by quinidine ana-
logues and the aryloxypropanolamine SAR reported
here. The CoMSiA model correctly predicts that substi-
tution should be tolerated around the quinidine nitrogen
atom. Figure 4 shows that such substitution would fall
in the same space as that occupied by the indole group
in compound 13.


In summary, a combination of 3D-QSAR (CoMSiA)
and a homology model based on CYP2C5 provided
understanding of the optimal requirements for CYP2D6
affinity in the aryloxypropanolamine series. The model
also suggested practical strategies to modulate CYP2D6
potency in this series.

Supplementary data


Supplementary data associated with this article can be
found in the online version at doi:10.1016/
j.bmcl.2005.06.007.
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Abstract—SAR study of the biphenyl region of 2,3-diaminopyridine bradykinin B1 antagonists was investigated with non-aromatic
carbo- and heterocyclic rings. A piperidine ring was found to be a good replacement for the proximal phenyl ring while replacement
of the distal phenyl was optimal with a cyclohexyl group leading to a dramatic improvement in affinity for the B1 receptor.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Bradykinin (BK) peptides are rapidly formed in plasma
after tissue injury and exert a variety of physiological
effects, such as pain and inflammation.1 Two known
G-protein-coupled receptors, designated as B1 and B2,
regulate these effects.2 The constitutively expressed B2


receptor is believed responsible for the immediate
acute pain response following tissue injury and is medi-
ated by the peptides, bradykinin (Arg-Pro-Pro-Gly-
Phe-Ser-Pro-Phe-Arg) and kallidin (Lys-BK). Their
corresponding metabolites, [des-Arg9]bradykinin and
[des-Arg10]kallidin, are agonists for the B1 receptor,
which is induced in the hours following the injury.3


Bradykinin B1 receptor agonists have been shown in ani-
mal models to produce hyperalgesia, which is blocked
by peptide-derived B1 antagonists.4,5 Also, transgenic
B1 receptor knockout mice exhibit reduced sensitivity
to painful stimuli, while appearing normal in all other
respects. In addition to peripheral B1 receptors, a central
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role for the B1 receptor has been implied based on evi-
dence that it is constitutively expressed in the central
nervous systems of rats and mice.6–8 Thus, bradykinin
B1 receptor antagonists are considered good prospects
as novel therapeutic agents for the treatment of chronic
pain and inflammation.9


We recently disclosed the preparation and biological eval-
uation of a series of non-peptide, 2,3-diaminopyridine
bradykinin B1 antagonists (Fig. 1).


10 These compounds
displayed excellent selectivity and exhibited good human
bradykinin B1 antagonist activity. The purpose of this
communication is to report the results of an expanded
SAR study to identify alternative biphenyl �isosteres� that
exhibit enhanced receptor affinities and improved physi-
cal properties relative to lead compound 1.

Figure 1. Lead diaminopyridine bradykinin B1 antagonist 1.
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Scheme 1. Reagents and conditions: (a) TEA, THF, 70 �C; (b) SnCl2,
MeOH, 60 �C; (c) cyanoacetic acid, EDC, HOBt, DMF, TEA.


Scheme 4. Reagents and conditions: (a) Ph3PCHCO2Me, toluene,


80 �C; (b) butadiene, toluene, 180 �C, 3–7 days; (c) RaNi, H2, NH3–


MeOH.


Scheme 5. Reagents: (a) Pd(OAc)2, Ph3P, K2CO3, THF; (b) RaNi,


NH3–MeOH, H2.
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Scheme 1 outlines the general route employed for pre-
paring the 2,3-diaminopyridine derivatives highlighted
in this report. Displacements of the chlorine in 2-chlo-
ro-3-nitro-4-methylpyridine with the appropriate amines
2a–23a (Schemes 2–7), were carried out in THF in the
presence of TEA. Reduction of the nitro group was

Scheme 2. Reagents and conditions: (a) Pd(Ph3P)4, 2-IZn-meth-


ylbenzoate, THF, 70 �C; (b) (i)—NaOH, THF; (ii)—BH3; THF,


0 �C; (c) (i)—MsCl, TEA, CH2Cl2; (ii)—NaN3, DMF; (iii)—Ph3P,


THF-H2O; (d) Pd/C, EtOAc, H2.


Scheme 3. Reagents and conditions: (a) (i)—2-Fluoromethyl benzoate,


K2CO3, DMSO, 120 �C; (ii)—TPAP–NMO, CH2Cl2; (b) TMSCN,


ZnI2, DMF; (c) RaNi, NH3–MeOH, H2; (d) (i)—MsCl, TEA, CH2Cl2;


(ii)—NaN3, DMF; (iii)—Ph3P, THF-H2O; (e) (i)—TFAA, TEA,


CH2Cl2; (ii)—LiHMDS, MeI, THF, 0 �C.


Scheme 6. Reagents and conditions: (a) 4-Fluorobenzonitrile, NaH,


DMSO, 60 �C; (b) 4-fluorobenzonitrile, K2CO3, DMSO, 120 �C; (c)
RaNi, NH3–MeOH, H2.


Scheme 7. Reagents: (a) Pd(OAc)2, 2-bromopyridine, Ph3P, K2CO3,


THF; (b) RaNi, NH3–MeOH, H2; (c) Boc2O, CH2Cl2; (d) EtOH,


Pd(OH)2, H2 (60 psi); (e) ClCO2Me, TEA, CH2Cl2; (f) HCl (g) EtOAc.

accomplished with SnCl2 in MeOH followed by an
EDC-mediated coupling of the resultant amine with
cyanoacetic acid to afford test compounds 2–23.







Table 1. Human bradykinin B1 receptor affinities and physical


properties for B-ring phenyl replacements


Compounds X h Ki (nM)a log P PBb (%)


1 11 2.5 99


2 13 2.1 93


3 130 nd nd


4 >5000 2.1 65


5 3500 2.6 90


6 25 2.5 99


7c 385 2.7 nd


a Values represent the average of three experiments; standard deviation


is ±25%.
b Protein binding measured using 10% human serum.
c Approximately 2:1 mixture of cis:trans isomers.
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Scheme 2 shows the preparation of amines in which
the B-ring phenyl is replaced with cycloalkane rings.
Negishi coupling of triflate 24 with the corresponding
zinc reagent afforded 25. Selective hydrolysis of the
ethyl ester was followed by reduction to the alcohol
with borane. Subsequent conversion of 26 to the amine
and reduction of the olefin produced the requisite
amines.


Compounds bearing a B-ring piperidine in place of
phenyl were prepared as shown in Scheme 3. Heating
2-fluoromethyl benzoate with 4-piperidin-ol followed
by oxidation afforded 27. Conversion to the cyanohy-
drin 28a (R = OH) and reduction with Raney Nickel
afforded 4a. In a similar fashion, piperidines 29 and 30
could be transformed to the desired amines.


Two routes were employed for preparation of com-
pounds in which the C-ring phenyl is replaced with
cycloalkyl derivatives. The first general example is
shown in Scheme 4. A thermal Diels–Alder reaction of
cinnamate 31 with butadiene afforded the necessary
trans-4,5-cyclohexene 32. Reduction of the nitrile with
Raney Nickel in NH3–MeOH produced the desired
amine 14a without reduction of the olefin.11 Employing
the cis-cinnamate afforded the cis-cyclohexene, while
cyclopentadiene or cyclohexadiene were used as the
other dienes to afford the bicyclic analogs (not shown
for amines 15a, 19a–22a).


The second route employed a Suzuki coupling of the
appropriate triflates 33a and b with 4-cyanophenylbo-
ronic acid followed by reduction to produce 12a and
13a (Scheme 5).


In Scheme 6 is outlined the synthesis of the amines used
to prepare compounds 8–10 in which the C-ring phenyl
is replaced with an amine heterocycle. Nucleophilic dis-
placement of 4-fluorobenzonitrile with the appropriate
nitrogen nucleophile was followed by reduction to afford
the desired amines 8a–10a.


Scheme 7 illustrates the preparation of the amine
used for the synthesis of 11. Suzuki coupling of 2-
bromopyridine with 4-cyanophenyl boronic acid was
followed by reduction of the nitrile and Boc protec-
tion to yield biaryl 33. The HCl salt of the pyridine
was then reduced with Pearlman�s catalyst to provide
piperidine 34. The piperidine nitrogen was acylated
with methyl chloroformate and Boc removal afforded
11a.


The central phenyl B-ring in 1 was replaced with several
alternative ring systems as shown in Table 1. Replace-
ment of the phenyl with a 4-piperidine ring afforded 2,
which exhibited equivalent bradykinin B1 receptor affin-
ity and lower log P and human plasma protein binding
compared to 1. The piperidine proved very sensitive to
further modification as all other derivatives which were
tested had reduced potency. For example, introduction
of an olefin (3) led to a 10-fold loss in affinity while addi-
tion of a hydroxy or methyl group on the piperidine fur-
ther decreased receptor binding affinity (entries 4–5).

The piperidine plays a key role as replacement of 2 with
a cyclohexene (6) led to �2-fold reduction in human B1


receptor affinity, while the cyclohexane 7 led to a >30-
fold reduction. Overall, piperidine 2 was the best
replacement for phenyl as it provided an equipotent
compound with more desirable physical properties.
The reduced protein binding is of particular interest as
significant protein shifts have complicated in vivo
studies.10b


The exchange of the C-ring with alternative ring systems
was examined (Table 2). The aryl C-ring proved to be
less amenable to replacement. For example, although a
piperidine ring (2) proved to be an effective replacement
for the phenyl, compound 8 bearing a C-ring piperidine
in place of the phenyl was devoid of B1 receptor binding
affinity. The related pyrrolidine derivative 9 was also de-
void of potency.


However, pyrrole 10 retained substantial potency indi-
cating that a planar or aromatic ring is preferred. Mov-
ing the piperidine to the 2-position as in 11 also afforded
an inactive compound. It appears that conformational
requirements of the C-ring are more stringent than the
B-ring.







Table 2. Human bradykinin B1 receptor affinities and physical


properties for C-ring phenyl replacements


Compounds X h Ki (nM)a log P PBb (%)


1 11 2.5 99


8 >5000 2.7 78


9 >5000 nd nd


10 250 2.4 81


11 >5000 nd nd


12 35 3.0 96


13 126 nd nd


14 (± trans) 0.83 2.7 96


15 (± cis) 7 3.3 96


16 (± trans) 2.2 2.7 95


17 (+) 1.3 2.3 nd


18 (�) 1.0 2.4 nd


19 (± trans exo) 38 nd nd


20 (± trans endo) 142 3.1 nd


Table 2 (continued)


Compounds X h Ki (nM)a log P PBb (%)


21 (± trans) 54 3.4 nd


22 (± trans) 730 nd nd


a Values represent the average of three experiments, standard deviation


is ±25%.
b Protein binding measured using 10% human serum.
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The most promising results were obtained with the C-
ring carbocyclic derivatives. The 1,2-cyclohexene deriva-
tive 12 showed �3-fold drop in potency compared to 1,
and the related 1,2-cyclopentene was even less potent
indicating the preference for the six-membered ring.
Relocation of the olefin to provide the trans-4,5-cyclo-
hexene analog 14 led to a dramatic increase in potency.
Racemic compound 14 exhibited a Ki of 0.83 nM,
approximately 10-fold greater than 1. The closely relat-
ed racemic cis-cyclohexene was less potent with a Ki of
7 nM. Reduction of trans-olefin 14 produced saturated
trans-cyclohexane 16 with a Ki of 2.2 nM. Both trans-cy-
clohexane 16 and trans-cyclohexene 14 exhibit higher
affinity for the B1 receptor than the original biphenyl
lead compound 1. Nonetheless, the physical properties
of this series of carbocyclic C-ring replacements were
not substantially different from 1.


The resolution of racemic cyclohexene 14 afforded 17
and 18. Both compounds have similar receptor affinity
indicating that this segment of the scaffold appears not
to have any stereochemical influence on the Ki. In an ef-
fort to rigidify the carbocyclic C-rings, bicyclic cyclohex-
ane derivatives were prepared (19–22), but all proved
significantly less potent than the parent compounds 14
and 16. Overall, carbocyclic replacements for the C-ring
proved to be the optimum. In particular, the trans-iso-
mers were preferred with cyclohexene 14 and cyclohex-
ane 16 as the best substitution for the C-ring phenyl in
terms of providing a significant improvement in poten-
cy, with a modest reduction of protein binding.

2. Pharmacokinetic studies


To evaluate the pharmacokinetic attributes of the 2,3-
diaminopyridines bearing alternative B- and C-ring
systems, the pharmacokinetic properties for selected
compounds were determined in the rat as summarized
in Table 3. Compound 2 in which the piperidine re-
placed the central B-ring, led to an increase in t1/2 with
a reduced clearance. Coupled with the good human bra-
dykinin B1 affinity of 2, this improvement in PK pro-
vides support for further inspection of the piperidine
as a phenyl replacement in the 2,3-diaminopyridine ser-
ies. Both trans-cyclohexene 14 and cyclohexane 16
showed poor oral bioavailability and were rapidly
cleared in the rat compared to 1. We speculate, given







Table 3. Rat pharmacokinetics for selected compounds


Compound F (%)a t1/2
b Clb Vdss


b


1 18 1.9 4.3 0.36


4 22 3 2.2 0.24


14 5 1.0 29 0.55


16 4 0.5 30 0.38


23 18 1.2 17 0.47


a Sprague–Dawley rats. Dose: 2 mg/kg i.v.; 10 mg/kg p.o.
b Cl in ml/min/kg, t1/2 in h, Vdss is in L/kg.


Figure 2. Cyclohexene analog 23 containing an oxadiazole.
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that the absence of conjugation with an aromatic ring,
that the methyl ester of the cyclohexene ring is more
prone to hydrolysis than the ester in 1. Accordingly,
an ester isostere of 14 was prepared in the form of 3-
methyloxadiazole 23. Indeed, the PK of 23 was im-
proved over 14 and gave similar values in terms of rat
t1/2 and clearance compared to 1. Consequently, the
highly potent C-ring trans-cyclohexenes also appear to
have suitable pharmacokinetic properties and qualify
as new lead structures in the 2,3-diaminopyridine series
(Fig. 2).


In summary, we have successfully identified alternative
ring systems as suitable replacements for the biphenyl
motif in a series of 2,3-diaminopyridine-based bradyki-
nin B1 receptor antagonists. A 4-piperidine ring replace-
ment for the B-ring phenyl provided compound 2, which
proved to be equipotent with lead compound 1 and
exhibited improved pharmacokinetic and physical prop-
erties. Concerning the C-ring, a trans-cyclohexene ring
led to a 10-fold increase in receptor binding affinity
and provided a compound with equivalent PK proper-
ties relative to 1 through employment of an ester isoste-
re. Additional studies of bradykinin B1 antagonists

employing these new ring systems will be reported in
due course.
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Abstract—The supramolecular complexing ability vis-à-vis pKa estimation of a large series of 43 sulfonamides was made using a
series of molecular descriptors including topological indices. The set of topological indices chosen also contains Balaban (J) and
a variety of Balaban type indices: J, Jz, Jm, Jv, Jc, and Jp. The results have shown that the most discriminating Balaban index
(J) in multi-parametric regression analysis combined with indicator parameters yields excellent models and also establishes the supe-
riority of the J index over other Balaban type indices. The statistics is improved when one of the indicator parameters is replaced by
molar volume (MV). The results are discussed critically using a variety of statistics.
� 2005 Published by Elsevier Ltd.

1. Introduction


Although the story of sulfonamides started with the dis-
covery of their antimicrobial action, subsequent studies
established their usefulness as carbonic anhydrase inhib-
itors, diuretics, and anti-diabetics (insulin-releasers), and
more recently also as endothelia antagonists.1–5 Studies
to find correlations between physicochemical properties
and biological activities of sulfonamides indicated the
dominating role played by their proton-releasing ability
constant, more commonly known as pKa of the sulfon-
amides.6–13


The complexing ability to form supramolecular
complexes is dependent on this pKa parameter. It was
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observed that the bacteriostatic activity of the sulfona-
mides was due to the presence of a larger proportion
of sulfonamide in an active (ionized) form. Bell and Ro-
blin,6 in their extensive study on the relationship be-
tween pKa of a series of sulfonamides and their
in vitro antibacterial activity against Escherichia coli,
found that the relationship between log1/MIC and
pKa was parabolic in nature. Further, the higher points
of the curve were found to lie between pKa 6 and 7.4; the
maximal activity was thus observed in sulfonamides
whose pKa approximated the physiological pH.7,8


In a recent review by Hansch et al.14 as well as in our
earlier studies,15–19 we have shown that the metal
complexes of biological agents (in the present case
sulfonamides) generally exhibit enhancement of the
physiological activity of the ligands and that the binding
affinity vis-à-vis physiological activity of such complex
agents depends upon their pKa.


The argument made above indicates that the functional
relationship between the acid dissociation constant



mailto:pvkhadikar@rediffmail.com

mailto:abhilashthakur@yahoo.com





Table 1. Substituents, observed pKa, and indicator parametersa for


sulfonamides used in the present study


Compound No. X Y pKa (Obs.) IX IY IN


1 H H 9.10 0 0 0


2 H 4-OMe 9.42 0 1 0


3 H 4-Me 9.35 0 1 0


4 H 4-F 8.90 0 0 0


5 H 4-Cl 8.47 0 0 0


6 H 4-Br 8.50 0 0 0


7 H 3-Br 8.25 0 0 0


8 H 3-NO2 7.50 0 0 0


9 3-NO2 H 7.93 0 0 0


10 3-NO2 4-OMe 8.44 0 1 0


11 3-NO2 4-Me 8.27 0 1 0


12 3-NO2 4-F 7.85 0 0 0


13 3-NO2 4-Cl 7.51 0 0 0


14 3-NO2 4-Br 7.42 0 0 0


15 4-Cl H 8.75 0 0 0


16 4-Cl 4-OMe 9.19 0 1 0


17 4-Cl 4-Me 9.02 0 1 0


18 4-Cl 4-F 8.61 0 0 0


19 4-Cl 4-Cl 8.30 0 0 0


20 4-Cl 4-Br 8.24 0 0 0


21 4-Cl 3-NO2 7.19 0 0 0


22 4-F H 8.85 0 0 0


23 4-F 4-OMe 9.32 0 1 0


24 4-F 4-Me 9.20 0 1 0


25 4-F 4-F 8.73 0 0 0


26 4-F 4-Cl 8.41 0 0 0


27 4-F 4-Br 8.38 0 0 0


28 4-F 3-NO2 7.27 0 0 0


29 4-Me 4-OMe 9.80 1 1 0


30 4-Me 4-Me 9.65 1 1 0


31 4-Me H 9.34 1 0 0


32 4-Me 4-F 9.23 1 0 0


33 4-Me 4-Cl 8.78 1 0 0


34 4-Me 3-NO2 7.80 1 0 0


35 4-NH2 H 10.29 0 0 1


36 4-NH2 4-Me 10.53 0 1 1


37 4-NH2 3-Me 10.44 0 1 1


38 4-NH2 4-Cl 9.76 0 0 1


39 H 4-NO2 6.66 0 0 0


40 3-NO2 4-NO2 5.51 0 0 0


41 4-Cl 4-NO2 6.24 0 0 0


42 4-F 4-NO2 6.45 0 0 0


43 4-Me 4-NO2 6.78 1 0 0


a IX = accounting for alkyl substitution at X, IY = accounting for alkyl


substitution at Y, IN = accounting for X = 4-NH2 substitution.
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(pKa) and the biological activity of sulfonamides is well
established and could not be questioned. The pKa is
related to solubility, distribution and partition coeffi-
cients, permeability across membranes, protein binding,
tubular secretion, and re-absorption in the kidneys.
Consequently, modeling, monitoring, and estimation
of pKa of sulfonamides play a dominant role in explain-
ing all these factors.


Our earlier reports20–26 have indicated that distance-
based topological indices can be used very successfully
for modeling, monitoring, and estimating various phys-
icochemical parameters as well as physiological activities
of the organic compounds acting as drugs. Generally,
topological indices have proved more useful in these re-
gards. Our recent report26 has indicated that Balaban in-
dex (J)27 is a very useful index for this purpose. Since
pKa is also an important physicochemical parameter,
we thought it worthy to investigate the usefulness of dis-
tance-based topological indices in general and the Bal-
aban index in particular for modeling the pKa of
sulfonamides. The relevant work done related to the
objective of the present study is described in our earlier
publications.20–26


It is interesting to record that although Balaban index
(J) is a highly discriminating index, comparatively very
little work has been done on the use of Balaban index
(J) in developing quantitative structure–property–activ-
ity–toxicity relationships (QSPR/QSAR/QSTR). The
primary reason for this is that theoretical chemists have
been very slow to appreciate the overriding importance
of the Balaban index (J) in modeling their physico-
chemical and biological processes. Nevertheless, earlier,
we used this index successfully in developing some
QSPR/QSAR models.26 The main objective of the pres-
ent investigation is to investigate the relative potential
of Balaban index (J) compared to other Balaban type
indices: Jz (Balaban type index from Z-weighted dis-
tance matrix); Jm (Balaban type index from mass-
weighted distance matrix); Jv (Balaban type index from
van der Waals weighted distance matrix), Je (Balaban
type index from electronegativity-weighted distance
matrix), and Jp (Balaban type index from polarizabili-
ty-weighted distance matrix) (Table 3). The results, as
discussed below, established that the Balaban index
(J) is the best index for this purpose. In fulfilling our
objective, we have considered a set of 43 sulfonamides
(Fig. 1, Table 1) and adopted their earlier14 reported
pKa values. The present study will be useful to medic-
inal chemists interested in modeling physiological
activities of meta- or para-substituted benzene
sulfonamides.

Figure 1. General structure of sulfonamides used in the present study.

2. Results and discussion


The set of 43 sulfonamides and their adopted pKa values
are presented in Table 1. Table 1 also includes the values
of indicator parameters. The details regarding indicator
parameters used are given in Sections 4.2–4.8. The cal-
culated values of distance-based topological indices are
recorded in Tables 2 and 3, whereas their interrelation
and correlation with pKa are presented in Tables 4 and
5. The details of the topological indices used are given
in Sections 4. The correlation matrix (Table 5) indicated
that in no case are mono-parametric regressions to be
obtained for modeling pKa of the benzene sulfonamides
used. Consequently, we have to undergo multiple regres-
sion analysis. We have, therefore, adopted maximum
R2-method28 for this purpose. The stepwise regression







Table 2. Topological indices and molecular parametersa related to the


sulfonamides used in the present study


Compound No. W 1v Sz MV g


1 447 7.68347 681 178.5 1.635


2 646 8.61532 976 202.5 1.610


3 538 8.07732 820 194.8 1.621


4 538 8.07732 820 182.7 1.618


5 538 8.07732 820 190.5 1.641


6 538 8.07732 820 194.7 1.657


7 528 8.07732 800 194.7 1.657


8 726 8.98800 1074 190.3 1.656


9 720 8.98800 1068 190.3 1.656


10 986 9.91985 1460 214.3 1.630


11 843 9.38185 1254 206.6 1.641


12 843 9.38185 1254 194.6 1.639


13 843 9.38185 1254 202.3 1.661


14 843 9.38185 1254 206.5 1.675


15 536 8.07732 818 190.5 1.641


16 758 9.00917 1148 214.5 1.617


17 638 8.47116 974 206.7 1.627


18 638 8.47116 974 194.7 1.625


19 638 8.47116 974 202.4 1.647


20 638 8.47116 974 206.6 1.661


21 847 9.38185 1258 202.3 1.661


22 536 8.07732 818 182.7 1.618


23 758 9.00917 1148 206.7 1.596


24 638 8.47116 974 199.0 1.606


25 638 8.47116 974 186.9 1.602


26 638 8.47116 974 194.7 1.625


27 638 8.47116 974 198.9 1.640


28 847 9.38185 1258 194.6 1.639


29 758 9.00917 1148 218.8 1.600


30 638 8.47116 974 211.1 1.609


31 536 8.07732 818 194.8 1.621


32 638 8.47116 974 199.0 1.606


33 638 8.47116 974 206.7 1.627


34 847 9.38185 1258 206.6 1.641


35 536 8.07732 818 180.8 1.669


36 638 8.47116 974 197.1 1.653


37 627 8.47116 952 197.1 1.653


38 638 8.47116 974 192.7 1.674


39 756 8.98800 1134 190.3 1.656


40 756 8.98800 1134 202.2 1.675


41 880 9.38185 1324 202.3 1.661


42 880 9.38185 1324 194.6 1.639


43 880 9.38185 1324 206.6 1.641


aW = Wiener index, 1v = first-order connectivity index, Sz = Szeged


index, MV = molar volume, g = index of refraction.


Table 3. Balaban index and various Balaban type indicesa calculated


for the sulfonamides used in the present study


Compound No. J Jz Jm Jv Je Jp


1 1.84162 3.106 3.106 1.926 2.414 2.127


2 1.80081 3.000 3.000 1.482 2.400 1.978


3 1.82718 3.045 3.045 1.952 2.402 2.148


4 1.82718 3.080 3.080 1.892 2.423 2.043


5 1.82718 3.115 3.115 1.952 2.416 2.159


6 1.82718 3.136 3.136 1.964 2.412 2.171


7 1.86027 3.188 3.188 1.984 2.440 2.196


8 1.87293 3.092 3.092 1.883 2.487 1.988


9 1.89551 3.012 3.012 1.831 2.459 1.916


10 1.85781 2.961 2.961 1.787 2.442 1.852


11 1.88173 2.983 2.983 1.856 2.447 1.947


12 1.88173 3.008 3.008 1.815 2.462 1.882


13 1.88173 3.032 3.032 1.856 2.457 1.953


14 1.88173 3.047 3.047 1.864 2.454 1.961


15 1.83724 3.076 3.076 1.924 2.403 2.116


16 1.80106 2.990 2.990 1.847 2.392 1.983


17 1.82474 3.027 3.027 1.946 2.393 2.135


18 1.82474 3.058 3.058 1.892 2.412 2.042


19 1.82474 3.089 3.089 1.946 2.406 2.145


20 1.82474 3.107 3.107 1.957 2.402 2.156


21 1.86872 3.078 3.078 1.886 2.473 1.994


22 1.83724 3.042 3.042 1.866 2.410 2.007


23 1.80106 2.964 2.964 1.804 2.397 1.903


24 1.82474 2.997 2.997 1.893 2.399 2.035


25 1.82474 3.028 3.028 1.842 2.418 1.949


26 1.82474 3.058 3.058 1.893 2.412 2.044


27 1.82474 3.076 3.076 1.904 2.408 2.054


28 1.86872 3.054 3.054 1.845 2.479 1.921


29 1.80106 2.937 2.937 1.847 2.381 1.976


30 1.82474 2.967 2.967 1.946 2.381 2.127


31 1.83724 3.008 3.008 1.924 2.390 2.106


32 1.82474 2.998 2.998 1.892 2.399 2.034


33 1.82474 3.027 3.027 1.194 2.393 2.136


34 1.86872 3.028 3.028 1.886 2.463 1.988


35 1.83724 3.023 3.023 1.906 2.399 2.077


36 1.82474 2.980 2.980 1.930 2.389 2.100


37 1.85516 3.020 3.020 1.947 2.415 2.120


38 1.82474 3.041 3.041 1.930 2.401 2.109


39 1.79994 2.990 2.990 1.847 2.421 1.948


40 1.79994 2.962 2.962 1.797 2.456 1.845


41 1.80014 2.984 2.984 1.852 2.412 1.957


42 1.80014 2.960 2.960 1.812 2.417 1.886


43 1.80014 2.936 2.936 1.852 2.402 1.951


a J = Balaban index, Jz = Balaban type index from Z-weighted distance


matrix, Jm = Balaban type index from mass-weighted distance


matrix, Jv = Balaban type index from Van der Waals weighted


distance matrix, Je = Balaban type index from electronegativity-


weighted distance matrix, and Jp = Balaban type index from polar-


izability-weighted distance matrix.
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analysis indicated that even no bi-parametric regressions
gave statistically significant models. However, suddenly
out of the several tri-parametric models attempted, one
containing J, 1v, and IY gave encouraging statistics. This
model is found as below:


pKa ¼ 8.3096ð�3.8828ÞJ � 1.4330ð�0.1954Þ1v
þ 1.5314ð�0.22711ÞIY þ 5.2562;


n ¼ 43; SE ¼ 0.6571; R ¼ 0.8331; R2
A ¼ 0.6619;


F ¼ 21.554; Q ¼ 1.26. ð1Þ

Here and thereafter n is the sample size (number of com-
pounds used), SE is the standard error of estimation, R2


A


is the adjusted R2, R is the multiple regression

coefficient, F is the Fisher statistics, and Q29,30 is the
quality factor defined as the ratio of correlation coeffi-
cient and standard error of estimation, Q = R/SE.


In Eq. 1, the coefficients of J and IY (indicator parame-
ter responsible for alkyl substitution at Y) terms are po-
sitive and that of 1v is negative. Also, the coefficient of
the J term is the largest. This means that compared to
other two parameters J has dominating effect on the
modeling of pKa. The Balaban index J is a variant of
connectivity index and represents extended connectivity.
It is a good descriptor for the shape of molecules. The
positive coefficient of J in Eq. 1 indicates that all these







Table 4. Correlation matrix


pKa W 1v J Sz MV g IX IY IN


pKa 1.000


W �0.5847 1.000
1v �0.5738 0.9956 1.000


J �0.0765 0.1880 0.2447 1.000


Sz �0.5755 0.9991 0.9918 0.1553 1.000


MV �0.0646 0.5690 0.5603 �0.1404 0.5844 1.000


g �0.4305 0.1703 0.1796 0.3527 0.1545 �0.1653 1.000


IX 0.1232 0.0566 0.0392 �0.1468 0.0664 0.3874 �0.3497 1.000


IY 0.5177 0.0823 0.0901 �0.1804 0.0927 0.5149 �0.4588 0.0065 1.000


IN 0.5157 �0.1976 �0.2012 0.0069 �0.1922 �0.2237 0.3622 �0.1412 0.1577 1.000


Table 5. Correlation matrix of Balaban and various Balaban type indices with pKa


pKa J Jz Jm Jv Je Jp


pKa 1.00000


J �0.7650 1.00000


Jz 0.02976 0.32008 1.00000


Jm 0.02976 0.32008 1.00000 1.00000


Jv 0.08401 0.13598 0.29452 0.29452 1.00000


Je �0.60742 0.73228 0.22008 0.22008 0.02953 1.00000


Jp 0.53777 �0.09347 0.61823 0.61823 0.26271 �0.48846 1.00000
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points are favorable for the modeling of pKa. The posi-
tive coefficient of IY also means that alkyl substitution at
Y helps in the modeling of pKa. We have used IY as an
indicator parameter for presence (=1)/absence (=0) of
substitution at Y. The 1v index conveys more informa-
tion about the number of atoms in the molecule, and
thus its negative coefficient in Eq. 1 indicates unfavor-
able effect of the number of atoms on the pKa of the sul-
fonamide moieties used.


Successive regressions resulted in several tetra-paramet-
ric regressions, of which one containing J, 1v, IY, and IN
gave better results than the tri-parametric regression dis-
cussed above. This model is found as:


pKa ¼ 7.0112ð�3.3571ÞJ � 1.2754ð�0.1731Þ1v
þ 1.3806ð�0.1992ÞIY þ 1.1750ð�0.3064ÞIN
þ 6.1992;


n ¼ 43; SE ¼ 0.5395; R ¼ 0.8822;


R2
A¼ 0.7549; F ¼ 33.337; Q ¼ 1.64. ð2Þ

Like Eq. 1, here also, coefficients of J and IY terms are
positive, while that of 1v is negative. Therefore, the
physical significances of these parameters in Eq. 2 are
the same as discussed under Eq. 1. The added param-
eter IN (indicator parameter responsible for para-amino
substitution) has positive sign indicating that the pres-
ence of modeling group is favorable for the para-amino
of pKa. The comparison of the statistics related to Eqs.
1 and 2 indicates that with the addition of IN to Eq. 1,
the statistics is improved significantly; and this
improvement is provided by IN, i.e., due to amide
substitution.


Further regression analysis has shown that when a
parameter known as index of refraction g is added to

the above Eq. 2, there is significant improvement in
the statistics and the resulting regression expression con-
taining J, 1v, IY, IN, and g yielded the following
expression:


pKa ¼ 10.9771ð�2.3387ÞJ � 0.9651ð�0.1253Þ1v
þ 0.6959ð�0.1678ÞIY þ 2.1750ð�0.2535ÞIN
� 26.8775ð�3.9361Þgþ 40.2672;


n ¼ 43; SE ¼ 0.3775; R ¼ 0.9496; R2
A ¼ 0.8884;


F ¼ 67.802; Q ¼ 2.52. ð3Þ

The physical significance of J, 1v, IY, and IN is the same
as discussed under Eq. 2. In addition, the coefficient of g
term in Eq. 3 is negative indicating its unfavorable con-
tribution for the modeling of pKa. When we were
attempting regression replacing one of the indicator
parameters with molecular volume (MV), we observed
further improvement in the statistics according to the
following expression:


pKa ¼ 14.3950ð�1.9047ÞJ � 1.3058ð�0.1170Þ1v
þ 0.0472ð�0.0066ÞMVþ 2.7078ð�0.1750ÞIN
� 32.7892ð�2.5299Þgþ 37.5052;


n ¼ 43; SE ¼ 0.2961; R ¼ 0.9693; R2
A ¼ 0.9313;


F ¼ 114.939; Q ¼ 3.27. ð4Þ

The comparison of Eqs. 3 and 4 indicates that like IY,
the replaced MV term also has a positive coefficient.
This means that the MV has favorable contribution
for the modeling of pKa of the benzene-sulfonamides
used. It is worth to mention that no other higher para-
metric models yielded better results than Eq. 4. So we
have to concentrate on Eq. 4 and discuss its significance
in greater detail, especially in view of Hansch�s result







Table 6. Experimental and calculated pKa values using the models


expressed by Eq. 4


Compound No. pKa (Obs.) pKa
a Residual


1 9.10 8.79 0.31


2 9.42 8.94 0.48


3 9.35 9.30 0.05


4 8.90 8.83 0.07


5 8.47 8.44 0.03


6 8.50 8.11 0.38


7 8.25 8.59 �0.34


8 7.50 7.41 0.09


9 7.93 7.73 0.20


10 8.44 7.96 0.48


11 8.27 8.28 �0.01


12 7.85 7.78 0.07


13 7.51 7.42 0.09


14 7.42 7.16 0.26


15 8.75 8.58 0.16


16 9.19 8.77 0.42


17 9.02 9.11 �0.09


18 8.61 8.61 0.00


19 8.30 8.26 0.04


20 8.24 7.99 0.24


21 7.19 7.24 �0.05


22 8.85 8.97 �0.12


23 9.32 9.09 0.23


24 9.20 9.44 �0.24


25 8.73 9.00 �0.27


26 8.41 8.61 �0.20


27 8.38 8.32 0.06


28 7.27 7.59 �0.32


29 9.80 9.53 0.27


30 9.65 9.91 �0.26


31 9.34 9.44 �0.10


32 9.23 9.44 �0.21


33 8.78 9.11 �0.33


34 7.80 8.09 �0.29


35 10.29 9.92 0.37


36 10.53 10.52 0.01


37 10.44 10.95 �0.51


38 9.76 9.62 0.14


39 6.66 6.36 0.30


40 5.51 6.30 �0.79


41 6.24 6.25 �0.01


42 6.45 6.61 �0.16


43 6.78 7.11 �0.33


a Calculated from Eq. 4.
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that pharmacological efficiency is the result of electron-
ic, steric, and hydrophobic interactions between the
drug and the receptor site. We have to provide such
an explanation on the basis of parameters involved in
regression equations 2–4 and use the same for the fol-
lowing Eqs. 5–9. Fortunately, we can do so using g
and MV parameters. The refractive index g is frequently
employed for characterizing organic compounds. It
bears a significant relationship to other properties: opti-
cal, electrical, and magnetic properties, particularly the
polarizability. In the form of molar refraction (MR), it
contains electric contribution. As MR, it accounts for
polarizability rather than steric effect. As MR (g) along
with MV accounts for dispersion forces aiding the bind-
ing of a ligand to the receptor site. In such cases, MR
should have positive coefficient. It (g as MR) measures
ligand ability to distort the conformation of the receptor
in such a way as to preclude union with the proper sub-
strate. Since the conformational change is detrimental, a
negative coefficient should result for the MR term in this
case. In our case, this is consistent with the negative
coefficient of g in Eqs. 3 and 4 as well as in the following
Eqs. 5–9.


To compare the relative potential of J, Jz, Jm, Jv, Je, and
Jp indices, we have used this model (Eq. 4) where J is re-
placed by other Balaban type indices in succession so
that exact comparisons could be made. The resulting
models are found as below:


pKa ¼ 5.9591ð�1.8458ÞJ z � 0.6349ð�0.2032Þ1v
þ 0.0372ð�0.0090ÞMVþ 3.0883ð�0.2904ÞIN
� 36.5252ð�4.3535Þgþ 48.0876;


n ¼ 43; SE ¼ 0.4172; R ¼ 0.9380; R2
A ¼ 0.8637;


F ¼ 54.225; Q ¼ 2.25. ð5Þ


pKa ¼ 5.9591ð�1.8458ÞJm � 0.6349ð�0.2032Þ1v
þ 0.0372ð�0.0090ÞMVþ 3.0883ð�0.2904ÞIN
� 36.5252ð�4.3535Þgþ 48.0876;


n ¼ 43; SE ¼ 0.4172; R ¼ 0.9380; R2
A ¼ 0.8637;


F ¼ 54.225; Q ¼ 2.25. ð6Þ


pKa ¼ 0.3768ð�0.5861ÞJ v � 1.0265ð�0.1809Þ1v
þ 0.0341ð�0.0101ÞMVþ 2.5832ð�0.2766ÞIN
� 28.4378ð�3.9560Þgþ 56.2534;


n ¼ 43; SE ¼ 0.4697; R ¼ 0.9208; R2
A ¼ 0.8272;


F ¼ 41.223; Q ¼ 1.960. ð7Þ


pKa ¼ 11.4858ð�4.2230ÞJ e � 1.4668ð�0.2254Þ1v
þ 0.0521ð�0.0115ÞMVþ 2.9460ð�0.2859ÞIN
� 5:0512ð�4.1097Þg;


n ¼ 43; SE ¼ 0.4312; R ¼ 0.9337; R2
A ¼ 0.8544;


F ¼ 50.293; Q ¼ 2.165. ð8Þ

pKa ¼ 3.0863ð�1.6951ÞJp � 0.4232ð�0.3830Þ1v
þ 0.0183ð�0.0129ÞMVþ 2.5679ð�0.2666ÞIN
� 32.1517ð�4.3976Þgþ 54.6784;


n ¼ 43; SE ¼ 0.4527; R ¼ 0.9267; R2
A ¼ 0.8396;


F ¼ 44.979; Q ¼ 2.05. ð9Þ

The results (Eqs. 5–9), therefore, show that Balaban in-
dex (J) is superior to other Balaban type indices viz Jz,
Jm, Jv, Je, and Jp. In view of this, we have concentrated
on the results given by Eq. 4. The results (Eqs. 5–9) show
that among Balaban and Balaban type indices, Balaban
index (J) gives the best results. In case of other Balaban
type indices, we observed that similar results are ob-
tained when Jz, Jm, and Je are used as correlating param-







Figure 2. Showing relationship between observed pKa and calculated


pKa values from Eq. 4.
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eters. The remaining two Balaban type indices, that is, Jv
and Jp also yield similar results and the former set of Bal-
aban type indices is found better than the latter.


At this stage, it is worth commenting on adjustable-R2,
that is, R2


A values. We observed that as we pass from the
tri-parametric to tetra-parametric regression analysis
there is consistent increase in R2


A, increasing from
0.6619 to 0.9313 as we pass from Eq. 1 to Eq. 9. Such
an increase in R2


A values indicates that the added vari-
able has a fair share in proposing the respective model.
The value of R2


A will decrease if the added variable does
not reduce the unexplained variation in the dependent
variables enough to off set the loss of degree of free-
dom.31–34,23


To confirm our results, we have estimated pKa values of
the sulfonamides under the present study using Eq. 4
and compared them with their observed pKa. Such a
comparison is shown in Table 6, which shows that esti-
mated pKa values using Eq. 4 are closest to their ob-
served values. Further, support in our favor is
obtained by calculating predictive correlation coeffi-
cients R2


pred as obtained by correlating observed and cal-
culated pKas (Fig. 2). The R2


pred ¼ 0.9395 indicates that
the model based on Eq. 4 is statistically excellent and
also has excellent predictive power. The predictive
power of the model can also be judged by estimating
the quality factor Q (=R/SE); the highest value of Q
obtained for Eq. 4 further supports its predictive
power. It is worthy to mention that Q value goes on
increasing from Eqs. 1–4 and acquires the highest value
for Eq. 4.

3. Conclusions


The results and discussion above indicate that none of
the molecular descriptors used singly (independently)
is capable of yielding any significant mono-parametric
regression model for modeling pKa of the sulfonamides
used. Also, the Balaban index (J) in combination with

other indicator parameters gave a model with excellent
statistics. Furthermore, replacement of one of the indi-
cator parameters IY by MV was useful for modeling,
monitoring, and estimating pKa. Finally, Balaban index
J is better index than the other Balaban type indices: Jz,
Jm, Jv, Je, and Jp. We note that the R2 values are 0.97 for
Hansch�s correlation (Table 61 of Ref 14 in terms of two
Hammett r parameters, omiting two outliers) and 0.94
for our Eq. 4 with five parameters but without any
outliers.

4. Experimental


4.1. Protonation constant (pKa)


The proton–ligand formation constant expressed as pKa


was taken from the literature.9,14


4.2. Topological indices


All the topological indices used are calculated from the
hydrogen suppressed molecular graphs. Though their
calculations are extensively discussed in the litera-
ture,35–39 we give the expressions used for their calcula-
tions below.


4.3. Wiener index (W)


Wiener index W = W (G) of G is defined40 as the half-
sum of the elements of the distance matrix:

W ¼ W ðGÞ ¼ 1
2


X
i¼1


X
j¼1


ðDÞij; ð10Þ

where (D)ij is the ijth element of the distance matrix,
which denotes the shortest graph—theoretical distance
between sites i and j of G.


4.4. The connectivity index (1v)


The connectivity index 1v = 1v (G) of G is defined41 by
Randic as:

1v ¼ 1vðGÞ ¼
X


Bonds


½V ðiÞ � V ðjÞ��0.5
; ð11Þ

where Vi is the vertex degree of vertex i.


4.5. Balaban index (J)


The Balaban index J = J (G) of G is defined27 as:

J ¼ M=ðlþ 1Þ
X


Bonds


ðdi � djÞ�0.5
; ð12Þ

where M is the number of bonds in G, l is the cyclo-
matic number of G, and di (i = 1, 2, 3, . . . N; N is
the number of vertices in G) is the distance sum. The
cyclomatic number l = l (G) of a cyclic graph G is
equal to the minimum number of edges necessary to
be erased from G in order to transform it into the
related acyclic graph. In the case of monocyclic graphs
l = 1, it is generally calculated by means of the follow-
ing expression:

l ¼ M � N þ 1. ð13Þ
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4.6. Szeged index (Sz)


The Szeged index, Sz = Sz (G), is calculated42–44 accord-
ing to the following expression:

Sz ¼ SzðGÞ ¼
X


Edges
nu � nv; ð14Þ

where nu is the number of vertices lying closer to one end
of the edge e = uv; the meaning of nv is analogous. Edges
equidistant from both the ends of an edge e = uv are not
taken into account.


4.7. Balaban type indices


The Balaban type indices: Jz, Jm, Jv, Jc, and Jp were cal-
culated using Dragon Software.46,47


4.8. Molecular descriptors


In the present study, molar volume (MV) and index of
refraction (g) (Table 2) were calculated from computer
software ACD labs.45


4.9. Indicator parameters


In the present study, three different indicator parameters
are used for understanding the significance of substitu-
ents in their activity/property.


Indicator parameter IX accounting for alkyl substitution
at X, IY accounting for alkyl substitution at Y position,
and IN accounting for para-amino substitution.


4.10. Regression analysis


All the regressions were carried out using maximum R2


method.28


4.11. Software


The calculation of topological indices and regression
analysis were performed using software developed by
Prof. Istvan Lukovits, Hungarian Academy of Sciences,
Budapest, Hungary. In addition, we have used ACD
labs, Hyperchem, and Dragon programs for making
other calculations.

Acknowledgments


The authors thank Prof. Istvan Lukovits for providing
software for making calculations of some of the topo-
logical indices as well as for performing regression
analyses.

References and notes


1. Balaban, A. T.; Basak, S. C.; Beteringhe, A.; Mills, D.;
Supuran, C. T. Mol. Divers. 2004, 8, 401.


2. Supuran, C. T.; Scozzafava, A.; Conway, J. Carbonic
Anhydrase Inhibitors & Activators; CRC Press: New York,
USA, 2004.

3. Supuran, C. T.; Balaban, A. T. Rev. Roum. Chem. 1994,
39, 107.


4. Thakur, M.; Thakur, A.; Khadikar, P. V.; Supuran, C. T.
Bioorg. Med. Chem. Lett. 2005, 15, 203.


5. Supuran, C. T.; Casini, A.; Mastrolorenzo, A.; Scozzaf-
ava, A. Mini-Rev. Med. Chem. 2004, 4, 625.


6. Bell, P. M.; Roblin, R. O. J. Am. Chem. Soc. 1942, 64,
2905.


7. Silipo, C.; Vittoria, A. Farmaco [Sci.] 1979, 34, 858.
8. Miller, G. H.; Doukas, P. M.; Seydel, J. K. J. Med. Chem.


1972, 15, 700.
9. Seydel, J. K. J. Med. Chem. 1971, 14, 724.


10. Walter, W.; Becker, R. F.Liebigs Ann. Chem. 1969, 727, 71.
11. Kakeya, N.; Aoki, M.; Kamada, A.; Yata, N. Chem.


Pharm. Bull. 1969, 17, 1010, 2000.
12. Dauphin, G.; Kergowrd, A. Bull. Soc. Chim. Fr. 1961, 468.
13. Yoshika, M.; Hamamoto, K.; Kubota, T. Bull. Chem. Soc.


Jpn. 1962, 35, 1723.
14. Hansch, C.; Kurup, A.; Garg, R.; Gao, H. Chem. Rev.


2001, 101, 619.
15. Karmarkar, S.; Khadikar, P. V.; Mandloi, M.; Joshi, S.;


Agrawal, V. K. Indian J. Chem. A 2001, 40, 12.
16. Karmarkar, S.; Khadikar, P. V.; Agrawal, V. K.; Mathur,


K. C.; Mandloi, M.; Joshi, S. Proc. Indian Acad. Sci.
(Chem. Sci.) 2000, 112, 43.


17. Khadikar, P. V.; Karmarkar, S.; Joshi, S.; Gutman, I. J.
Serb. Chem. Soc. 1996, 61, 89.


18. Khadikar, P. V.; Pol, B.; Ali, S. M. Rev. Microbiol. 1986,
12, 291.


19. Khadikar, P. V.; Pol, B.; Ali, S. M. Bacteriology 1987, 22,
81.


20. Khadikar, P. V.; Phadnis, A.; Shrivastava, A. Bioorg.
Med. Chem. 2002, 10, 1181.


21. Agrawal, V. K.; Shrivastava, S.; Khadikar, P. V.; Supu-
ran, C. T. Bioorg. Med. Chem. 2003, 11, 3553.


22. Khadikar, P. V.; Joshi, S.; Bajaj, A. V.; Mandloi, D.
Bioorg. Med. Chem. Lett. 2004, 14, 1187.


23. Jaiswal, M.; Khadikar, P. V.; Supuran, C. T. Bioorg. Med.
Chem. 2004, 12, 2477.


24. Agrawal, V. K.; Bano, S.; Supuran, C. T.; Khadikar, P. V.
Eur. J. Med. Chem. 2004, 39, 593.


25. Jaiswal, M.; Khadikar, P. V.; Scozzafava, A.; Supuran, C.
T. Bioorg. Med. Chem. Lett. 2004, 14, 3283.


26. Thakur, A.; Thakur, M.; Khadikar, P. V.; Supuran, C. T.
Bioorg. Med. Chem. 2004, 12, 789.


27. Balaban, A. T. Chem. Phys. Lett. 1982, 89, 399.
28. Chaterjee, S.; Hadi, A. S.; Price, B. Regression Analysis by


Examples, 3rd ed.; Wiley VCH: New York, 2000.
29. Pogliani, L. Amino Acids 1994, 6, 141.
30. Pogliani, L. J. Phys. Chem. 1996, 100, 18065.
31. Agrawal, V. K.; Sohgaura, R.; Khadikar, P. V.; Phadnis,


A. Bioorg. Med. Chem. 2001, 9, 3295.
32. Khadikar, P. V.; Mathuhr, K. C.; Singh, S.; Phadnis, A.;


Shrivastava, A.; Mandloi, M. Bioorg. Med. Chem. 2002,
10, 1761.


33. Khadikar, P. V.; Karmarker, S.; Singh, S.; Shrivastava, A.
Bioorg. Med. Chem. 2002, 10, 3163.


34. Khadikar, P. V.; Singh, S.; Mandloi, D.; Joshi, S.; Bajaj,
A. V. Bioorg. Med. Chem. 2003, 11, 5045.


35. Supuran, C. T.; Scozzafava, A. J. Enzym. Inhib. 2000, 15,
597.


36. Casini, A.; Antel, J.; Abbate, F.; Scozzafava, A.; David,
S.; Waldeck, H.; Schafer, S.; Supuran, C. T. Bioorg. Med.
Chem. Lett. 2003, 13, 841.


37. Clare, B. W.; Supuran, C. T. J. Pharm. Sci. 1994, 83,
768.


38. Scozzafava, A.; Supuran, C. T. SAR. QSAR Environ. Res.
2001, 12, 17.







A. T. Balaban et al. / Bioorg. Med. Chem. Lett. 15 (2005) 3966–3973 3973

39. Supuran, C. T.; Scozzafava, A. Eur. J. Med. Chem. 2000,
35, 867.


40. Wiener, H. J. Am. Chem. Soc. 1947, 69, 17.
41. Randic, M. J. Am. Chem. Soc. 1975, 97, 6609.
42. Gutman, I. Graph Theory Notes, New York 1994,


27, 9.
43. Khadikar, P. V.; Deshpande, N. V.; Kale, P. P.; Dobrynin,


A.; Gutman, I.; Domotor, G. J. Chem. Inf. Comput. Sci.
1995, 35, 547.

44. Khadikar, P. V.; Kale, P. P.; Deshpande, N. V.; Karmar-
kar, S.; Agrawal, V. K.MATCH Commun. Math. Comput.
Chem. 2001, 43, 7.


45. ACD-Lab software for calculating the referred physico-
chemical parameters;Chemsketh 3.O.<www.acdlabs.com>.


46. Hyperchem-7 software for calculating the molecular
modeling parameters. <www.hyper.com>.


47. Dragon software for calculation of Balaban type indices.
<www.disat.unimib.it>.



http://www.acdlabs.com

http://www.hyper.com

http://www.disat.unimib.it



		Study on supramolecular complexing ability vis- agrave -vis estimation of pKa of substituted sulfonamides: Dominating role of Balaban index (J)

		Introduction

		Results and discussion

		Conclusions

		Experimental

		Protonation constant (pKa)

		Topological indices

		Wiener index (W)

		The connectivity index (1 chi )

		Balaban index (J)

		Szeged index (Sz)

		Balaban type indices

		Molecular descriptors

		Indicator parameters

		Regression analysis

		Software



		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters 15 (2005) 3838–3843

A linear discrimination analysis based virtual screening
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Abstract—A computational (virtual) screening test to identify potential trichomonacidals has been developed. Molecular structures
of trichomonacidal and non-trichomonacidal drugs were represented using stochastic and non-stochastic atom-based quadratic indi-
ces and a linear discrimination analysis (LDA) was trained to classify molecules regarding their antiprotozoan activity. Validation
tests revealed that our LDA-QSAR models recognize at least 88.24% of trichomonacidal lead-like compounds and suggest using this
methodology in virtual screening protocols. These classification functions were then applied to find new lead antitrichomonal com-
pounds. In this connection, the biological assays of eight compounds, selected by computational screening using the present models,
give good results (87.50% of good classification). In general, most of the compounds showed high activity against Trichomonas
vaginalis at the concentration of 100 lg/ml and low cytotoxicity to this concentration. In particular, two heterocyclic derivatives
(VA7-67 and VA7-69) maintained their efficacy at 10 lg/ml with an important trichomonacidal activity (100.00% of reduction),
but it is remarkable that the compound VA7-67 did not show cytotoxic effects in macrophage cultivations. This result opens a
door to a virtual study considering a higher variability of the structural core already evaluated, as well as of other chemicals
not included in this study.
� 2005 Elsevier Ltd. All rights reserved.

Therefore, predictive modeling has the potential to transform early-

stage drug discovery.


Christopher Watson. Biosilico. 2003, 1, 83

Parasitic illnesses are among the most widespread of hu-
man diseases.1 The infections due to protozoan parasites


constitute the major health and economic problem,
where Chagas� disease occupies the third place in num-

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


doi:10.1016/j.bmcl.2005.05.124


Keywords: TOMOCOMD-CARDD software; Atom-based quadratic


indices; LDA-based model; Trichomonacidal; Cytotoxic properties.
* Corresponding author. Tel.: +53 42 281192x281473; fax: +53 42


281130x281455; e-mail addresses: yovanimp@qf.uclv.edu.cu;


ymarrero77@yahoo.es

ber of deaths per year, after malaria and schistosomia-
sis.2 On the other hand, trichomoniasis, an important
sexually transmitted protozoa disease that is frequent
in rich countries, also needs new effective agents.


The treatment of trichomoniasis was revolutionized by
metronidazole (MTZ).3 The introduction of this drug
several decades ago heralded a new era in the treatment
of infections caused by a range of pathogenic protozoan
parasites.3–7 In fact, MTZ is the drug now most widely
used in the treatment of anaerobic protozoan parasitic
infections caused by Trichomonas vaginalis, Giardia
duodenalis, and Entamoeba histolytica.3–7
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In addition, it is remarkably safe compared to the most
toxic antiprotozoal products.8


MTZ and the related nitroimidazole tinidazole (which is
not available in some countries) are the only drugs effec-
tive for the treatment of trichomoniasis. In the event of
overt clinical resistance to metronidazole in the anaero-
bic protozoa, there is no alternative treatment for either
trichomoniasis or invasive amoebiasis, keeping in mind
the documented cross-resistance between currently used
nitroimidazole drugs and worldwide availability.7 In this
sense, at present this chemical has shown important
strain-resistance effects.9–11 However, the great cost
associated with the development of new compounds
and the small economic size of the market for antiproto-
zoal drugs make this development slow.


In addition to in vitro and in vivo tests, which are very
expensive and time-consuming, powerful methods for
�rational� drug design and lead-like compound dataset
screening and selection are available now.12–17 In this
sense, our research group has recently developed simple
non-stochastic and stochastic molecular descriptors
based on algebra theory. They have been defined in
analogy to the quadratic and linear mathematical
maps.16,17 Applications included the prediction of sever-
al physical, physicochemical, chemical, and pharmac-
okinetical properties of organic compounds.18,19 In
addition, these indices have been extended to consider
three-dimensional features of small/medium-sized mole-
cules based on the trigonometric 3D-chirality correction
factor approach.20 Promising results have also been ob-
tained in the selection of novel subsystems of com-
pounds having a desired activity. For instance, it was
successfully applied to the virtual screening of novel
anthelmintic compounds, which were then synthesized
and evaluated in vivo on Fasciola hepatica.21 Studies
for the fast-track discovery of novel paramphistomicides
and antimalarial compounds were also conducted with
this theoretical approach.22,23


The main aim of this study was to develop new QSAR
models, based on statistical linear discriminant analysis
(LDA) and non-stochastic (and stochastic) atom-type
quadratic indices to predict the antiprotozoal activity
and therefore, find rationality in the search of novel
trichomonacidal drugs. This approach permitted the
classification of candidate compounds as active (anti-
trichonals)/inactive previous to the pharmacological
screenings, identifying the best candidates to be evaluat-
ed from thousand of compounds. Finally, the chemicals

Table 1. Prediction performances for two LDA-based QSAR models


Matthews Corr.


Coefficient (C)


Accuracy


�QTotal� (%)


Non-stochastic descriptors Eq. 1


Training set 0.89 94.44


Test set 0.75 88.24


Stochastic descriptors Eq. 2


Training set 0.73 86.67


Test set 0.75 88.24

found were submitted to standard antiprotozoan tests to
corroborate their theoretical activity.


The first step in the search of good LDA-based QSAR
models is to use a dataset with a great molecular diver-
sity. To ensure this molecular diversity, we have selected
a data set of 107 compounds, 47 of them used as tricho-
monacidal and the rest (60 chemicals) having a series of
other pharmacological uses.24 These compounds were
split into training and test sets that include 90 and 17
molecules, respectively.


Later, the molecular structure of each compound in
dataset was coded using local (atom-type) non-stochastic
and stochastic quadratic indices.16,18–23 The kth atom-
type quadratic indices are calculated by adding the kth
atomic quadratic indices for all atoms of the same type
in the molecule. In the atom-type quadratic indices for-
malism, each atom in the molecule is classified into an
atom-type (fragment), such as heteroatoms, halogen
atoms, aliphatic carbon chain, aromatic atoms (aromatic
rings), and so on. The mathematical basis and a method-
ological explanation about the use of this approach have
recently been described in previous reports.16,18–23 In this
study, specifically we used the kth (k = 15) atom-type
(heteroatoms: S, N, O) quadratic fingerprints not consid-
ering and considering H-atoms in the molecular pseud-
ograph (G), correspondingly [qkL(xE) and qkL


H(xE)].
These molecular descriptors were calculated with
TOMOCOMD-CARDD software.15


LDA is a useful technique to find discriminant functions
with the ability to distinguish between two groups or
populations.25 To derive discriminant functions that
permit the classification of lead-like compounds as posi-
tive (presence of trichomonacidal activity) or negative
(absence of trichomonacidal activity), we used LDA in
which non-stochastic and stochastic heteroatoms� qua-
dratic indices were used as independent variables. For
obtaining LDA-based QSAR models, we used the statis-
tic package STATISTICA.26 Forward stepwise proce-
dure was fixed as the strategy for variable selection
and the principle of parsimony (Occam�s razor) was
taken into account as strategy for model selection. The
quality of the models was determined by examining
Wilks� k parameter (U-statistic), square Mahalanobis
distance (D2), Fisher ratio (F) and the corresponding
p-level (p (F)) as well as the percentage of good classifica-
tion in the training and test sets. The classification
obtained models are given below together with the
LDA-statistical parameters:

Sensitivity


�hit rate� (%)


Specificity


(%)


False positive rate


�false alarm rate� (%)


87.18 100.00 8.93


87.50 87.50 11.11


84.62 84.62 11.76


87.50 87.50 11.11







Table 2. Classification of compounds in the training set by use of the


discriminant functions obtained by LDA


Name DP%a DP%b


Training active group


Anisomycin �94.39 �46.96


Virustomycin A 93.85 17.89


Azanidazole 100.00 98.92


Carnidazole 98.36 95.43


Propenidazole 98.51 99.35


Lauroguadine �97.87 �78.64


Mepartricin A 85.44 89.65


Metronidazole 97.33 97.22


Nifuratel 99.99 99.95


Nifuroxime 99.86 99.96


Nimorazole 99.14 99.55


Secnidazole 97.99 96.98


Cariolin 59.04 �85.55


2-Amino-5-nitrotiazola 92.97 97.35


Glycobiarzol 95.24 93.78


Clioquinol �48.10 �65.67


Diyodohydroxy-quinolina �51.66 �67.19


Ornidazol 99.86 97.45


Trichomonacid 99.49 99.96


Lutenurine 30.12 �25.97


Abunidazole 99.76 97.60


Imoctetrazoline 99.74 78.96


Forminitrazole 92.63 97.64


Chlomizol 96.98 91.19


Acinitrazole 92.39 98.69


Moxnidazole hydrocloride 100.00 99.94


Isometronidazole 96.21 97.90


Mertronidazole phosphate 99.44 99.96


Benzoylmetroni-dazole 99.63 99.33


Bamnidazole 94.95 96.50


Glycarsiamidon 7.70 30.38


Fexinidazole 99.93 99.27


Piperanitrozole 99.01 98.82


Gynotabs 99.70 99.43


Pirinidazole 99.97 99.07


Metronidazole hydrogen succinate 98.49 99.06


Tolamizol 98.22 99.38


Thiacetarsamide �54.04 6.20


Tivanidazole 99.99 97.13


Training inactive group


Amantadine �99.46 �94.28


Thiacetazone �36.93 �26.86


Cloral betaine �92.91 �97.44


Carbavin �99.64 �87.04


Norantoin �90.60 �93.87


Orotonsan Fe �97.84 �79.17


Picosulfate �97.37 98.90


Naftazone �36.37 �60.47


Besunide �99.70 71.05


Acetazolamide �86.07 22.68


Propamin soviet �99.75 �95.59


RMI 11894 �96.77 �96.29


Ag 307 �97.11 �84.64


Barbismetylii iodidum �96.02 �78.43


Pancuronium bromide �86.30 22.86


Vinyl ether �99.14 �90.83


Basedol �95.23 �89.91


Carbimazole �90.24 �90.08


Didym levulinate �99.35 �85.61


Percloroetane �1.64 �96.32


Pyrantel tartrate �70.33 �94.79


Fentanilo �93.02 �68.33


Petidina �98.32 �71.15


Table 2 (continued)


Name DP%a DP%b


Tenalidine tartrate �95.56 �76.40


Bamipine �94.45 �80.78


Colestipol �99.94 �96.22


Non-aferone �83.80 �73.33


Rolipram �88.94 �44.61


N-Hydroxymethyl-N-methylurea �99.85 �98.83


4-Clorobenzoic acid �95.02 �65.12


Acetanilide �97.65 �85.89


Guanazole �99.93 �94.07


Tetramin �98.98 �87.00


Mecysteine �98.85 �98.90


Cirazoline �76.07 �91.14


Methocarbamol �95.58 �84.82


Lysergide �74.07 �70.16


Dopamine �95.86 �91.45


Bufeniode �83.88 �74.07


Celiprolol �91.63 �22.27


Erysimin �72.66 24.64


Peruvoside �28.13 42.60


Amitraz �17.99 �97.28


Proclonol �75.60 �77.75


Asame �56.42 �76.53


KC-8973 �89.34 �80.56


Ethydine �96.89 �70.92


Magnesii metioglicas �95.78 �89.74


Alibendol �96.80 �69.43


Diponium bromide �98.12 �56.84


Streptomycin �30.19 �72.15


a,bAntitrichomonal activity predicted by Eqs. 1 and 2 using non-sto-


chastic and stochastic atom-type quadratic indices, respectively.


DP% = [P (Active) � P (Inactive)] · 100.
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Class ¼ �5.6þ 0.034q3LðxEÞ � 0.0066q4L
HðxEÞ


� 3.63� 10�8q14LðxEÞ þ 2.54q14L
HðxEÞ


N ¼ 90 k ¼ 0.33 D2 ¼ 8.07 F ð4; 85Þ ¼ 43.752


p < 0.0001 ð1Þ

Class ¼ �3.83þ 0.47sq1LðxEÞ
� 0.76sq6L


HðxEÞ þ 0.45sq4LðxEÞ
N ¼ 90 k ¼ 0.40 D2 ¼ 5.94 F ð34; 86Þ ¼ 44; 999


p < 0.0001 ð2Þ


The classification of cases was performed by means of
the posterior classification probabilities. By using the
models, one compound can then be classified as active
if DP% > 0, being DP% = [P (Active) � P (Inac-
tive)] · 100, or as inactive otherwise. P (Active) and
P (Inactive) are the probabilities with which the equa-
tions classify a compound as active and inactive,
respectively.


The results of global good classification of compounds
[accuracy (Qtotal)], in both training and test sets, are
shown in Table 1. As it can also be computed from
the results shown in Tables 2 and 3, models 1 and 2 cor-
rectly classified 94.44% (88.24%) and 86.67% (88.24%)
of the whole training (test) sets, respectively (see accura-
cy in Table 1). Table 1 also lists most of the parameters







Table 3. Classification of compounds in the test set by use of the


discriminant functions obtained by LDA


Name DP%a DP%b


Test active group


Furazolidone 99.98 99.80


Mepartircin B 88.10 84.70


Aminitrozole 92.39 98.69


Clotrimazol �4.77 �78.45


Azomycin 100.00 99.11


Ternidazole 96.60 98.41


Misonidazole 99.64 99.31


Satranidazole 99.47 95.67


Test inactive group


Methenamine �98.35 �89.82


Phenoltetrachlorophthalein �92.19 57.12


Carazolol �91.95 �79.82


Frigen 113 40.47 �99.11


Eticoumarolum �92.81 �12.52


Ciclopramine �91.72 �90.21


Trimetilsulfonium hydroxide �99.65 �81.31


Zoxazolamine �92.49 �68.97


Acetylcholine �99.64 �54.67


a,bAntitrichomonal activity predicted by Eqs. 1 and 2 using non-sto-


chastic and stochastic atom-type quadratic indices, respectively.


DP% = [P (Active) � P (Inactive)] · 100.
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commonly used in �medical� statistics [sensitivity, speci-
ficity (also known as �hit rate�), false positive rate (also
known as �false alarm rate�) and the Matthews correla-
tion coefficient (C)] for both obtained models.35 These
models, Eqs. (1) and (2), showed a high C of 0.89
(0.75) and 0.73 (0.75) in training (test) sets, correspond-
ingly. While the sensitivity is the probability of correctly
predicting a positive example, the specificity is the prob-
ability that a positive prediction is correct. On the other
hand, C quantifies the strength of the linear relation be-
tween the molecular descriptors and the classifications,
and it may often provide a much more balanced evalu-
ation of the prediction than, for instance, the
percentages.27


Since tests above simulated the situation of virtual
screening, the particular ability to select compounds
from a never used dataset demonstrates the effectiveness
of this approach for the computational high throughput
in silico screening of trichomonacidal agents. No previ-

Figure 1. Chemical structures of the assayed chemicals.

ous reports related to the application of pattern recogni-
tion techniques to the selection of trichomonacidal
compounds from a heterogeneous series of compounds
were found in the literature. Therefore, the present
algorithm constitutes a step forward in the search of
efficient ways to discover new drugs bioactive against
T. vaginalis. In this sense, we can outline that in silico
�virtual� screening is a complementary alternative to
the �real� world of synthesis and screening of chemicals
in the laboratory. This biosilico world of data, analysis,
hypothesis, identification and design/optimization
resides inside of a computer and by this means the
synthesis and bioassay are made only after exploring
the initial concepts with QSAR models.28


To test the potential of TOMOCOMD-CARDD meth-
od and LDA for detecting novel antiprotozoal leads,
we predicted the biological activity of all the chemicals
contained in our �in-house� collections of indazole,
indole, cinnoline and quinoxaline derivatives which
have recently been obtained by some of our research
groups.2,29–36 After applying the LDA-based QSAR
models to different structures contained in these hetero-
cyclic collections (100 compounds), we have selected a
group of eight among those with higher probability of
antitrichomonal action (see Fig. 1) as theoretically active
chemicals to be tested in an in vitro assay.


The method used for the assessment of antiprotozoa
activity of the selected molecules was an in vitro tricho-
monacidals test.37–40 The results of the activity against
T. vaginalis of the compound study objects are shown
in Table 4. These outcomes exemplify how the present
approach could be used for the selection/identification
of new antitrichomonal drug candidates. Our trained
LDA-based QSAR models successfully classified nine
out of ten compounds to be active yielding an accuracy
of the 87.50% (7/8).


In general, the compounds VA7-67 and VA7-69 that be-
long to the series 1,4 susbstituted 7- nitroquinoxalin-2
ones maintain their efficacy at 10 lg/ml with an impor-
tant trichomonacidal activity [100.00% (100.00%) and
92.03% (93.94) of reduction activity, respectively]. It is
remarkable that the compound VA7-67 did not show
toxic activity in macrophage cultivations but their coun-







Table 4. Results of the computational evaluation using LDA-based QSAR models and percentages of cytostatic and/or cytocidal activity [brackets]


for the three concentrations assayed in vitro against Trichomonas vaginalis


Compound* Theoretical results In vitro activity (lg/ml)f


Classa DP%b Classc DP%d Classe %CA24 h [%C24 h] %CA48 h [%C48 h]


100 10 1 100 10 1


VA7-28 + 99.38 + 99.82 + [100.0] 72.85 0.17 [100.0] 1.13 0.78


VA7-33 + 98.88 + 99.78 + [100.0] 59.05 0.00 [100.0] 13.97 8.32


VA7-36 + 98.92 + 99.91 + [99.15] 79.28 8.76 [99.83] 30.56 0.00


VA7-67 + 99.04 + 99.78 + [100.0] 71.11 0.00 [100.0] [92.03] 0.00


VA7-69 + 99.06 + 99.90 + [100.0] 72.68 0.00 [100.0] [93.94] 69.96


VA8-34 + 99.59 + 99.42 + [59.99] 33.48 11.09 [100.0] 54.22 17.32


VA8-36 + 99.58 + 99.43 + [98.43] 57.45 0.00 [100.0] 75.15 0.00


VA8-38 + 99.79 + 99.77 � 85.53 51.82 0.00 81.25 37.15 0.00


MTZ + 98.49 + 99.06 + [99.63] [99.18] [98.19] [100.0] [99.72] [98.79]


Accuracy 87.50% 87.50%


a,cIn silico classification obtained from model 1 and 2 using non-stochastic and stochastic atom-type quadratic indices, respectively.
b,dResults of the classification of compounds obtained from model 1 and 2, correspondingly: DP% = [P(Active) � P(Inactive)] · 100.
eObserved (experimental activity) classification against T. vaginalis.
fPharmacological activity of each of the tested compounds which were added to the cultures at doses of 100, 10, and 1 lg/ml: %CA# = cytostatic


activity(24–48 h) and [%C#] = cytocidal activity(24–48 h). MTZ, metronidazole (concentrations for metronidazole were 2, 1, and 0.5 mg/ml, respectively).
* The molecular structure of the compounds represented with codes are shown in Figure 1.
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terpart (compound VA7-69), with similar activity
against T. vaginalis, showed bigger cytotoxic activity
than the previous ones. Nevertheless, this side effect is
considered inside the standard parameters.40


Most of the other compounds showed high activity
against T. vaginalis at the concentration of 100 lg/ml
and low cytotoxicity at this concentration. Even so,
none of the compounds studied were more active than
metronidazole. In this sense, we are looking forward
to improving these results in the future by finding more
potent candidates. However, our current results are sig-
nificant because they demonstrate the straightforward
way in which TOMOCOMD-CARDD method can
identify new trichomonacidal lead organic-chemical
drugs. These results open at the same time a door for
the study of this family of heterocyclic compounds,
which seems to be a promising source of antiprotozoal
drugs. Current investigations in this direction are now
in progress and they will be subject to future publica-
tions in forthcoming papers.
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D. H.; Torrens, F. J. Pharm. Pharm. Sci. 2004, 7, 186.
19. Marrero-Ponce, Y.; Cabrera, M. A.; Romero-Zaldivar,


V.; Bermejo, M.; Siverio, D.; Torrens, F. Internet Electron.
J. Mol. Des. 2005, 4, 124.


20. Marrero-Ponce, Y.; González-Dı́az, H.; Romero-Zaldi-
var, V.; Torrens, F.; Castro, E. A. Bioorg. Med. Chem.
2004, 12, 5331.


21. Marrero-Ponce, Y.; Castillo-Garit, J. A.; Olazabal, E.;
Serrano,H. S.;Morales,A.; Castañedo,N.; Ibarra-Velarde,
F.; Huesca-Guillen, A.; Jorge, E.; del Valle, A.; Torrens, F.;
Castro, E. J. Comput. Aided Mol. Des. 2004, 18, 615.


22. Marrero-Ponce, Y.; Huesca-Guillen, A.; Ibarra-Velarde,
F. J. Theor. Chem. (THEOCHEM.) 2005, 717, 67.


23. Marrero-Ponce, Y.; Montero-Torres, A.; Romero-Zaldi-
var, C.; Iyarreta-Veitı́a, I.; Mayón Peréz, M.; Garcı́a
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Verdú, P.; Stud, M. Liebigs Ann. 1995, 817.


33. Arán, V. J.; Flores, M.; Muñoz, P.; Páez, J. A.; Sánchez-
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Abstract—5-Nitrobenzimidazole derivatives with varying substituents at 2-position have been designed, synthesized, and evaluated
for angiotensin II antagonistic activity. A drug–receptor interaction model has been proposed.
� 2005 Published by Elsevier Ltd.

1. Introduction


Angiotensin II (Ang II) receptor antagonists are widely
accepted as novel antihypertensives clinically because of
lesser side effects and better therapeutic profiles than
ACE inhibitors. Losartan,1,2 the protypical agent of this
category, served as lead for the development of newer
Ang II receptor antagonists.3 Varied substitutions in
benzimidazole nucleus have been extensively studied
for this purpose. Among the different substituents, a
lipophilic group with H-bond accepting capability
(acylureas) at 6-position,4 and a carboxylic function at
7-position5 of benzimidazole nucleus have been found
to be favorable for Ang II antagonism. Further, a linear
butyl chain and an ethoxy group is required at position 2
in 6-substituted benzimidazole and in benzimidazole-7-
carboxylic acid derivatives, respectively. However, posi-
tion 5 in this nucleus has not been exploited much. A
series of triazole derivatives with different substituents
at C-5 of the triazole nucleus has been reported where
a benzylthio group increases the activity substantially.
A further presence of carboxy group at ortho position
of benzylthio moiety makes the compound 1 even more
active than losartan. The binding profile of 1 with AT1


receptors proposed in literature (Fig. 1a) depicts that
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site L3 accommodates the benzyl group whereas site
B/H interacts with carboxylate group.6 A critical analy-
sis of structure of 5-substituted benzimidazole com-
pounds suggests that a similar group at this position
may take an orientation analogous to that taken up by
carboxylate of 1 (Fig. 1b). Hence, compounds 8 are
designed with nitro group at position 5, and a correla-
tion of relative orientations of nitro and carboxylate of
8 and 1, respectively, is established by determining the
distances between O1 and N4 of 1 and O1 and C1 of 8
in their energy minimized conformations using com-
puter software ChemOffice 6.0. These distances have
been found to be very similar (4.638 Å in 1 and
4.236 Å in 8) (Fig. 1). Hence these compounds are ex-
pected to have greater activity than losartan. Further,
different alkyl groups are substituted at position 2 of
benzimidazole nucleus to optimize an appropriate alkyl
group in 5-substituted benzimidazole derivatives.


Hence, the present study has been conducted to design,
synthesize, and evaluate 5-nitrobenzimidazole deriva-
tives 8a–d bearing n-butyl, ethoxymethyl, n-propyl,
and ethyl chain at 2-position. For the synthesis of pen-
dant carboxylbiphenyl methyl moiety of the target com-
pounds, a novel three-step method has been devised
with improved yields. This novel synthetic route did
not lead to formation of some carcinogenic by-products
as reported with the other methods.7–12 The biological
activity of these compounds has been determined taking
losartan and candesartan as reference compounds.
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Figure 1. (a) Binding profile of 1 where L1–L3 are lipophilic pockets, B is basic site, H is H-bond donor site, and B/H is either a basic or H-bond


donor site.(b) Proposed binding profile of benzimidazole derived compounds where L3 can accommodate a bulky substituent at 6-position and B/H


acts either as a basic or H-bond donor site for substituents at 5-position.
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2. Chemistry


Synthetic scheme (Fig. 2) for target compounds was
divided into two steps. Step I involved synthesis of 2-
alkylbenzimidazoles 2 by condensation reaction of
o-phenylenediamine with the respective carboxylic acids
1. The corresponding 5-nitro derivatives 3 were prepared
by nitration under controlled temperature conditions.13


Step II includes the novel sequential combination of
three routine reactions to synthesize 2 0-carboxybiphenyl
methylene chloride. Biphenyl-2-carboxylic acid 4 was
prepared by potash fusion of 9H-flourenone,14 which
was then subjected to aromatic substitution reaction
using paraformaldehyde and acetamide in concd sulfuric
acid15 to affect intermediate, 4-acetamidomethyl biphen-

Figure 2. Synthetic scheme. (i) KOH, 180–200 �C, dil HCl; (ii) acetamide, par


H2O.

yl-2 0-carboxylic acid 5. The reaction mixture showed
three components in TLC, which were separated by col-
umn chromatography using silica gel (100–120 mesh) as
stationary phase and chloroform as mobile phase. The
required component was identified as third fraction
which was subjected to substitution reaction with phos-
phorus oxychloride in xylene and dimethyl formamide15


to produce the pendant moiety 4-(chloromethyl)biphen-
yl-2 0-carboxylic acid 6. Coupling of intermediates 2a
and 3 with 6 using anhydrous potassium carbonate in
dimethyl formamide resulted in target compounds 7a
and 8, respectively, and finally reduction of 8a with zinc
in sodium hydroxide produced the final target compound
9a. The compounds synthesized were characterized on
the basis of analytical data and spectral evidences.16

aformaldehyde, H2SO4, heat, stirring; (iii) POCl3, xylene, DMF, reflux,







Table 2. Comparative molecular surface areas of target and reference


compounds


Compound Molecular surface area (Å2)


8a 388.322


8b 370.754


Losartan 367.638


Candesartan 375.166


1 470.272
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3. Biological activity


Ang II receptor antagonism was determined on endothe-
lium removed isolated rat aortic ring using force transduc-
ers and BIOPAC four-channel recorder (BIOPAC
Systems Inc., Santa Barbara, CA, USA). The activity
was expressed as pA2 values (Table 1). pA10 values were
also determined to establish the mode of antagonism.17


3.1. Statistical analysis


Linear regression was employed to plot the CRC
between developed tension and negative log molar con-
centration of angiotensin II. Paired Student �t� test was
employed for statistical analysis, p < 0.05 was consid-
ered to be statistically significant.

4. Results and discussions


Ang II antagonism by compounds with same functional
group at 2-position has been found to be a function of
substituent at 5-position. Presence of amino group has
increased the activity substantially over the unsubsti-
tuted one (9a vs 7a). The maximum activity has been
observed with nitro group (compound 8a). This suggests
that there are some sites in the receptor pocket, which
can interact with the functional groups at position 5.
The higher activity of 8a over 9a suggests that this group
at 5-position should be either ionic or H-bond acceptor.
Decrease in length of alkyl chain from n-butyl to n-pro-
pyl 8c and to ethyl 8d has decreased the activity indicat-
ing that n-butyl group is required to be present at
2-position when 5-position of benzimidazole nucleus is
substituted. The less activity of 2-ethoxymethyl analog
8b than the corresponding 2-n-butyl analog 8a suggests
that presence of any electronic element in the linear alkyl
chain is not conducive to activity. Compound 8a has
been found to be even more active than the reference
compounds losartan and candesartan. The higher activi-
ty of 5-nitro derivatives may be ascribed to the ability of
nitro group to act as H-bond acceptor with respect to
the receptor site. Moreover, the bulk of nitro group
may optimally ‘‘fill up’’ the receptor pocket and hence
results in closer proximity to the interacting surface of
the receptor. It may consequently increase their affinity

Table 1. The comparative Ang II antagonism of the target and


reference compounds


Compound R pA2
* pA10 (pA2 � pA10) Mode#


7a –n-C4H9 6.45 5.81 0.65 C


9a –n-C4H9 7.8a 6.9a,b 0.9 C


8a –n-C4H9 8.50a,b 1.8 6.7 NC


8b –CH2OEt 7.3 1.7 5.6 NC


8c –n-C3H7 7.1 2.9 4.2 NC


8d –Et 7.0 3.4 3.6 NC


Losartan 7.4 6.5 0.9 C


Candesartan 8.02 7.1 0.82 C


a p < 0.05 vs losartan.
b p < 0.05 vs candesartan.
* n = 5.
#Mode of antagonism (NC, noncompetitive; C, competitive).

to the receptor site. The noncompetitive mode of anta-
gonism of 8 further suggests that such receptor pocket
may not be accessible to the natural ligand, Ang II.
Moreover, comparison of molecular surface areas
(MSAs) of losartan, candesartan and 1 indicate that in-
crease in activity can be directly correlated with MSA
(Table 2). Hence, the higher activity of 8a over candesar-
tan can be attributed to this MM parameter. Lesser
activity of 9a with respect to candesartan and 8a further
supports this proposition. Hence, in the light of these
inferences, a drug–receptor interaction model has been
proposed (Fig. 1b) which includes an additional receptor
pocket (B/H site) capable of accommodating a bulky
group and act as a H-bond donor leading to greater
drug–receptor interaction area and hence activity.

5. Summary


Substituted benzimidazole nucleus coupled to carb-
oxylbiphenyl methyl group has been designed, synthe-
sized, and evaluated for Ang II antagonism.
Compound with nitro group at 5-position and n-butyl
chain at 2-position have been found to be more potent
than candesartan. Hence, a new binding profile has been
proposed where an additional receptor pocket in the
binding site can accommodate bulky but H-bond accep-
tor group and this pocket may not be accessible to nat-
ural ligands and even losartan and candesartan.
Additionally, a novel and simple method for synthesis
of pendant biphenyl moiety has been devised to improve
safety and yield. Further designing and synthesis of
compounds with other such functional groups at 5-posi-
tion are underway.
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Abstract—The inhibition of cyclin-dependent kinase 4 (Cdk4) causes cell cycle arrest and restores a checkpoint that is absent in the
majority of tumor cells. Compounds that inhibit Cdk4 selectively are targeted for treating cancer. Appropriate substitution of 2-
aminoquinazolines is demonstrated to produce high levels of selectivity for Cdk4 versus closely related serine-threonine kinases.
� 2005 Elsevier Ltd. All rights reserved.

Cyclin-dependent kinases (cdks) are key regulatory com-
ponents of the cell division cycle.1–5 As such they repre-
sent potential molecular targets for new antiproliferative
agents that may be used to treat cancer or other prolif-
erative diseases. Of the cell cycle associated Cdks, Cdk4
especially has been targeted due to its fundamental role
in the response to growth signals and the initiation of
cell division.6,7 Expression of the regulatory protein, cy-
clin D, is increased in response to growth factor signal-
ing, resulting in the activation of Cdk4 kinase activity
and sequestration of the Cdk inhibitor protein p27.
The major substrate for phosphorylation by Cdk4 is
the retinoblastoma protein (pRb). pRb is phosphory-
lated first by Cdk4/cyclin D and subsequently by
Cdk2/cyclin E. Hyperphosphorylated pRb dissociates
from the E2F/DP transcription factor complex, releas-
ing it to transactivate the expression of genes essential
for DNA synthesis including dihydrofolate reductase,
thymidylate synthase, and RNA polymerase.8,9 This
pathway, the so-called Rb pathway, represents a key
regulatory pathway controlling cell proliferation. The
importance of this pathway is underscored by the obser-
vation that almost 100% of human tumors possess some
defect in this regulatory function.10 These defects mani-
fest as mutation or deletion of pRb, overexpression of
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cyclin D, activating mutations in Cdk4, or loss of the
Cdk4 inhibitor protein, p16. Biochemical experiments
with dominant negative cyclin D, or cyclin D antisense,
and experiments to replace p16 through adenoviral
expression, all indicate that restoration of integrity to
the Rb pathway can inhibit tumor cell proliferation.6


On the basis of these results, inhibitors of Cdk4 are
expected to be good candidates for antitumor thera-
py.11–15


Our interest in finding inhibitors of Cdk4/cyclin D led
us to investigate a series of 2, 7, 8-substituted quinazo-
lines. These compounds were modeled directly on our
successful inhibitors from a series of pyrido[2,3-d]pyr-
imidin-7-ones that have been reported earlier.16–21


Our anticipation was that the quinazolines would dis-
play a similar structure–activity relationship (SAR)
profile to the pyrido[2,3-d]pyrimidin-7-ones, but might
offer a different profile of physicochemical and phar-
macokinetic properties.


A survey of published procedures for the preparation of
appropriately substituted quinazolines rapidly led us to
the conclusion that it would be necessary to develop a
new route to the compounds that we were targeting.
This route has been outlined in a previous communica-
tion.22 The conversion of intermediate quinazolines 1,
wherein R1 and R2 may be hydrogen or methyl, and
R3 is a cyclopentyl or an isopropyl group, to final com-
pounds containing appropriate side chains at the C-2
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position was achieved as shown in Scheme 1. Diazotiza-
tion and hydrolysis of the amine function at C-2 in
compounds 1, provided hydroxyquinazolines 2. Chlori-
nation with POCl3 produced coupling partners 3 that al-
lowed the introduction of a variety of amine groups at
the C-2 position, albeit under relatively forcing condi-
tions (heating to 110 �C in a sealed tube). Where neces-
sary, the side chain protecting group in product 4
(typically a Boc group) was removed using standard
procedures (e.g., TFA). Demethylation of the C-7 meth-
yl ether was effected using sodium ethanethiolate to pro-
vide the phenols 5 (see Scheme 1).


Our initial expectation was that the quinazoline series of
compounds would bind to the ATP site of Cdks in a
similar manner to the pyrido[2,3-d]pyrimidin-7-ones we
reported previously.16 Therefore, our SAR studies be-
gan with an exploration of substituted aryl amine
groups appended to the C-2 position (Table 1). These
compounds were prepared with either a cyclopentyl
group or an isopropyl group attached to C-8 since these
two groups were anticipated to provide a good balance
of potency and drug-like physical properties for this
chemical series. Similarly, by extension from the related
pyrido[2,3-d]pyrimidin-7-one series, electron-rich para-
substituted aniline side chains at the C-2 position were
anticipated to provide the most potent Cdk4 inhibitors.
Thus, the initial choice of target compounds was very
much grounded in experience obtained previously in a
related chemical class bearing a similar substitution pat-
tern, and was not influenced by SAR from previously
disclosed 4-anilinoquinazoline Cdk inhibitors.23

Scheme 1. Synthetic route used to produce quinazoline Cdk inhibitors. R


substituents are illustrated in Figure 1. Reagents: (a) tetrafluoroboric acid, N


Figure 1. Side chains used at position R4.

As seen in Tables 1 and 2, the unsubstituted anilines
themselves (compounds 6 and 15) were quite potent
inhibitors of Cdk4 with IC50 values of 0.125 and
0.166 lM, respectively.24 Introduction of a pyrrolidine
ring at the para-position of the aniline was detrimental
to inhibition of Cdk4 with the potency of compound
16 dropping by an order of magnitude compared to
compound 15. In contrast, incorporation of a piperidine
at the same position (9, 18) led to an increase in potency
against Cdk4 with the cyclopentyl derivative (18) dis-
playing an IC50 = 0.011 lM. The difference between
the potencies for the pyrrolidine and piperidine analogs
may reflect better Van der Waals contacts between the
six-membered ring and the protein at the mouth of the
ATP binding site, and a steric clash between the protein
and the pyrrolidine as a consequence of the lower con-
formational flexibility of this ring. The morpholine ana-
logs (10, 19), were comparable to the piperidines,
however, a substantial further increase in potency
against Cdk4 was observed in switching to the pipera-
zine derivatives (12, 20). This increase in potency does
not appear to be associated with an ionic interaction be-
tween the protein and a positively charged piperazine
nitrogen because acylation of the piperazine secondary
amine with either acetate (13 and 22) or glycine (14
and 23) had no significant effect on the potency of
Cdk4 inhibition (less than 2-fold difference in IC50 val-
ues). Similarly, fluorination of the aromatic ring had
no detrimental effect on Cdk4 inhibition. The 3 0-amino-
pyrrolidine analog that bears an isopropyl substituent at
C-8 (compound 8: IC50 = 0.011 lM) is equipotent with
the isomeric piperazine (compound 11: IC50 = 0.016

1, R2, and R3 are H or methyl. R3 is isopropyl or cyclopentyl. R4


aNO2, (b) POCl3, (c) R
4-NH2, CH3CN, sealed tube 110 �C, (d) EtSNa.







Table 2. SAR at the C-2 position when the N-8 substituent is cyclopentyl


R4 IC50 (lM)


CDK1/B CDK2/A CDK2/E CDK4/D


15 a 0.801 0.202 0.650 0.166


16 b >5 >5 >5 1.75


17 c 0.398 0.203 0.775 0.115


18 d >5 0.384 >5 0.011


19 e 1.59 0.384 0.650 0.018


20 f 0.132 0.028 0.250 0.001


21 g 0.214 0.062 0.300 0.004


22 h >5 NA 0.265 0.002


23 i 0.270 0.095 0.450 0.002


For an explanation of the R4 substituents see Figure 1.


NA, not available.


Table 1. SAR at the C-2 position when the N-8 substituent is isopropyl


R4 IC50 (lM)


CDK1/B CDK2/A CDK2/E CDK4/D


6 a 1.04 0.253 1.08 0.125


7 b >5 1.60 >5 0.560


8 c 1.30 0.296 2.55 0.011


9 d >5 0.410 3.10 0.052


10 e 1.97 0.665 4.4 0.052


11 f 0.506 0.185 1.20 0.016


12 g 0.743 0.141 0.655 0.007


13 h NA NA 0.900 0.025


14 i 0.800 0.191 1.10 0.010


For an explanation of the R4 substituents see Figure 1.


NA, not available.


Y. Bathini et al. / Bioorg. Med. Chem. Lett. 15 (2005) 3881–3885 3883

lM). However, in the C-8 cyclopentyl series, the 3 0-
aminopyrrolidine 17 is significantly less potent than
the isomeric piperazine 20. In both the series the, amino-
pyrrolidine is more potent than the pyrrolidine. Com-
pounds 16 and 17 are the only two C-8 cyclopentyl
quinazolines that are less potent inhibitors of Cdk4 than
the corresponding C-8 isopropylquinazoline analogs.
The reason for this change in potency order is unclear.
Overall, as in the pyrido[2,3-d]pyrimidin-7-one series, a
C-2 side chain containing a para-piperazinyl aniline is
preferred for potent inhibition of Cdk4. Consistent with
these SAR trends, a crystal structure of compound 11
bound to Cdk2 showed the ligand located in the ATP-
binding site in a similar orientation to the corresponding
pyrido[2,3-d]pyrimidin-7-one.16


The methyl ether at C-7 in the compounds described
here was considered a poor replacement for the amide
carbonyl in the corresponding pyrido[2,3-d]pyrimidin-

7-one series. Consequently, several analogs were
prepared in which the methyl ether was cleaved to the
parent phenol. A comparison of these phenols with their
methyl ether counterparts revealed that the phenols were
generally at least as potent as the corresponding ethers
(Table 3). For example, compounds 25, 26, and 27,
within experimental error, were all as potent as the most
potent methyl ether (Compound 20, Table 2). In fact,
these compounds may actually be more potent than they
appear since their IC50 values approach the concentra-
tion of enzyme used in the assay. Thus, the compounds
are essentially titrating the enzyme, which creates a
minimum IC50 despite any further increase in affinity.


Besides potent inhibition of Cdk4, another goal of this
program was to obtain compounds that are selective
for Cdk4 versus other kinases, including other Cdks.
Compounds 26 and 27 are both around 100-fold selec-
tive for Cdk4 versus Cdk2A, an enzyme against which







Table 3. SAR for C-7 hydroxyquinazolines


R3 R4 IC50 (lM)


CDK1/B CDK2/A CDK2/E CDK4/D


24 2-Propyl a 0.813 0.250 0.550 0.325


25 Cyclopentyl e 1.94 0.18 0.635 0.003


26 Cyclopentyl f 0.030 0.082 0.320 0.001


27 Cyclopentyl g 0.761 0.112 0.270 0.001


For an explanation of the R4 substituents see Figure 1.
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it is especially difficult to achieve selectivity with these
ATP competitive inhibitors. Notably, the phenols ap-
pear to be slightly more selective for Cdk4 than the cor-
responding ethers by 3- to 8-fold.


To further improve the selectivity for Cdk4 versus other
kinases, substitution at C-5 was examined. Once again
the impetus for these changes was the increase in selec-
tivity observed with C-5 methyl pyrido[2,3-d]pyrimi-
din-7-ones versus their unsubstituted homologs. C-5
substituted quinazolines were obtained following the
chemistry outlined previously and in Scheme 1 above
starting with dimethoxy toluene. The C-5 methyl deriv-
atives 28 and 29 were both less potent than their C-5 H
counterparts, however, compound 28 was still an effec-
tive inhibitor of Cdk4 and was quite selective for Cdk4
versus Cdk2A, Cdk2E, and Cdk1B. In contrast, com-
pound 29 was a significantly less active inhibitor of
Cdk4, possibly highlighting a size limitation in the
ATP-binding site that restricts access to a compound
with substitution both on the quinazoline ring and on
the side chain piperazine. The C-7 phenol analog of

Table 4. C-5 methylquinazolines


IC50 (lM)


CDK1/B CDK2/A CDK2/E CDK4/D


28 >5 >5 >5 0.055


29 >5 >5 >5 4.13


30 >5 >5 >5 0.020


31 >5 >5 >5 0.014


NA, not available.

28, compound 30, was about 2-fold more potent an
inhibitor of Cdk4 and similarly selective versus other cy-
clin-dependent kinases. Compound 30 displays similar
potency and enzyme selectivity to the corresponding
pyrido[2,3-d]pyrimidin-7-one analog, compound 31. In
addition, compound 30 displays antiproliferative activi-
ty in HCT-116 human carcinoma cells with
IC50 = 100 nM. Notably, however, the quinazolines are
generally more lipophilic and less soluble (in pH 6.5
phosphate buffer) than the corresponding pyrido[2,3-
d]pyrimidin-7-one analogs as illustrated by the represen-
tative data provided in Table 4. Thus, while differing
from the pyrido[2,3-d]pyrimidin-7-ones in physical
properties, the quinazoline series does not offer any
obvious advantages.


In conclusion, a series of 2, 7, 8-substituted quinazolines
has been shown to inhibit cyclin-dependent kinases with
a similar SAR to that displayed by a related series of
pyrido[2,3-d]pyrimidin-7-ones. This observation enabled
the rapid identification of potent and selective Cdk4
inhibitors with activity in cell-based assays.

c Log P Log D(pH 7.4) Solubility (lg/mL)


5.86 2.32 2


5.46 3.77 NA


5.96 1.39 1


3.52 0.63 13
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Abstract—An optimized side chain for dihydrobenzoxathiin SERAMs was discovered and attached to four dihydrobenzoxathiin
platforms. The novel SERAMs show exceptional estrogen antagonist activity in uterine tissue and an MCF-7 breast cancer cell
assay.
� 2005 Elsevier Ltd. All rights reserved.

The importance of the selective estrogen receptor mod-
ulators (SERMs) is well-documented.1 The discovery2a,b


of a second estrogen receptor, ERb, has generated
considerable interest in the development of receptor
sub-type-selective SERMs.2c–m Previous reports from
this laboratory have reported the discovery of dihydro-
benzoxathiins (e.g., 1 and 2) as a novel class of selective
estrogen receptor alpha modulators (SERAMs).3a–e We
have also described studies on the side chain SAR of this
class of SERAMs.3d–f These studies resulted in the
discovery that addition of a methyl group to the side
chain at the appropriate position and with the right
stereochemistry, either on the pyrrolidine ring (as in 3)
or on the linker (as in 5), substantially increased
estrogen antagonist activity in uterine tissue. These
compounds were also more potent inhibitors in an
MCF-7 breast cancer cell assay.


Compounds 3 and 5, had what we considered to be, an
excellent ER antagonist profile.3f However, we felt that
it might be possible to find a compound with an even
better profile. Since introduction of a single methyl
group at either the 1 0 or the 3 position of the side chain
of 2 resulted in such a significant increase in uterine
antagonism and MCF-7 activity, we prepared and
report herein the �combo� compounds 7–10, which incor-
porate methyl groups at both positions in the side chain.
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Although our previous studies3f strongly suggested that
the optimum stereochemistry for these methyl groups
would be as in side chain 20 (compare compound 3 with
4 and 5 with 6), we also prepared the other three diaste-
reomers of 20 (21–23) to be sure that we had the best
combination and to probe the relative contribution of
the two side chain methyl groups to the uterine antago-
nist properties of the final compounds. Once evaluation
of the corresponding dihydrobenzoxathiins 7–10 con-
firmed that the orientation of the methyl groups in 20
was optimal, we proceeded to append this side chain
to three additional dihydrobenzoxathiin platforms,
affording analogs 11–13 for evaluation.


Side chains 20–23 were prepared by a significantly im-
proved modification of our previously reported synthe-
sis of mono-alkylated pyrrolidine side chains (Scheme
1).3f Condensation of 2-(R)-methylsuccinic acid 174 with
LL-alaninol 184 in refluxing toluene with azeotropic

Scheme 1. Reagents and conditions: (i) toluene, reflux, 24 h, 75–85%;


(ii) chiral HPLC; (iii) LiAlH4, ether, 63–69%.
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removal of water afforded imide 195 as a 9:1 mixture of
diastereomers in 75–85% yield on multigram scale. This
improved condensation procedure eliminated some re-
agents (no acetyl chloride or acetic anhydride) and affor-
ded the desired product in higher yields than the
previous procedure. Chiral HPLC6 removed the minor
diastereomer resulting from partial epimerization at C-
3. Reduction of 19 with LiAlH4 afforded side chain 20
in 63–69% yield on multigram scale. As we expected
based on our experience with an earlier sequence3f there
was no epimerization at C-3 in the reduction step.7


The diastereomeric side chains 21–23 were prepared by
substitution of 2-(S)-methylsuccinic acid4 for the 2-(R)-
acid and/or substitution of DD-alaninol4 for LL-alaninol,
as appropriate, in the synthetic scheme outlined above.

The dihydrobenzoxathiin core structures (e.g., 24) were
synthesized using the procedure previously reported by
Kim et al. (Scheme 2).3a Attachment of the side chain
to the core using a previously described procedure3a, fol-
lowed by deprotection, afforded the novel SERAMs 7–
13. As previously noted during the synthesis of 5 and
6, 3f the presence of a methyl group in the linker resulted
in the formation of varying amounts of a rearranged by-
product. However, 7–13 were the major products.


The novel bis-methylated pyrrolidine analogs 7–10 re-
tained an excellent ERa potency exhibited by previously
reported compounds 1–6 in an in vitro estrogen receptor
binding assay (Table 1).8 Although all of the novel ana-
logs were alpha selective, 7 and 8 were particularly selec-
tive (note that a longer incubation time was used in the
evaluation of these two analogs in the binding assay; we
do not believe that a shorter incubation time would re-
sult in lower selectivity but this has not been proven).
As we had anticipated, the 1 0-(S),3-(R) configuration
present in side chain 20 (analog 10) proved to be optimal
for uterine antagonism as measured in a highly sensitive
immature rat assay.9 Interestingly, the methyl group at
C-1 0 in the linker appears to be considerably more

Scheme 2. Reagents: (i) 20, DIAD, PPh3, THF; (ii) Pd, HCO2NH4,


EtOH; (iii) nBu4NF, AcOH, THF.

important than the methyl at C-3 in the ring as 9 (�right�
stereochemistry at C-1 0, �wrong� stereochemistry at C-3)
has a much better uterine profile than 8 (�wrong� stereo-
chemistry at C-1 0, �right� stereochemistry at C-3). Ana-
log 7, which has the �wrong� stereochemistry at both
sites, is clearly the worst of the four diastereomers.


We were encouraged by the finding that the beneficial ef-
fect of adding a methyl group to the pyrrolidine ring or
to the linker appeared to be additive so that the �combo�
compound 10 did have an improved uterine profile and
enhanced MCF-7 activity relative to the mono-methyl-
ated compounds 3 and 5. Although the improvement
was small, we felt it to be sufficient to warrant additional
investigation. We therefore prepared and evaluated
three additional analogs wherein the optimized antago-
nist side chain 20 was appended to three modified dihy-
drobenzoxathiin platforms. All three of these new
analogs (11–13) exhibited a substantially improved uter-
ine profile, relative to the mono-methylated analogs 3
and 5, which were in turn significantly better than the
unmethylated analog 2. The uterine profiles of com-
pounds 10–13 were clearly superior to raloxifene (14)
and were comparable to the known pure antagonist ful-
vestrant (16).10 Note, however, that compounds 1–13
are orally active, whereas fulvestrant must be dosed par-
enterally. In addition to their excellent uterine activity,
all of the new analogs showed improved potency in an
MCF-7 assay.11 The fluorinated analogs 11 and 13 were
especially noteworthy in this regard. In contrast to the
analogous methylated chromane system,12 wherein, the
introduction of the fluorine atom does not effect selectiv-
ity, we speculate that a decrease in the selectivity of flu-
oro-dihydrobenzoxathiins may arise from a reduction of
the electron density on sulfur, and in turn, a reduction of
the electronic repulsion with the Met366 residue of ERb.


Although it was not possible to obtain X-ray quality
crystals of the ligand-bound ER complexes of com-
pounds 10–13, we were able to obtain and have reported
X-ray data for 3 and 5.3f The antagonist activity of 3
and 5 can be rationalized as resulting from the positive
interaction of the 3-(R)-configured ring methyl of 3
and the 1 0-(S)-linker methyl group of 5 with residues
in the antagonist-arm region of the ligand binding do-
main of ERa.3f The apparent additivity of the uterine
antagonist effects of 3 and 5 observed for the combo
compounds 10–13 prompts us to speculate that the
exceptional antagonism exhibited by 10–13 arises from
a sum of positive interactions previously demonstrated
for 3 and 5, thereby further enhancing the stabilization
of the antagonist configuration.


Because of their excellent activity in the MCF-7 and rat
uterine assays, compounds 10–13 were evaluated for
anti-tumor activity against MCF-7 human breast carci-
noma xenografts in athymic mice. All of the compounds
were found to be superior to the clinically approved
therapies, tamoxifen and fulvestrant, in that both tumor
growth rates and final tumor burdens were significantly
lower.13 In this regard, compound 13 was most effica-
cious. In a mode similar to the known SERD (selective
estrogen receptor down-regulator) fulvestrant,14 the







Table 1. ER ligand binding data, rat uterine growth data, and MCF-7 data


Compound X R Human ER binding


(IC50, nM)8
Immature rat uterine growth assay9 MCF-710


hERa hERb b/a % Antagonism % Agonism IC50 (nM)


0.3 mpk 1 mpk 0.3 mpk 1 mpk


1 H 0.9 43 48 80 99 11 9 3.0


2 H 2.6 64 25 55 73 38 34 3.3


3 H 1.6 87 54 98 109 �1 �14 0.3


4 H 1.0 50 50 70 85 14 8 1.0


5 H 1.0 45 45 85 102 9 �8 0.3


6 H 1.7 71 42 40 18 59 71 0.5


7 H 0.8 87 109 34 30 54 69 2.1


8 H 0.6 90 150 57 72 33 27 0.9


9 H 2.5 45 18 100 118 �7 �9 0.4


10 H 1.3 52 40 109 123 �18 �29 0.1


11 F 0.8 5.3 7 108 118 �12 �17 0.03


12 H 1.2 69 58 93 118 �8 �17 0.1


13 F 0.7 9.1 13 102 122 �19 �20 0.03


14 Raloxifene 0.7 1.9 3 39 81 28 24 0.8


15 Estradiol 1.3 1.1 1 — — — 100 —


16 Fulvestrant 8.0 8.4 1 104 — �24 — 0.1
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exceptional activity of 10–13 against breast cancer cells
may be due, in part, to their ability to down-regulate
the estrogen receptor.15


To our knowledge, compounds 10–13 represent the first
reported examples wherein a relatively small structural
modification of an existing SERM (i.e., addition of
two methyl groups as in 2 vs 10) results in conversion
of the SERM to a SERD. By analogy to our previous
classification of the ERa sub-type-selective SERMs as
SERAMs, the ERa sub-type-selective SERDs 10–13,
especially the more selective analogs 10 and 12, may rea-
sonably be described as SERADs (selective estrogen
receptor alpha down-regulators).


In conclusion, our effort to delineate the side-chain SAR
of the dihydrobenzoxathiin SERAMs has led to the dis-

covery of an optimized antagonist side chain for this
platform. This side chain has been attached to four dihy-
drobenzoxathiin platforms to prepare four novel a-se-
lective estrogen receptor ligands (10–13) with
exceptional antagonist activity. These orally active opti-
mized SERAMs are comparable or superior to previous-
ly reported SERMs with regard to estrogen antagonism
in uterine tissue and breast cancer cells. A future com-
munication from this laboratory will discuss the applica-
bility of the optimized antagonist side chain 20 to
known SERM platforms.
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Abstract—Caspase 3 is a cysteinyl protease that mediates apoptotic cell death. Its inhibition may have an important impact in the
treatment of several degenerative diseases. The P1 aspartic acid residue is a required element of recognition for this enzyme that was
maintained constant along with the adjacent natural valine as the P2 group. The thiobenzylmethylketone warhead on the aspartate
was conveniently handled through solid-phase synthesis allowing modification in the P3 region that eventually led to simpler deriv-
atives with increased potency against caspase 3. The key to such an effect is the introduction of hydroxyl group alpha to the P3


carbonyl.
� 2005 Elsevier Ltd. All rights reserved.

The human caspases constitute an ensemble of at least
13 cysteinyl-aspartate-specific proteinases that are key
elements in the molecular pathways resulting in the
apoptosis of cells.1 Caspases 1, 4, and 5 mediate
cytokine maturation and are linked to the inflammatory
phenomenon. Caspases 2, 3, and 7 are the major effec-
tors of cell death. Caspases 6, 8, 9, and 10 are activators
of the effector caspases 2, 3, and 7. Finally, caspase 14 is
a heratinocyte-specific caspase. Caspase 3 in particular
appears to be a pivotal player in neuronal apoptosis.
Peptidic inhibitors of caspase 3 have shown some effica-
cy in models such as stroke, traumatic brain/spinal cord
injury, hypoxic brain damage, and cardiac ischemia/
reperfusion injury.2 The P1 aspartic acid residue is a
required element of recognition of the enzyme, and its
scissile amide bond can be replaced with a ketone to
afford reversible inhibitors. Here, we report dipeptidic
aspartyl ketones as potent, selective, and cell-penetrable
inhibitors of caspase 3.

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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We recently disclosed that an a-methylthiobenzyl aspar-
tyl ketone warhead was a suitable electrophile, replacing
with advantage over the aldehyde warhead in a peptide
structure.3 The ketone itself, in conjunction with the
aspartic acid residue, was a capricious functionality
whose synthesis required tedious protection–deprotec-
tion sequences or convoluted routes. We therefore devel-
oped a very convenient method to rapidly access a variety
of P3 derivatives in that series using solid-phase chemistry.


Hence, commercial Fmoc-aspartic acid b-t-butyl ester 1
(Scheme 1) was activated using the mixed anhydride
method4 and was treated with diazomethane. The result-
ing a-diazoketone was reacted with 48% aqueous HBr at
low temperature to yield the corresponding a-bromoke-
tone 2. At this point, the a-bromoketone 2 was attached
to a Merrifield resin that had previously been elaborated
to unveil hydrasemicarbazone 3.5 The bromide was dis-
placed with benzyl mercaptan to give thioether 4 fol-
lowed by removal of the Fmoc group. The free amine
was then coupled to FmocValine to yield intermediate
5. Again, the Fmoc was removed using piperidine to
liberate the amine of the polymer bound valine
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Scheme 1. Synthesis of dipeptidic aspartylthiobenzylmethylketones. Reagents and conditions: (a) i-BuOCOCLI, NMM, �10 �C, CH2CL2;


(b) CH2N2, Et2O, 0 �C; (c) HBr/AcOh, �78 �C; (d) linker-NH2 3, AcOH, THF; (e) PhCH2SH, DMF, (iPr)2NEt; (f) 20% piperidine/DMF;


(g) FMOCVal-H, HATU, DMF, (iPr)2NEt; (h) RCOOH (see 6–35), HATU, DMF, (iPr)2NEt; (i) 9:1 TFA/H2O.
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aspartylthiobenzylmethylketone. Amide formation with
a variety of carboxylic acids followed by the treatment
of the resin with wet trifluoroacetic acid afforded dipep-
tides 6–35 on 10–20 mg scale, generally in good to excel-
lent purity.


One of the hits against caspase 36 that was obtained
from coupling commercially available reagents was a
2,5-substituted phenylacetic acid (compound 6,
Table 1). At that stage, we decided to introduce substi-
tution into the open aliphatic position using enolate
alkylation chemistry (Scheme 2). Generally, 5-bromo-
2-methoxyphenylacetic acid methyl ester underwent
deprotonation when added into a cold solution of lithi-
um diisopropyl amide via a cannula. The resulting
nucleophile was quenched with an excess of an alkyl
halide. The ester was then purified by flash chromatog-
raphy on silica gel and hydrolyzed to afford the acid that

Table 1. Substituted 5-bromo-2-methoxyphenylacetic acid analogs in P3


Compound R1 R2


C


6 H H


7 H Me >


8 H n-Pr >


9 H Benzyl


10 H i-Pr >


11 Cyclopropyl >


12 H Allyl


13 H Propargyl >


14 Propargyl H


aRecombinant human caspases 1, 3, 7, and 8. See Ref. 6.

was used for solid-phase chemistry. This resulted in a
mixture of diastereomers that were separated only when
they were distinct by flash chromatography.


Introduction of a methyl group (compound 7) at this
benzylic position was deleterious to the potency on cas-
pase 3. Attempt to maximize lipophilic interactions with
the enzyme by increasing the size of the substituents
resulted in decreased caspase 3 activity (compounds 8
and 9). This was especially true when introducing steri-
cally more demanding groups (compounds 10 and 11).
However, potency was restored with the narrower sub-
stituents as demonstrated by the allyl (12) and propargyl
groups (13 and 14). In the latter case, potency was mod-
ulated by the stereochemistry of that group (compare 13
versus 14), although the stereochemistry was not estab-
lished at the benzylic position. Overall, compound 14
only matched the potency of the unsubstituted parent

Enzyme IC50 (nm)


-1a C-3a C-7a C-8a


3040 18 284 1885


10,000 176 3690 5380


10,000 274 5300 4505


5810 181 4200 5830


10,000 9445 >10,000 1320


10,000 323 >10,000 >10,000


6505 80 2215 1625


10,000 341 3625 4470


1030 17 139 92







Table 2. Potency and selectivity from SAR around the OH group


Compound R Enzyme IC50 (nm)


C-1a C-3a C-7a C-8a


15 Ph 21,200 746 8360 22,050


16 4160 41 1050 1150


17 4060 100 10,860 3650


18 >10,000 330 >10,000 7270


19 3015 118 3405 7340


20 >10,000 425 >10,000 9175


21 18,900 85 2760 8000


22
Ph


Ph OH
>10,000 1295 >10,000 >10,000


23 >10,000 2020 >10,000 9580


24 18,400 467 10,860 13,800


25 9590 160 5095 12,300


26 >10,000 146 >10,000 >10,000


a Recombinant human caspases 1,3,7, and 8. See Ref. 6.


Scheme 2. Alkylation of 5-bromo-2-methoxyphenylacetic acid. Reagents and conditions: (a) i—LDA, �78 �C, 30 min and ii—RX, 2–5 equiv.,


�78 �C to room temperature; (b) LiOHÆH2O, MeOH–THF–H2O, room temperature.
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6. Furthermore, the selectivity profile against other
caspases generally worsened with these modifications.
These modifications also resulted in an increase in the
molecular weight as well as more metabolically labile
sites. We thus turned our attention to a different
subclass of phenylacetic acids: the mandelic derivatives.


The (R) mandelic acid derivative 16 (Table 2) showed a
20-fold increase in potency when compared with the
unsubstituted parent 15. This large gain in potency from
a hydroxyl group suggests a hydrogen bonding interac-
tion with a not well-solvated7 backbone carbonyl group
in the enzyme S3 pocket. As in the case with alkyl
groups, potency varied with stereochemistry but only
slightly within a pair of diastereoisomers (compounds
16 versus 17 and 18 versus 19). Noteworthy is that the
preferred stereochemistry depended on the exact nature
of the substituent when compared across pairs (pair 16
and 17 compared to pair 18 and 19). This suggested that
a powerful hydrogen bond was overriding beneficial
lipophilic interactions. In fact, when the hydroxyl group
was capped with a methyl group (compound 20), a con-
siderable loss in potency was observed, in agreement
with a hydrogen bond formation with the enzyme back-
bone although undesirable steric effects cannot be ruled
out. To reduce the potential for metabolism at the ben-
zylic position, this position was quaternized with a
methyl group (compound 21). This racemic derivative
was almost as potent as the optically pure mandelate
16. This was unexpected since alpha substitution in the
phenylacetic acid derivatives showed a marked decrease
in potency. This observation constituted a second hint
for the existence of a different binding mode driven by
a hydrogen bond in the hydroxyl series. Achiral disub-
stituted a-hydroxy-acids were then incorporated via sol-
id-phase chemistry. Clearly, less sterically demanding
groups afforded more potent derivatives as demonstrat-
ed by the sequence of compounds culminating in a
cyclopropyl derivative (compounds 22–25). Interesting-
ly, the bistrifluoromethyl alcohol 26 showed a marked
increase in potency, despite being larger than the gem-
dimethyl 24. This can be rationalized by invoking a
stronger hydrogen bond due to increased acidity of the
bistrifluoromethyl alcohol 26. Overall, the introduction
of a hydroxyl group was beneficial to the selectivity pro-
file over other caspases. The most potent mandelate
derivatives still offered the tantalizing possibility to gain
further potency via substitution on the phenyl ring.


To access racemic 2,5-disubstituted mandelic acid
(Scheme 3), Friedel–Craft reactions were performed on
4-substituted anisole derivatives with ethyl oxalyl chlo-
ride in the presence of aluminum trichloride. The result-

ing keto esters were reduced with sodium borohydride to
obtain a racemic mixture of a-alkoxy esters. To intro-
duce electron-poor heteroaromatic groups on the phenyl
ring, palladium-catalyzed elaboration of the halide pro-
duced the desired derivatives uneventfully.8,9 After alka-
line hydrolysis of the a-hydroxyl ester, the acid was
coupled with the amine on solid phase using HATU in
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Scheme 3. Preparation of substituted methoxymandelic acid. Reagents and conditions: (a) Ethyloxayl chloride, ALCL3, �10 �C to 25 �C, (CH2CL)2;


(b) NaBH4, MeOH, 0 �C; (c) R1–3 = OMe, Br, and I: anisoles were commercially available; R4 = oxadiazole: see Ref. 9; R5 = acetyl; see Ref. 8;


(d) LiOHÆH2O, MeOH–THF–H2O, room temperature; (h) HATU, DMF, (iPr)2NEt; (i) 9:1 TFA/H2O.
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DMF. Under these conditions, the hydroxyl group was
inert and no ester formation was detected. After acidic
cleavage from the resin and purification on silica gel,
the elaborated a-benzylthioketones were obtained in
10–20 mg amounts.


The SAR around the phenyl ring in the mandelic acid
series paralleled the SAR for the corresponding phen-
ylacetic acid derivatives as shown by their relative
rank order of potencies (see pairs in Table 3). Howev-
er, as the substitution on the ring fit better into the
lipophilic part of the enzymatic pocket (compounds
28–35), the potency advantage initially provided by
the introduction of a hydroxyl group (Table 2) dimin-
ished and eventually vanished. It was thus concluded
that the geometry of binding allowing optimal lipo-
philic interactions was not attainable while maintain-
ing a strong hydrogen bond and vice versa. In the
optimization process, we discovered that a simple
iodo substituent could replace the oxadiazole on the
phenyl ring to afford the most potent compound

Table 3. Hydroxyl group effect in optimally substituted phenyl analogs


Compound R1 R2


C-1a


27 OMe H 7070


28 OMe OH 4490


29 Br H 3050


30 Br OH 1540


31 ACc H 6190


32 ACc OH 4850


33 d H 5450


34 OH 2460


35 I OH 675


a Recombinant human caspases 1, 3, 7, and 8. See Ref. 6.
b NT2 whole cell assay. See Ref. 10.
c Acetyl.
d 3-Methyl-1,2,4-oxadiazole. See Ref. 9.


{


(35) in the NT2 whole cell assay.10 Moreover, on
top of being easy to synthesize, the iodo derivative of-
fers a great handle to develop a cell-permeable radio-
active tool.11


In summary, the discovery and exploration of a hydro-
gen-bonding effect allowed us to determine that two dis-
tinct and mutually exclusive binding modes existed in
the P3 region. The strong gain in potency upon hydro-
gen-bond formation allowed for the reduction of the
molecular weight of our inhibitors, diminished the num-
ber of potentially metabolically labile sites and increased
their selectivity against other caspases (e.g., compound
26). With the simpler derivatives 15–26, the potency of
these inhibitors bottomed out at 146 nM. In the case
where the lipophilic interactions were maximized by
optimal substitution around the phenyl ring (27–34),
the presence of the hydroxyl group diminished the selec-
tivity of these derivatives. Future in vivo evaluation of
each class of compounds should give different options
for their development.

IC50 (nm)


C-3a C-7a C-8a NT2b


53 3240 7910 5360


29 545 975 945


18 285 1890 —


5 91 104 710


13 555 3880 1225


16 290 635 1590


9 97 3290 415


12 63 280 310


16 135 98 224
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Abstract—The optimization of a series of 4-(dimethylamino)quinazoline antagonists of the melanin-concentrating hormone receptor
1 (MCH-R1) is described. The combination of the elaboration of both the linker portion and the terminal phenyl ring provided
N-(cis-4-{[4-(dimethylamino)quinazolin-2-yl]amino}cyclohexyl)-3,4-difluorobenzamide hydrochloride 28 (ATC0175), which showed
excellent antagonist activity at the MCH-R1 (IC50 = 3.4 nM) as well as good selectivity over the Y5 and the a2A receptors.
� 2005 Elsevier Ltd. All rights reserved.

Melanin-concentrating hormone (MCH) is a cyclic 19
amino acid peptide expressed in the lateral hypothalam-
ic area (LHA) and the rostromedial zona incerta.1,2 The
intracerebroventricular (icv) injection of MCH in rats
results in increased food intake.3,4 In contrast, prepro-
MCH-knockout mice were found to be hypophagic
and have reduced body weight and increased leanness
relative to their wild type counterparts.5 T-226296, a
selective MCH-R1 antagonist, has been reported to
attenuate MCH-induced hyperphagia, suggesting impli-
cation of MCH-R1 in the actions of MCH on food in-
take.6 Thus, it can be inferred that a centrally acting
MCH-R1 antagonist may be effective in treating obesity.
In addition, MCH has been reported to induce an anx-
iogenic effect when injected into the medial preoptic area
in rats,7 while icv injection of MCH exhibited anxiolytic-
like effect in the elevated plus-maze test,8 suggesting that
MCH may also be implicated in the modulation of emo-
tional states. This hypothesis is supported by the recent
finding that SNAP-7941, a selective antagonist for the
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MCH-R1, exhibits anxiolytic- and antidepressant-like
effects in rodent models.9


As previously reported, high throughput screening of
our in-house GPCR-directed library resulted in the iden-
tification of our lead compound, AR129330 (Table 1).10


In our initial modifications, we identified that both 4-
amino-substitution of the quinazoline and the terminal
phenyl group are crucial for MCH-R1 activity. Subse-
quent optimization of the spacer portion between the
quinazoline ring and the sulfonamide linker resulted in
the identification of compounds 1–3. Although these ini-
tial hits showed lower receptor selectivity, in particular,
for the a2A adrenergic receptor, we considered com-
pounds AR129330, 1, 2, and 3 to be of sufficient potency
and diversity, as well as having promise for improving
MCH-R1 potency and selectivity over the Y5 and a2A
receptors, to merit further optimization. We herein
describe our efforts to investigate structure–activity
relationships (SAR) at the MCH-R1 based on the 4-
(dimethylamino)quinazoline series and to improve selec-
tivity leading to the identification of ATC0175, a potent
and selective antagonist of MCH-R1.


Preparation of the quinazoline derivatives with the cis-
cyclohexane-1,4-diamine is summarized in Scheme 1.
The quinazoline core 6 was synthesized in two steps



mailto:yoshi.sekiguchi@po.rd.taisho.co.jp





Table 1. Quinazoline derivatives as MCH-R1 antagonists


Compound IC50 (nM)a


MCH-R1 Y5 a2A


AR129330 160 2.7 7.7


1 140 120 130


2 83 880 57


3 250 8900 170


a Compounds were evaluated for their ability to compete with [125I](Phe13, Tyr19)MCH, [125I]PYY, or [3H]MK912 at a human CA-MCH-R1 stably


expressed in HEK293 cells or a human Y5 or a2A transiently expressed in COS-1 cells. Data represent the mean of 1–3 separate experiments


performed from five concentrations and in duplicate.


Scheme 1. Representative synthetic route of quinazolines. Reagents and conditions: (a) POCl3, N,N-dimethylaniline, reflux, 7 h, 86%; (b) aq 50%


Me2NH, THF, room temperature, 80 min, 94%; (c) tert-butyl (cis-4-aminocyclohexyl)carbamate, isopropanol, reflux, 24 days, 93%; (d) (i) 4 M HCl


in EtOAc, EtOAc, room temperature, 70 min, (ii) RSO2Cl, iso-Pr2NEt, CH2Cl2, 4 �C; (e) (i) 4 M HCl in EtOAc, EtOAc, room temperature, 70 min,


(ii) RCOCl, iso-Pr2NEt or Et3N, CH2Cl2, room temperature; (f) (i) 4 M HCl in EtOAc, EtOAc, room temperature, 70 min, (ii) RCHO,


NaBH(OAc)3, AcOH, CH2Cl2, room temperature.
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from commercially available 1H,3H-quinazoline-2,4-
dione 4. The starting material was reacted with phos-
phorous oxychloride (POCl3) under reflux in the
presence of N,N-dimethylaniline to provide 2,4-dichlo-
ro-quinazoline 5. Selective substitution of the chlorine
at the 4-position with 50% aqueous dimethylamine gave
the corresponding 4-dimethylamino-2-chloro-quinazo-
line 6. Coupling of 6 with tert-butyl (cis-4-amin-
ocyclohexyl)carbamate was accomplished upon reflux
in isopropanol to afford coupling product 7. Deprotec-
tion of the Boc-group was achieved with hydrogen
chloride to provide the amine as a precursor for target
quinazoline derivatives 8a–c. The amine was coupled
with a sulfonyl chloride or an acid chloride to afford
the desired quinazoline sulfonamide 8a or quinazoline
carboxylic amide 8b, respectively. The quinazoline
amine 8c was obtained by reductive amination with
the appropriate aldehyde.

We first examined the importance of the linker between
the spacer portion and the terminal phenyl ring for
MCH-R1 potency and selectivity over the Y5 and a2A
receptors (Table 2). In a series of trans-1,4-cyclo-
hexylmethyldiamine compounds, replacement of the sul-
fonamide group with an amide 10 or an amine 11
showed a modest loss of affinity for the MCH-R1. The
N-methylated sulfonamide analogue 9, however resulted
in a more drastic decrease in affinity. Likewise, N-meth-
ylation of the amine 11 provided compound 12, which
was less active at both the MCH-R1 and the Y5 recep-
tors and revealed that the N–H, presumably active as
a hydrogen bond donor, was crucial for MCH-R1 activ-
ity. In the series of 4-aminomethyl-cis-cyclohexylamine
analogues 1, 13, and 14, the amide analogue 13 was
around 2-fold more potent at MCH-R1 than the corre-
sponding sulfonamide 1. Interestingly, the affinity for
the Y5 and the a2A receptors decreased markedly (IC50







Table 2. In vitro data of quinazolines with linker modifications


Compound Structure Conformation m n A R IC50 (nM)a


MCH-R1 Y5 a2A


AR129330 I trans 1 1 SO2 H 160 2.7 7.7


9 I trans 1 1 SO2 Me 5800 460 34


10 I trans 1 1 CO H 1500 470 9.9


11 I trans 1 1 CH2 H 960 560 31


12 I trans 1 1 CH2 Me 5600 >1000 44


1 I cis 0 1 SO2 H 140 120 130


13 I cis 0 1 CO H 79 1800 570


14 I cis 0 1 CH2 H 4.9 2400 360


2 I cis 0 0 SO2 H 83 880 57


15 I cis 0 0 CO H 160 >1000 390


16 I cis 0 0 CH2 H 35 >1000 170


3 II — — — SO2 — 250 8900 170


17 II — — — CO — 1200 NEb NE


18 II — — — CH2 — 320 >1000 520


a Compounds were evaluated for their ability to compete with [125I](Phe13, Tyr19)MCH, [125I]PYY, or [3H]MK912 at a human CA-MCH-R1 stably


expressed in HEK293 cells or a human Y5 or a2A transiently expressed in COS-1 cells. Data represent the mean of 1–3 separate experiments


performed from five concentrations and in duplicate.
b Not evaluated.
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for Y5 = 1800 nM). Replacement of the sulfonamide
with a simple amine provided compound 14, which
was highly potent at the MCH-R1 (IC50 = 4.9 nM)
and much less active at the Y5 receptor than our lead
compound. This combination of effects provided selec-
tivity for the MCH-R1 over the Y5 and a2A receptors
of 490-fold and 75-fold, respectively. In a similar series
of cis-1,4-cyclohexane-diamine derivatives, the conver-
sion of the sulfonamide 2 to the corresponding amide
15 led to a 2-fold decrease in affinity for the MCH-R1.
In contrast, the amine analogue 16 exhibited a 2-fold
higher affinity. Within the piperidine derivative series,
the conversion from the sulfonamide 3 to an amide 17
resulted in a significantly reduced affinity for the
MCH-R1. However, the amine analogue 18 provided
comparable potency to the sulfonamide 3, showing that
the SAR trends were different between this and the two
cis-1,4-cyclohexane series 1 and 2. Based on the data, we
concluded that cis-1,4-cyclohexanes 1 and 2 provided
the most interesting spacer groups for further study,
providing as they did, improved activity for the MCH-
R1 and a significant degree of selectivity over the Y5
and the a2A receptors. During the course of our investi-
gations, we had been routinely monitoring the in vitro
metabolic profile of selected active compounds. It be-
came clear that sulfonamide derivatives in general had
a tendency to be less metabolically stable than the amide
and the amine derivatives in rat and human liver micro-
some preparations.


Hence, we decided to further focus our efforts on the two
cis-1,4-cyclohexanes 1 and 2 as suitable spacers, and
amides and amines as acceptable linkers, providing an

appropriate combination of MCH-R1 activity and meta-
bolic stability in vitro. As a final elaboration, we synthe-
sized approximately 2500 compounds using the plate
formatted synthesis method.11 After the survey of the
compounds, we found that 4-[(dimethylamino-quinazo-
lin-2-ylamino)-cis-cyclohexyl]-benzamide derivatives
provided an extensive series of compounds with high
affinity for the MCH-R1 and excellent selectivity over
the a2A receptor, a selection of which is shown in Table 3.


A direct comparison of the 2-fluoro substituted 19, 3-flu-
oro substituted 20, and 4-fluoro substituted 21 analogues
revealed that 19 had significantly reduced affinity relative
to the other two. In addition, the profiles of the more ac-
tive 20 and 21 were very similar with respect to selectivity
over the a2A receptor. Other meta-halogenated analogues
22 (3-chloro) and 23 (3-bromo) exhibited a 2-fold higher
affinity than 20 for both the MCH-R1 and the a2A recep-
tors and therefore did not provide improvement in selec-
tivity for the a2A receptor. The 3-methyl substituted
compound 24 displayed essentially the comparable affin-
ity as the halogenated analogues with a slight improve-
ment in selectivity. Electron-withdrawing groups such
as 3-trifluoromethyl substituted 25, 3-cyano substituted
26, and 3-nitro substituted 27 were also tolerated for the
activity for the MCH-R1, indicating broad tolerability
for substitution in this position.However, for 25 the selec-
tivity over the a2A receptor was significantly lower. 3,4-
Difluoro substituted 28 (ATC0175) showed not only
highly potent affinity at the MCH-R1 (IC50 = 3.4 nM)
but also 76-fold selectivity for the MCH-R1 over the
a2A receptor. In addition, the selectivity over the Y5
receptor was increased to a factor of 800. ATC0175 inhib-







Table 3. In vitro data of quinazolines with R substituion modifications


Compound R IC50 (nM) Selectivity a2A/MCH


MCH-RIa a2A
b Y5b


15 4-Br-2-OCF3 160 390 >1000 2.4


19 2-F 170 NEc NE —


20 3-F 9.5 130 NE 14


21 4-F 9.4 150 NE 16


22 3-Cl 4.5 76 NE 17


23 3-Br 5.9 63 NE 11


24 3-Me 4.6 110 NE 24


25 3-CF3 15 60 NE 4.0


26 3-CN 10 150 NE 15


27 3-NO2 6.8 97 NE 14


28 (ATC0175) 3,4-di F 3.4 260 2700 76


29 3,4-di Cl 5.0 47 NE 9.4


30 2,3,4-tri F 38 200 NE 5.3


31 3,5-di OMe 2.0 71 NE 36


a Compounds were evaluated for their ability to inhibit transient intracellular calcium-mobilization evoked by MCH agonist in HEK293 cells stably


expressing CA-MCH-R1 receptor. Data represent the mean of 1-3 separate experiments performed from five concentrations and in duplicate.
b Compounds were evaluated for their ability to compete with [125I]PYY or [3H]MK912 at a human Y5 or a2A transiently expressed in COS-1 cells.


Data represent the mean of 1–3 separate experiments performed from five concentrations and in duplicate.
c Not evaluated.
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ited [125I](Phe13, Tyr19)MCH binding to recombinant hu-
man MCH-R1 with an IC50 value of 7.23 ± 0.59 nM.12


The activity for the MCH-R1 of 3,4-dichloro substituted
29was essentially equal to that ofATC0175, but the selec-
tivity over the a2A receptor of 29 was reduced significant-
ly. 2,3,4-Trifluoro substituted 30 displayed lower affinity
for the MCH-R1. All of the compounds that had substit-
uents incorporated in the 2-position (15, 19, and 30)
showed only modest affinity for theMCH-R1 in compar-
ison to the other analogues, suggesting that the binding
site of the MCH-R1 is very sensitive to steric properties
of substitution at the 2-position. 3,5-Dimethoxy substi-
tuted 31demonstrated themost potent antagonist activity
(IC50 = 2.0 nM) in this series, but the selectivity over the
a2A receptor of 31 was lower than that of ATC0175.


Through a systematic optimization of the spacer, linker,
and right-hand side aromatic ring portion of our lead ser-
ies, we succeeded in identifying a new class of potent and
selective non-peptide antagonists for theMCH-R1, based
around a core 4-(dimethylamino)quinazoline-cis-1,4-cy-
clohexane amide or amine structure. ATC0175 (28), in
particular, displayed potent antagonist activity for the
MCH-R1 (IC50 = 3.4 nM). Importantly, the selectivity
of ATC0175 for the MCH-R1 over the Y5 and the a2A
receptors represented a significant improvement over that
of initial trans-1,4-cyclohexane sulfonamide derivative.
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Abstract—Hydropersulfides (RSxSH) have been implicated as important intermediates in the cell-killing action of the anticancer
natural products leinamycin and varacin. It has been suggested that persulfides can mediate the conversion of molecular oxygen
to reactive oxygen species (O��


2 , H2O2, and HO�). Here, experiments with synthetic benzyl hydrodisulfide (BnSSH) provide direct
evidence that persulfides readily decompose to produce reactive oxygen species under physiologically relevant conditions.
� 2005 Elsevier Ltd. All rights reserved.

Scheme 1.

Hydropersulfides (RSxSH) have been implicated as key
intermediates in the cell-killing action of the anticancer
natural products leinamycin and varacin.1–6 In each
case, unstable persulfide intermediates are released
by reaction of cellular thiols with the parent com-
pound.3,5–7 It has been suggested that hydropersulfides
generate reactive oxygen species under biologically rele-
vant conditions via the sequence of reactions shown in
the (unbalanced) Eq. 1, where Mn+ is a transition metal
such as Fe2+.3,5 DNA damage caused by reactive oxygen
species generated in this manner may contribute to the
cytotoxic properties of leinamycin and varacin.4,8


RSS� þO2 ! O��
2 ! H2O2 þMnþ ! HO� þMðnþ1Þþ


ð1Þ
To better understand the biological properties of hydro-
persulfide-producing natural products such as varacin
and leinamycin, we set out to prepare a synthetic persul-
fide and characterize its ability to produce DNA-damag-
ing reactive oxygen species. Our preparation of benzyl
hydrodisulfide (2) followed the general route described
previously by Derbesy and Harpp for the synthesis of
t-butyl hydrodisulfide (Scheme 1).9 Thus, acetyl sulfenyl
chloride, prepared from thioacetic anhydride and sulfu-
ryl chloride, was reacted with benzyl mercaptan to af-
ford acetyl benzyl disulfide (1, Scheme 1).10 Treatment
of this compound with 6 N HCl results in removal of
the acetyl protecting group to afford benzyl hydrodisul-
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fide (2).11 The hydrodisulfide 2 was characterized by
NMR, mass spectroscopy, and by derivatization with
methyl iodoacetate to yield 3 (Scheme 2).


We employed a plasmid-based assay to characterize the
DNA-cleaving properties of benzyl hydrodisulfide (2).
In this assay, single-strand cleavage converts supercoiled
double-stranded plasmid (form I) into the open circular
form (II). The two forms of plasmid DNA were separat-
ed using agarose gel electrophoresis and visualized
by staining with ethidium bromide.12 We found that

Scheme 2.



mailto:gatesk@missouri.edu





3922 T. Chatterji et al. / Bioorg. Med. Chem. Lett. 15 (2005) 3921–3924

incubation of micromolar concentrations of 2 with
supercoiled double-stranded plasmid DNA leads to the
generation of single-strand breaks (Fig. 1). In contrast,
benzyl mercaptan (BnSH) induces little or no strand
cleavage under these conditions (data not shown).


To shed light on the chemical mechanism of DNA dam-
age by 2, we performed cleavage assays in the presence
of various additives that are known to have an effect
on strand breaks arising from the reactions shown in
Eqs. 2–6. We find (Table 1) that DNA cleavage by 2 is
inhibited by the radical scavengers methanol, ethanol,
and DMSO, by the hydrogen peroxide-destroying en-
zyme catalase, and by the chelators of adventitious trace
metals, diethylenetriaminepentaacetic acid (DETAPAC)
and desferal, which are known to inhibit the metal-
dependent Fenton reaction (Eq. 6).13 Addition of the en-
zyme superoxide dismutase (SOD), which catalyzes the
disproportionation of superoxide radicals to hydrogen
peroxide (Eq. 5) and molecular oxygen does not inhibit
DNA cleavage. Other instances where SOD does not
inhibit DNA strand cleavage stemming from superoxide

Figure 1. DNA cleavage by benzyl hydrodisulfide (2). Supercoiled


pBR322 DNA (38 lM bp) was incubated for 12 h at 37 �C with


various concentrations of 2 in sodium phosphate buffer (50 mM, pH 7)


containing 10% acetonitrile (by volume). Reaction conditions (e.g.,


incubation times) were selected, in part, to allow comparison with our


previous results.3 Solutions were prepared using glass distilled,


deionized water and 99+% pure sodium phosphate salts (no transition


metals were added to the reactions). Reactions were 20 lL final volume


and were conducted under a headspace of air in sealed 1.5 mL


Eppendorf tubes. Agarose gel electrophoresis was performed as


described previously.12 The numbers in parentheses following the


description of each lane below indicates the S-value (mean number of


strand breaks per plasmid molecule) for each lane and was calculated


using the equation S = �ln fI, where fI is the fraction of plasmid in a


given lane that is present as uncut, form I DNA. Values reported here


represent the average of at least two experiments, and the standard


error in these measurements is less than 2%. Lane 1, DNA alone (0.2);


lane 2, 1 mM 2 (3.4); lane 3, 500 lM 2 (1.9); lane 4, 100 lM 2 (1.2);


lane 5, 50 lM 2 (0.9); lane 6, 10 lM 2 (0.3).


Table 1. Effect of additives on DNA cleavage by compound 2a.


Reaction/additive % Nicked, form II DNA S-valueb


DNA alone 36 0.44


Std rxn: BnSSH, 2 (100 lM) 99 4.6


Std rxn + additive:


Methanol (1 M) 44 0.57


Ethanol (1 M) 53 0.76


DMSO (1.4 M) 26 0.29


Catalase (100 lg/mL) 45 0.59


SOD (100 lg/mL) 100 —


Desferal (5 mM) 50 0.50


DETAPAC (10 mM) 40 0.69


a Reactions were carried out as described in the legend of Figure 1.
b The S-value is the mean number of strand breaks per plasmid mol-


ecule and is calculated using the equation: S = �ln fI, where fI is the


fraction of uncut, form I DNA remaining.

radical production have been reported.3,5,12,14–16 Over-
all, the results indicate that benzyl hydrodisulfide causes
DNA strand cleavage via the cascade of reactions shown
in Eqs. 2–6, in which hydroxyl radical is produced as the
ultimate DNA-cleaving agent. Hydroxyl radical is a
well-known DNA-cleaving agent.17 DNA damage
caused by 2 shows the same mechanistic signature seen
for the hydropersulfide-generating natural products
leinamycin and varacin.3,5,12,18 Perthiyl radicals (Eq. 3)
may combine with molecular oxygen to yield perthioper-
oxyl and sulfonyl radical intermediates;19 however, our
findings provide no indication that such species contrib-
ute to DNA strand cleavage by 2.

RSSH�RSS� þHþ ð2Þ


RSS� þMðnþ1Þþ ! RSS� þMnþ ð3Þ


Mnþ þO2 ! Mðnþ1Þþ þO��
2 ð4Þ


O��
2 þHO�


2 ! H2O2 þO2 ð5Þ


H2O2 þMnþ ! HO� þHO� þMðnþ1Þþ ð6Þ

Analogous to the autooxidation of thiols,20–22 it is likely
that the production of superoxide radical by BnSSH
proceeds via initial oxidation of the persulfide anion
(BnSS�) by adventitious traces of transition metals
present in the aqueous buffer (Eq. 3), followed by reac-
tion of the reduced metal ion with molecular oxygen to
produce superoxide (Eq. 4). The persulfide radical
formed as part of this process is thought to be a rela-
tively stable species.19,23–25 In addition, it is important
that hydrodisulfides are markedly more acidic than
the corresponding thiol, meaning that a larger fraction
exists in the reactive, anionic form.23,26 Indeed, our
NMR and HPLC experiments show that 2 is oxidized
within minutes (<5 min) to a mixture of di-, tri-, tetra-,
and pentasulfides in aerobic sodium phosphate buffer
(pH 7) at room temperature. In contrast, benzyl mer-
captan is oxidized slowly under these conditions (�7%
oxidized after 6 days). Consistent with the expected27


role for transition metals in persulfide oxidation, we
find that 2 oxidizes relatively slowly in an aerobic solu-
tion of CDCl3 (71% oxidized after 12 h) and that oxida-
tion is markedly accelerated by addition of catalytic
amounts of FeCl3 to the solution (76% oxidized after
6.5 h).


GSSHþGSHþO2 ! GSSSGþO��
2 ð7Þ


GSSSGþGSH ! GSSHþGSSG ð8Þ


Importantly, in the presence of physiological concentra-
tions of thiol,28 small amounts of persulfide have the po-
tential to yield significant levels of oxidative stress
(production of reactive oxygen species and depletion of
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cellular thiols) via the redox-cycle shown in (unbal-
anced) Eqs. 7 and 8, where persulfide serves as a catalyst
for the thiol-mediated conversion of molecular oxygen
to superoxide radical.29–31 Studies are currently under-
way to characterize the catalytic properties of
persulfides.


In summary, our work with synthetic benzyl hydrodi-
sulfide shows that the persulfide functional group
readily decomposes to yield reduced oxygen species un-
der physiologically relevant conditions.32–40 The cell-
killing properties of reactive oxygen species are well
known.13,41–44 Overall, the findings reported here may
afford a deeper understanding of the mechanisms be-
hind the biological activity of leinamycin and host of
polysulfide-containing natural products such as vara-
cin,4 lissoclinotoxin A,45 diallyl trisulfide,46–48 bis(2-
hydroxyethyl) trisulfide,49 leptosin,50 and sirodesmin,51


that yield persulfide anions upon reaction with cellular
thiols.6
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Abstract—The synthesis and antimycobacterial activity of a series of a-methylene-c-butyrolactones based on the natural product
protolichesterinic acid are described. Compounds 9–12 bearing an allylamide group at the C-4 position showed improved activity
with MICs in the range of 6.25–12.5 lg/mL.
� 2005 Elsevier Ltd. All rights reserved.

The a-methylene-c-butyrolactone (AMBL) is a widely
recognized component of natural products exhibiting a
wide range of interesting biological activities including
anticancer, fungicidal, and bactericidal properties.1a,b,c


While the majority of these compounds appear in the ses-
quiterpene family, the efficacy of several naturally occur-
ring AMBLs against mycobacteria suggests that these
structures could serve as a new template for tuberculosis
drug development.2a Mycobacterium tuberculosis, the
causative agent of tuberculosis, infects one-third of the
world�s population with an estimated eight million new
cases of active TB per year.3 With a death occurring
every 15 s, tuberculosis remains as a significant threat
to human health. The problem today is exacerbated by
the rise in multi-drug resistant (MDR) strains.4


Protolichesterinic acid (Fig. 1), isolated from Cetraria
islandica, exhibits broad spectrum antibacterial proper-
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Figure 1. Structure of protolichesterinic acid and C75.

ties with promising initial bactericidal activity against
mycobacterium sp.2a,b The synthetic analog, C75 (Fig.
1), is an inactivator of mammalian type I fatty acid syn-
thase at the b-ketoacyl synthase (KAS) domain.5,6 This
domain catalyzes the decarboxylative Claisen-type con-
densation of a carrier protein-linked malonyl unit onto
an elongating fatty acid bound to the enzyme. C75 is
thought to act, in part, as a malonyl CoA mimetic. It
has been demonstrated to be selectively cytotoxic to can-
cer cells with the only side effect being reversible weight
loss.7


Fatty acid biosynthesis is an essential process for the
survival of bacteria. The lipid products are important
for the integrity and dynamic properties of cellular
membranes, and play central roles in energy storage
and metabolism. In mycobacteria, specialized biosyn-
thetic pathways exist to extend normal fatty acids to
mycolic acids, C60–90 fatty acids that are esterified to
the arabinogalactan outer layer.8 Unlike most bacteria,
mycobacteria possess a eukaryotic-like type I FAS in
addition to the expected type II FAS system. On the ba-
sis of the sequence similarity of the KAS domain in M.
tuberculosis type I FAS to that of the human FAS KAS
region (37%), we hypothesized that these compounds
could serve as a new class of antimycobacterial agents
with a similar mode of action. The bactericidal proper-
ties of FAS inhibitors, such as thiolactomycin9a and
cerulenin,9b as well as the established first-line TB drugs,
such as isoniazid and ethionamide, validate the
usefulness of targeting enzymes involved in lipid biosyn-
thesis.9c Furthermore, enzymatic studies using pyrazina-
mide, a first-line drug with remarkable in vivo potency,
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Scheme 2. Synthesis of allylamides. Reagents and conditions: (a)


tris(2-oxo-3-oxazolinyl)phosphine oxide, CH3CN, amine, rt, 30 min.


(b) ethyl acetate, Pd (10% on carbon), H2 (50 psi), 2 h.


Scheme 3. Synthesis of ester and 3-oxo analogs. Reagents and


conditions: (a) LiHMDS/THF, �78 �C, 1 h. (b) aldehyde, 2 h at


�78 �C then 6 M H2SO4/ether work-up. (c) ethanol, aldehyde, 50 �C,
24 h.
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suggests that type I FAS inhibitors could be useful in
addressing the issue of sterilizing activity as well.9d


Most broad spectrum antibiotics are ineffective against
mycobacteria as a consequence of limited intracellular
uptake. Our synthetic strategy focused on substituted
amide and ester modifications of the C-4 carboxylate
of C75 to define more potent AMBLs. Preparations of
the a-methylene-c-butyrolactones are illustrated in
Schemes 1–3. All compounds were prepared in racemic
form and purified by silica gel chromatography to yield
the desired diastereomers. Characterization was carried
out by 1H and 13C NMR, IR and HRMS, or elemental
analyses. Spectral data collected were consistent with
structural assignments.10


Synthesis of the carboxylic acid starting material fol-
lowed previously reported protocols.5 Using tris(2-oxo-
3-oxazolinyl)phosphine oxide11 as a coupling agent, sev-
eral amides were prepared with minimal isomerization
of the double bond to the thermodynamically more sta-
ble endo-products (1–12) in 50–91% overall yield. The
methyl ester analogs were obtained in one step by addi-
tion of the dianion of commercially available itaconic
acid monomethyl ester to nonanal (15, 15% trans, 42%
total yield) or undecanal (16, 15% trans, 35% total yield)
followed by rapid lactonization upon acidic work-up. In
a similar fashion, addition of sodium diethyl malonate
to pentanal (17, 59% yield) and nonanal (18, 73% yield)
generated 3-oxo analogs.


The antimycobacterial activities of the compounds were
determined based on the inhibition of bacterial growth
using the standard BACTEC 460 radiometric system.12


Compounds were screened in vitro for activity against
M. bovis BCG.13

Scheme 1. Synthesis of amide analogs. Reagents and conditions: (a) tris(2-ox


CH2Cl2, rt, 3 h. (c) DMAP, allyl isocyanate, CH2Cl2, rt, 1 h.

N-Decanesulfonyl acetamide (DSA) was used as a posi-
tive control for biological screens.14 As evidenced in
Table 1, modification of the C-4 carboxylate with amide
substituents was more effective in improving the antimy-

o-3-oxazolinyl)phosphine oxide, CH3CN, amine, rt, 30 min. (b) TFA,







Table 1. In vitro efficacy of the synthesized butyrolactones in


mycobacteria using the BACTEC radiometric system


Compound MIC99 lg/mLa Compound MIC99 lg/mLa


Isoniazid14 0.1 9 12.5


DSA 0.75–1.5 10 12.5


C75 >25 11 12.5


1 25 12 6.25


2 25 13 >25


4 >25 14 >25


5 25 15 >25


6 >25 16 >25


7 >25 17 >25


8 25 18 >25


a Susceptibility in M. bovis BCG.
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cobacterial activity of the compounds. This observation
might suggest an important H-bonding network within
the enzyme�s active site that is essential for binding. Of
the amides, the allylamide derivatives (9–12) gave the
greatest activity, with compound 12 being the most ac-
tive. The increase in activity of longer C-5 substituted al-
kyl groups is consistent with the role of FAS I in the
synthesis of long chain fatty acids (C16–C24).


15a Myco-
bacterial type I FAS readily incorporates long chain fat-
ty acid CoAs as primers for chain elongation up to
C18.


15b


Compounds 13 and 14 were prepared to examine the
role of the exocyclic double bond on activity. Their
synthesis was achieved in two steps as set out in
Scheme 2. Briefly, reduction of C75 with H2 over
10% Pd/C (1:1.8 for cis to trans, 92% overall yield) fol-
lowed by tris(2-oxo-3-oxazolinyl)phosphine oxide med-
iated coupling afforded the desired products in 53%
and 51% yields, respectively. AMBLs impart their
activities through b-addition of biological nucleo-
philes.1a As expected, an appreciable loss of antibiotic
activity was noted following reduction, in keeping with
the proposed role of C75 in modification of the KAS
active site cysteine.


These experiments provide an initial survey of the activ-
ity of C75 and related compounds against mycobacteria
of the tuberculosis complex. While the SAR data are
consistent with one or more FAS targets in BCG, they
do not strictly prove it. In addition, additional analogs
bearing modifications at the C-3 and C-5 positions are
warranted to continue optimization of this structural
series and to further examine the potential role of these
compounds in TB chemotherapy.
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Abstract—The characterization of two cyclooxygenase isoforms (COX), the rate-limiting enzyme for the synthesis of prostaglandins
(PGs) from arachidonic acid, has allowed the development of COX-2 selective inhibitors as non-steroidal anti-inflammatory drugs
(NSAIDs) with significant gastric tolerability. However, PGs are also important in cancer pathogenesis. Thus, there is an increasing
interest in studying COX-2 inhibitors as potential drugs aimed at the prevention and treatment of cancer, especially colorectal cancer.
The purpose of this study was to determine the inhibitory effects of some representative 4-thiazolidinones, already widely investigated
as potential NSAIDs, on the growth of five human colon carcinoma cell lines with a different COX-2 expression, and to correlate them
with COX-2 inhibitory properties. Our results preliminarily revealed that 2-phenylimino derivative 3 and 2,4-thiazolidindione 4 were
the most active compounds. In particular, 3mainly inhibited the HT29 cell line characterized by a high COX-2 expression, whereas 4
showed antiproliferative properties on all tested cell lines, suggesting molecular targets other than COX-2 inhibition.
� 2005 Elsevier Ltd. All rights reserved.

Cyclooxygenase (COX) is a well-known enzyme that
catalyzes the conversion of arachidonic acid to prosta-
glandins (PGs) in the cells. Two different isoforms have
been discovered, COX-1 and COX-2, that catalyze the
same chemical transformation but have a different
genetic expression.1 While constitutive COX-1 is present
in most mammalian tissues and mediates the synthesis of
PGs required for many physiological functions, such as
maintenance of gastric and renal functions, vascular
homeostasis,2–4 COX-2 is mainly induced in response
to many pro-inflammatory stimuli, cytochines, growth
factors and mitogens.5,6


In addition, COX-2 is overexpressed in several human
tumors, including colorectal, gastric, prostatic and blad-
der carcinomas. Besides, COX-2 upregulation in trans-
formed cells and in tumors was reported to be
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associated with increased production of PGs, which
prove to be important in cancer pathogenesis since they
affect mitogenesis, cellular adhesion, immune surveil-
lance and apoptosis.7,8


In recent years, epidemiological reports have indicated
that the prolonged administration of non-steroidal anti-
inflammatory drugs (NSAIDs) to people with familial
adenomatous polyposis (FAP) results in a lower incidence
of colorectal adenomas.9 The mechanism of such an anti-
proliferative effect of NSAIDs remains to be clarified, but
most hypotheses have been focused on their ability to
reduce PG levels through the inhibition of COX-2.10


The expanding body of evidence as to the relationship
between COX-2 upregulation and the onset of human
colorectal carcinoma has encouraged us to investigate
the in vitro antiproliferative activity of some representa-
tive 4-thiazolidinones (1–5) (belonging to some classes
that we have already studied as potential NSAIDs) on
cellular lines of human colorectal carcinoma (Fig. 1).11–13


In particular, we are now investigating (2R,2 0S)
3,30-(1,2-ethanediyl)bis[2-(4-methoxyphenyl)-4-thiazolidi-
none] (1) that displayed interesting anti-inflammatory
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properties with greater gastrointestinal safety than con-
ventional NSAIDs.14 It was found to preferentially
inhibit inducible COX-2 with a IC50 COX-1/IC50


COX-2 ratio of about 50 (Table 1). Molecular modeling
study allowed such an enzymatic inhibition to be con-
ceivably rationalized.13


Based on an increasing knowledge about the structure of
a COX-2 active site through co-crystallized complexes
with known inhibitors,15 we have thus designed and sim-
ilarly explored some classes of simplified congeners of 1
to which compounds 2–5, chosen as representative in the
present paper, belong. In particular, 2-phenylimino-5-
(3-methoxyphenylmethylidene)-3-propyl-4-thiazolidin-
dione (3), which has a coxib-like structure (Fig. 1),

Table 1. In vitro assays for inhibition of COX-1 and COX-2 activity


Compound COX-1 COX-2 COX-1/COX-2


Nimesulidea 17.4 0.60 29


1a 53.7 1.12 47.9


2b 8 0 —


3b 0 24 —


4b 0 0 —


5 n.d. n.d. —


Celecoxibb 62 93 —


Standard errors <10%.


n.d., not determined.
a Data are expressed as IC50 (lM); assay performed according to


Ref. 19.
b Data are expressed as percentage of COX-1 and COX-2 inhibition at


10 lM; assay performed according to Ref. 18.

showed significant in vivo anti-inflammatory activity
along with COX-2 selective inhibition (Table 1).16 Its
parent compound 2 was inserted for comparison.


On the other hand, 5-(3-trifluoromethylbenzylidene)-2,4-
thiazolidinedione (4) and [5-(3-trifluoromethylbenzylid-
ene)-2,4-dioxothiazolidin-3-yl]acetic acid methyl ester
(5),17 although never assayed as anti-inflammatory
agents, have been included in this study to acquire some
suggestions about the possible relationships between
structural modifications of the 4-thiazolidinone skeleton
and antiproliferative activity against colorectal tumours.


COX-1 and COX-2 inhibition assays were carried out
following reported procedures;18,19 the results are given
in Table 1.


The antiproliferative in vitro screening was performed
on five cell lines of human colon cancers, such as
DLD-1,20 HCT-116,21 HT29,22 HCT-823 and H630,24


obtained from the American Type Culture Collection
(Manassas, VA); among them, HT29 cell line expresses
high COX-2 levels25 while, as far as we know, HCT-
116 and DLD-1 do not express this isoform.26,27


The compounds were diluted in DMSO and tested at
concentrations ranging from 0.001 to 100 lM. Growth
inhibition was evaluated after continuous exposures of
72, 96 and 168 h, and also after exposures of 6, 24 and
72 h, followed by a 72 h, period in drug-free medium.28


The treatment of the five cell lines with all compounds
did not cause a decrease in cell number with 6 h expo-
sure (data not shown). Instead, the results obtained with
the most prolonged exposure time (i.e., 168 h) were
affected by the high cytotoxicity induced by DMSO
(up to 80%) and thus not reported.


Therefore, Table 2 displays the results, expressed as IC50


values, relative to the other experimental times after
having subtracted the cytotoxicity of DMSO at the same
concentrations.


A clear correlation between concentration and cytotoxic
effect was experimentally obtained in the 10–100 lM
range. On the contrary, no correlation appeared be-
tween inhibition levels and exposure times in a 24–96 h
range.


Compounds 1, 2 and 5, which did not display any activ-
ity, have not been included in Table 2. It is to be noted
that bisthiazolidinone 1 had proved to be a good COX-2
inhibitory compound;13 thus, we expected it to inhibit at
least the COX-2 expressive HT29 cell line.


Only compounds 3 and 4 were active on a HT29 line
(Table 2). In particular, compound 3, a selective COX-
2 inhibitor (Table 1), displayed inhibitory effect at 72
(IC50 = 64.1 lM) and 96 h (IC50 = 23.4 lM); interesting-
ly with 72 + 72 h its efficacious dose proved to be halved
with respect to that shown after 72 h. It also showed
activity at 96 h exposure against DLD-1 and HCT-
116, cell lines that do not express COX-2,20,21 and







Table 2. Inhibitory effects, expressed as IC50 (lM), on the growth of human colon carcinoma cell lines at different exposure times


Cell line Compound 3 Compound 4


Time (h): 72 96 24 + 72 72 + 72 72 96 24 + 72 72 + 72


HCT-8 — — n.d. n.d. 100 82.2 n.d. n.d.


H630 — — n.d. n.d. 97.6 83.2 n.d. n.d.


DLD-1 — 13.1 — — 37.4 17.8 40.1 31.4


HCT-116 — 34.2 — — 48.8 45.5 91.7 36.8


HT29 64.1 23.4 92.8 36.2 38.8 59.7 71.7 31.4


—, >100; n.d., not determined.
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reached good levels of activity, as indicated by its IC50


values (13.1 and 34.2 lM, respectively).


On the other hand, analogue 4, which does not interact
with COX enzymes, inhibited the growth of HT29 cells,
reaching activity levels with IC50 ranging between 38.8
and 59.7 lM (exposure times 72 and 96 h), while re-
growth (72 + 72 h) improved the inhibitory effect fur-
ther. Compound 4, differently from 3, displayed
activity on all cell lines, mainly on the DLD-1
(IC50 = 17.8 lM at 96 h).


On the contrary, as mentioned above, compound 2, a
weak COX-1 inhibitor, compound 1, a preferential
COX-2 inhibitor, and compound 5 proved to be totally
inactive.


In conclusion, from a preliminary screening these results
demonstrated that 5-(3-trifluoromethylbenzylidene)-2,4-
thiazolidindione (4) exerted inhibitory effects on the
growth of HT29 cell line at all exposure times, reaching
the best level at 72 + 72 h regrowth. 2-Phenylimino-5-(3-
methoxyphenylmethylidene)-3-propyl-4-thiazolidindi-
one (3) on the same COX-expressing cell line proved to
induce antiproliferative effects at all exposure times
mainly after 96 h. They were also active on DLD-1
and HCT-116 cell lines but only after prolonged expo-
sure without regrowth.


The observed antiproliferative profile of 3 might or
might not be dependent on the expression status of
COX-2 enzyme, in agreement with previous observations
of some authors for other COX-2 inhibitors.25–27,29 The
mechanism of action of COX non-interfering compound
4, which displayed the best antiproliferative profile on all
cell lines, could be due to interaction with other uniden-
tified cellular targets. Recently, AA demonstrated that
some 2,4-thiazolidinediones, structurally similar to 4
and 5, possess in vitro antiproliferative activity by acting
as inhibitors of translation initiation process.30


Further studies are needed to clarify the mechanism of
action of the active 4-thiazolidinones 3 and 4, while
other analogues will be similarly investigated and the
SAR picture outlined. These forthcoming studies will
be published in a future note.
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