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Molecular model of the outward facing state of the human multidrug resistance protein 4
(MRP4/ABCC4)
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1-[4-(2-Aminoethoxy)phenylcarbonyl]-3,5-bis-(benzylidene)-4-oxopiperidines: A novel series of highly
potent revertants of P-glycoprotein associated multidrug resistance
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Optimal activity is shown when R is a methyl or chloro group and X is a 1-piperidyl substituent.
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Binding properties of positively charged deoxynucleic guanidine (DNG), AgTgAgTgAgT and
DNG/DNA chimeras to DNA
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Melting studies of mixed hexameric DNG oligonucleotide, AgTgAgTgAgT, have been evaluated. Also, DNG, AgTgAgTgAgT,


have been inserted into 20-mer DNA to produce DNG/DNA chimera as a antisense agent.


5-Substituted isophthalamides as insulin receptor sensitizers pp 3492–3494


Louise Robinson, Sonia Bajjalieh, Nicholas Cairns, Robert T. Lum*, Robert W. Macsata,
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A novel series of 5-substituted isophthalamides and their structure–activity relationship as insulin receptor sensitizers is discussed.


Discovery of novel 4-amino-6-arylaminopyrimidine-5-carbaldehyde oximes as dual inhibitors of
EGFR and ErbB-2 protein tyrosine kinases


pp 3495–3499


Guozhang Xu*, Lily Lee Searle, Terry V. Hughes, Amanda K. Beck, Peter J. Connolly, Marta C. Abad,
Michael P. Neeper, Geoffrey T. Struble, Barry A. Springer, Stuart L. Emanuel, Robert H. Gruninger,
Niranjan Pandey, Mary Adams, Sandra Moreno-Mazza, Angel R. Fuentes-Pesquera,
Steven A. Middleton, Lee M. Greenberger
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We herein disclose a novel series of 4-aminopyrimidine-5-carbaldehyde oximes that are potent and selective inhibitors of both


EGFR and ErbB-2 tyrosine kinases, with IC50 values in the nanomolar range.


Development of potent and selective small-molecule human Urotensin-II antagonists pp 3500–3503


John J. McAtee*, Jason W. Dodson, Sarah E. Dowdell, Gerald R. Girard,
Krista B. Goodman, Mark A. Hilfiker, Clark A. Sehon, Deyou Sha,
Gren Z. Wang, Ning Wang, Andrew Q. Viet, Daohua Zhang, Nambi V. Aiyar,
David J. Behm, Luz H. Carballo, Christopher A. Evans, Harvey E. Fries,
Rakesh Nagilla, Theresa J. Roethke, Xiaoping Xu, Catherine C.K. Yuan,
Stephen A. Douglas, Michael J. Neeb


N N


N
O


O


OCl


Cl


7, hUT binding Ki = 0.4 nM


This work describes the development of potent and selective human Urotensin-II antagonists starting from lead compound 1.


Several problems relating to oral bioavailability, cytochrome P450 inhibition, and selectivity for hUT over other receptors were


addressed.
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Discovery of nonsteroidal glucocorticoid receptor ligands based on 6-indole-
1,2,3,4-tetrahydroquinolines


pp 3504–3508


Steven L. Roach*, Robert I. Higuchi, Mark E. Adams, Yan Liu,
Donald S. Karanewsky, Keith B. Marschke, Dale E. Mais,
Jeffrey N. Miner, Lin Zhi
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20


A series of nonsteroidal glucocorticoid receptor (GR) ligands based on a 6-indole-1,2,3,4-


tetrahydroquinoline scaffold are reported. Structure–activity relationship (SAR) of the pendent


indole group identified compound 20 exhibiting good GR binding affinity, receptor selectivity


and E-selectin repression activity.


The effect of different electrostatic potentials on docking accuracy: A case study using DOCK5.4 pp 3509–3512


Keng-Chang Tsai, Sheng-Hung Wang, Nai-Wan Hsiao, Minyong Li*, Binghe Wang*
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Nine different semi-empirical and empirical charges were compared their performance on the prediction of docking


poses using DOCK5.4 program.


Discovery and Initial SAR of Arylsulfonylpiperazine Inhibitors of 11b-Hydroxysteroid
Dehydrogenase Type 1 (11b-HSD1)


pp 3513–3516


Daqing Sun*, Zhulun Wang, Yongmei Di, Juan C. Jaen, Marc Labelle, Ji Ma, Shichang Miao, Athena Sudom,
Liang Tang, Craig S. Tomooka, Hua Tu, Stefania Ursu, Nigel Walker, Xuelei Yan, Qiuping Ye, Jay P. Powers*
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45
High-throughput screening of a small-molecule compound library resulted in the identification of a series of arylsulfonylpiperazines


that are potent and selective inhibitors of human 11b-Hydroxysteroid Dehydrogenase Type 1 (11b-HSD1). Optimization of the


initial lead resulted in the discovery of compound (R)-45 (11b-HSD1 IC50 = 3 nM).


Discovery of benzamide tetrahydro-4H-carbazol-4-ones as novel small molecule inhibitors of Hsp90 pp 3517–3521


Thomas E. Barta, James M. Veal*, John W. Rice, Jeffrey M. Partridge, R. Patrick Fadden, Wei Ma,
Matthew Jenks, Lifeng Geng, Gunnar J. Hanson, Kenneth H. Huang, Amy F. Barabasz, Briana E. Foley,
James Otto, Steven E. Hall
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Synthesis of diketopiperazine-based carboline homodimers and in vitro growth inhibition of human
carcinomas


pp 3522–3525


Amy M. Deveau*, Nancy E. Costa, Elizabeth M. Joshi, Timothy L. Macdonald
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Carboline homodimers like 2.30a were synthesized starting from D- or LL-Trp–OCH3 and shown to inhibit the in vitro


growth of PC-3 and NCI–H520 human cancers.


Cycloalkyl-substituted aryl chloroethylureas inhibiting cell cycle progression in G0/G1 phase and
thioredoxin-1 nuclear translocation


pp 3526–3531


Jessica S. Fortin,* Marie-France Côté, Jacques Lacroix, Alexandre Patenaude, Éric Petitclerc,
René C.-Gaudreault*


.


Synthesis of BC-ring model of globostellatic acid X methyl ester,
an anti-angiogenic substance from marine sponge


pp 3532–3535


Naoyuki Kotoku, Nao Tamada, Asami Hayashi, Motomasa Kobayashi*
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against HUVECs


Carboxylic acid isosteres improve the activity of ring-fused 2-pyridones
that inhibit pilus biogenesis in E. coli


pp 3536–3540


Veronica Åberg, Pralay Das, Erik Chorell,
Mattias Hedenström, Jerome S. Pinkner,
Scott J. Hultgren, Fredrik Almqvist*
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4,5-Disubstituted oxazolidinones: High affinity molecular effectors of RNA function pp 3541–3544


Rajaneesh Anupam, Abhijit Nayek, Nicholas J. Green, Frank J. Grundy, Tina M. Henkin,
John A. Means, Stephen C. Bergmeier, Jennifer V. Hines*


Novel oxazolidinone RNA ligands that modulate T box riboswitch function are reported.


Design, synthesis, and structure–activity relationships of piperidine and dehydropiperidine carboxylic
acids as novel, potent dual PPARa/c agonists


pp 3545–3550


Xiang-Yang Ye*, Yi-Xin Li, Dennis Farrelly, Neil Flynn, Liqun Gu, Kenneth T. Locke,
Jonathan Lippy, Kevin O�Malley, Celeste Twamley, Litao Zhang, Denis E. Ryono, Robert Zahler,
Narayanan Hariharan, Peter T. W. Cheng*
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The SAR of substituted dehydropiperidine and piperidine-4-carboxylic acid analogs as novel, potent dual PPARa/c
agonists is discussed. A rare double bond migration in dehydropiperidine series has been observed and is discussed.


TrkA kinase inhibitors from a library of modified and isosteric Staurosporine aglycone pp 3551–3555


Rabindranath Tripathy*, Thelma S. Angeles, Shi X. Yang, John P. Mallamo
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Discovery of TrkA kinase inhibitors from a library of a modified Staurosporine aglycone along with their potency, cellular data,


selectivity profile and anti-tumor properties are discussed.


Pleuromutilin derivatives having a purine ring. Part 1: New compounds with promising antibacterial
activity against resistant Gram-positive pathogens


pp 3556–3561


Yoshimi Hirokawa, Hironori Kinoshita*, Tomoyuki Tanaka, Takanori Nakamura, Koichi Fujimoto,
Shigeki Kashimoto, Tsuyoshi Kojima, Shiro Kato
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In the course of our research aimed at the discovery of the


metabolically stable pleuromutilin analogues with potent anti-


bacterial activity against Gram-positive pathogens, we have


found two promising compounds, bearing a purine ring and


having potential as novel antibacterial agents for use in human.
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Substituted dipiperidine alcohols as potent CCR2 antagonists pp 3562–3564


Mingde Xia*, Cuifen Hou, Duane DeMong, Scott Pollack, Meng Pan, James Brackley,
Monica Singer, Michele Matheis, Druie Cavender, Michael Wachter
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Structure–activity relationship studies led to the discovery of substituted dipiperidine alcohols as potent CCR2 antagonists


displaying IC50 values in the nanomolar or subnanomolar range.


Design and synthesis of 2-pyridones as novel inhibitors of the Bacillus anthracis enoyl-ACP reductase pp 3565–3569


Suresh K. Tipparaju, Sipak Joyasawal, Sara Forrester, Debbie C. Mulhearn, Scott Pegan,
Michael E. Johnson*, Andrew D. Mesecar*, Alan P. Kozikowski*


HN


R1O


X
O


X = C or O


R2


R3


N


O


R1O


R2


R3


Novel 2-pyridone derivatives were synthesized and shown to be potent inhibitors of enoyl-ACP reductase


from Bacillus anthracis.


Facile formation of hydrophilic derivatives of 5H-8,9-dimethoxy-5-[2-(N,N-dimethylamino)ethyl]-2,3-
methylenedioxydibenzo[c,h] [1,6]naphthyridin-6-one (ARC-111) and its 12-aza analog via quaternary
ammonium intermediates


pp 3570–3572


Wei Feng, Mavurapu Satyanarayana, Yuan-chin Tsai, Angela A. Liu, Leroy F. Liu, Edmond J. LaVoie*
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Several new TOP1-targeting agents were prepared using the N,N,N-trimethyl quatemary ammonium salts of either 1 or 2.


Synthesis, biological evaluation and radiochemical labeling of a dansylhydrazone derivative as a
potential imaging agent for apoptosis


pp 3573–3577


Wenbin Zeng, Min-liang Yao, David Townsend, George Kabalka, Jonathan Wall, Michael Le Puil,
John Biggerstaff, Weimin Miao*
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Design, synthesis, and biological evaluation of dansylhydrazones were reported.
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2,5-Diaminopyrimidines and 3,5-disubstituted azapurines as inhibitors of glycogen synthase kinase-3
(GSK-3)


pp 3578–3581


Christopher Lum*, Jeff Kahl, Linda Kessler, Jeff Kucharski, Jan Lundström, Stephen Miller,
Hiroshi Nakanishi, Yazhong Pei, Kent Pryor, Edward Roberts, Lubomir Sebo, Robert Sullivan,
Jan Urban, Zhijun Wang
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The structure–activity relationships of potent and selective pyrimidine- and azapurine-based inhibitors of glycogen synthase kinase-


3 (GSK-3) are reported.


Synthesis of new UV-B light absorbents: (Acetylphenyl)glycosides with antioxidant activities pp 3582–3584


Takashi Otani, Tetsu Tsubogo, Naoki Furukawa, Takao Saito*, Katsumi Uchida, Kanako Iwama,
Yuki Kanai, Hirofumi Yajima*
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Synthesis of (acetylphenyl)glycosides, new UV-B light absorbents with antioxidant, was reported.


Oligonucleotide microarrays with stem–loop probes: Enhancing the hybridization of nucleic acids for
sensitive analysis


pp 3585–3588


Shweta Mahajan, Archana Swami, Dalip Sethi, P. Kumar, K.C. Gupta*
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Here, we have demonstrated that the dynamics of nucleic acid hybridization in microarrays depend on the physical structure of the


immobilized species.


Monoglycerides from the brown alga Sargassum sagamianum: Isolation, synthesis, and biological
activity


pp 3589–3592


Hyeun Wook Chang, Kyoung Hwa Jang, Doohyun Lee, Hee Ryong Kang, Tae-Yoon Kim, Bong Ho Lee,
Byoung Wook Choi, Sanghee Kim*, Jongheon Shin*
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The isolation, synthesis, and bioactivity of fatty acid-derived monoglycerides are described.
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Carbonic anhydrase inhibitors: Inhibition of the new membrane-associated isoform XV with phenols pp 3593–3596


Alessio Innocenti, Mika Hilvo, Andrea Scozzafava, Seppo Parkkila, Claudiu T. Supuran*
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C3-Spacer-containing circular oligonucleotides as inhibitors of human topoisomerase I pp 3597–3602


Yifan Wang, Magdeline Tao Tao Ng, Tianyan Zhou, Xinming Li, Choon Hong Tan*, Tianhu Li*


Oligonucleotide 1
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Topo I-cutting site


Topo I-Binding Site 1 Topo I-Binding Site 2"extraordinarily 
thermostable hairpins" (Shadowed Region) (Shadowed Region)


Some dumbbell-shaped circular oligonucleotides containing C3-spacer modifications and Topo I-binding sites were


synthesized which displayed high inhibitory efficiency on the activity of human Topo I as well as resisted the degradation


by certain DNA repair enzyme.


Design and synthesis of novel furoquinoline based inhibitors of multiple targets in the
PI3K/Akt-mTOR pathway


pp 3603–3606


Manoj V. Lohar, Ramswaroop Mundada, Mandar Bhonde, Amol Padgaonkar, Vijaykumar Deore,
Nilambari Yewalkar, Dimple Bhatia, Maggie Rathos, Kalpana Joshi, Ram A. Vishwakarma,
Sanjay Kumar*
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A variety of furoquinoline based novel molecules have been designed, synthesized and evaluated as multiple target


inhibitor of PI3K/Akt-mTOR pathway. Compound (23) has shown significant inhibition of PI3K/Akt-mTOR-HIF-1a.


Analogues of N-hydroxy-N0-phenylthiourea and N-hydroxy-N0-phenylurea as inhibitors
of tyrosinase and melanin formation


pp 3607–3610
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N-Hydroxy-N0-phenylthiourea and N-hydroxy-N0-phenylurea analogues were designed and evaluated as inhibitors of


tyrosinase and melanin formation. The structure of the most active analogue 1 is reported.
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Synthesis and structure–activity relationship of aminopyrimidine IKK2 inhibitors pp 3622–3627
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The synthesis and structure–activity relationship of a novel series of aminopyrimidines is exemplified. Results of key compounds


from within this series in the E-selectin reporter cell assay are also reported.
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The synthesis of potent thymidylate synthase X inhibitors is reported.


Contents / Bioorg. Med. Chem. Lett. 18 (2008) 3463–3474 3471







Structure-based optimization of a potent class of arylamide FMS inhibitors pp 3632–3637


Sanath K. Meegalla, Mark J. Wall, Jinsheng Chen, Kenneth J. Wilson, Shelley K. Ballentine,
Renee L. DesJarlais, Carsten Schubert, Carl S. Crysler, Yanmin Chen, Christopher J. Molloy,
Margery A. Chaikin, Carl L. Manthey, Mark R. Player, Bruce E. Tomczuk and Carl R. Illig*


31b IC50 - 0.0004 μM


H
N


O
N
H


N


HN


CN


Potent FMS inhibitors possessing a 1,2,4-phenylenetriamine core structure were optimized


with the aid of structure-based modeling to alleviate the potential for quinonediimine reactive


intermediate formation and to obtain equally potent FMS inhibitors with no detectable IDR


liability.
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receptor (IGF-1R) for potential use in cancer treatment
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The strategies, synthesis, and SAR behind novel isoquinolinedione IGFR inhibitors (1) are reported.


Design, synthesis, and evaluation of inhibitors of cathepsin L: Exploiting a unique thiocarbazate
chemotype
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A novel series of thiocarbazates was designed and synthesized to probe the structural requirements for cathepsin L inhibitory


activity. These studies were guided by molecular docking studies using coordinates of a papain–inhibitor complex as a model for


cathepsin L, and led to an understanding of the specific binding interactions as well as appropriate carbonyl reactivity required for


potent activity. Furthermore, a highly potent inhibitor of cathepsin L (IC50 7 nM) was identified a result of these studies.
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Synthesis and biological evaluation of potent MDR reversal agent 7 are reported.
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Following the identification of a potent IRAK


inhibitor through routine project cross screening, a


novel class of IRAK-4 inhibitor was established. The


SAR of imidazo[1,2-a]pyridino-pyridines and benzi-


midazolo-pyridines was explored.
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Synthesis, biological evaluation and structure-activity relationships for a


series of novel nonpeptide small molecule inhibitors of GSK-3b kinase.


Use of receptor chimeras to identify small molecules with high affinity for the dynorphin A binding
domain of the j opioid receptor
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A series of 2-substituted sulfamoyl arylacetamides of general structure 2 were prepared


as potent j opioid receptor agonists for the dynorphin A binding domain.
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A series of spin-labeled sulfonamides incorporating TEMPO moieties were synthesized by a procedure
involving the formation of a thiourea functionality between the benzenesulfonamide and free radical
fragment of the molecules. The new compounds were tested as inhibitors of the metalloenzyme carbonic
anhydrase (CA, EC 4.2.1.1) and showed efficient inhibition of the physiologically relevant isozymes hCA II
and hCA IX (hCA IX being predominantly found in tumors) and moderate to weak inhibitory activity
against hCA I. Some derivatives were also selective for inhibiting the tumor-associated isoform over
the cytosolic one CA II, and presented significant changes in their ESR signals when complexed to the
enzyme active site, being interesting candidates for the investigation of hypoxic tumors overexpressing
CA IX by ESR techniques, as well as for imaging/treatment purposes.


� 2008 Elsevier Ltd. All rights reserved.

In previous work from this laboratory,1,2 we reported that fluo-
rescein-labeled sulfonamides act as very potent inhibitors of the
zinc enzyme carbonic anhydrase (CA, EC 4.2.1.1).3 These fluores-
cein derivatives are now in early phases of development for appli-
cations as diagnostic tools and therapeutic agents for tumors
overexpressing CA isozymes IX and XII (among the 16 presently
known in mammals).3–5 With the aid of such fluorescent inhibitors
it was possible to prove the involvement of CA IX in tumor acidifi-
cation processes which lead to an excessive production of H+ ions
in the extracellular space where the active site of CA IX and XII are
situated,4,5 and the possibility to reverse this deleterious phenom-
enon by blocking the enzyme activity.1–5 The success of this ap-
proach has encouraged us to now investigate alternative
possibilities for the labeling of CAs present in tumors (i.e., CA IX
and XII) or related isoforms, eventually present in the cytosol (CA
I, II, VII, and XIII) or mitochondria (CA VA and VB) of eukaryotic
cells.3 Introduction of a spin label in the molecules of sulfonamides
acting as well-known inhibitors of these enzymes3 seemed to us a
straightforward continuation of our previous work.1,2 In this letter

ll rights reserved.


x: +39 055 457 3385 (C.T.S.).
ri), claudiu.supuran@unifi.it

we report the synthesis, CA inhibitory activity against some phys-
iologically relevant isoforms (CA I and II, cytosolic isozymes, and
CA IX, transmembrane, tumor-associated isoform)3 as well as the
ESR properties for a series of benzenesulfonamides incorporating
2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO) and thioureido
moieties.


Spin-labeled sulfonamides were in fact reported in the 70s,6


when little was known on the binding of sulfonamides within
the CA active site, as no X-ray crystallographic structures of any
isoform alone or in complex with inhibitors were available at that
time. Some of the compounds A–E reported earlier6–8 incorporated
either five-membered (pyrrolidine-N-oxide) or six-membered
(piperidine-N-oxide) radical moieties in their molecule, together
with the classical benzenesulfonamide warheads known to coordi-
nate (in deprotonated form, as sulfonamidate anion) to the Zn(II)
ion present in the enzyme active site and crucial for its catalytic
activity (Chart 1).3 These compounds were basically used for gain-
ing insight on the topology of the CA active site and no detailed
inhibition studies are available with them, also because only iso-
forms I and II were known in the period when they were reported.6


Furthermore, the possibility of exploiting the ESR signals of these
earlier compounds of types A–E for imaging/treatment purposes
has never been taken into account. There is in fact a stringent need
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Chart 1. Spin-labeled sulfonamides A–E reported earlier.
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of CAIs which can be used for the selective labeling of CA isozymes
involved in various pathological processes,3,7,8 as exemplified
among others also by the very recent report of Christianson’s group
of a 129Xe-cryptophane-sulfonamide biosensor complexed to hCA II
which can be used as a diagnostic tool for 129Xe-magnetic reso-
nance imaging (MRI).8


The design of the new CA inhibitors (CAIs) 1–10 reported here
was approached by the classical tail strategy,2,3 that is, maintaining
the benzenesulfonamide head present in the spin-labeled com-
pounds A–E6 reported earlier, and by incorporation of a thiourea
linker between this and the free radical TEMPO tail (Scheme 1),
which was not present in any of the earlier derivatives. The ben-
zenesulfonamide moiety was chosen due to its ability to tightly
bind to the zinc ion within the enzyme active site, as shown by
extensive X-ray crystallographic work from this and other
groups.1–3,8–11 Furthermore, the phenyl ring belonging to the bene-
zenesulfonamide moiety may be substituted in positions 3 and 4
(with respect to the sulfamoyl group) with halogen atoms, as some
of these derivatives were shown earlier to lead to potent CAIs.1–3


The central thiourea linker motif was chosen because it was shown
earlier that compounds incorporating it act as potent hCA I, II, and
IX inhibitors.12,13 We then employed the 2,2,6,6-tetramethyl-
piperidine-1-oxyl (TEMPO) moiety as the tail group. This free rad-
ical moiety is active in the ESR experiments, and possesses a simple
spectrum.14 In addition, it is stable, it induces a relatively good
water solubility to the compounds incorporating it, and its spectral
features (such as line width and intensity) can be regulated by tis-
sue oxygen or redox status in in vivo experiments. This latter prop-
erty also renders newly synthesized molecules containing this
radical scaffold to be incorporated in spin probes that interact with
biomolecules such as enzymes.14,15


The compounds 1–10 were prepared as shown in Scheme 1 by
employing two alternative but similar reaction methods (depend-
ing on the stability of the isothiocyanate intermediates). The first
method consisted in the reaction of aminosulfonamides with thio-
phosgene in acidic medium which leads to the corresponding iso-
thiocyanate-sulfonamides.12,13 Reaction of these intermediates
with amino-TEMPO in acetonitrile led to thioureas 1 and 4–10.
As the precursor sulfonamide isothiocyanates could not be pre-

pared in acceptable yields for the subsequent synthesis of com-
pounds 2 and 3, an alternative method was employed, that is,
reaction of TEMPO isothiocyanate (obtained from amino-TEMPO
and CSCl2 similar to what is described above)12,13 with the corre-
sponding amines (Scheme 1).16,17


The inhibition data of the new sulfonamides 1–10 and standard,
clinically used inhibitors such as acetazolamide AAZ, methazola-
mide MZA, ethoxzolamide EZA, dichlorophenamide DCP, and
indisulam IND (Chart 2) against the cytosolic isozymes hCA I,
hCA II, and the transmembrane tumor-associated isozyme hCA IX
(h = human isoform) are presented in Table 1.18 The following
structure–activity relationships (SARs) should be noted: (i) against
the ubiquitous, house-keeping, and physiologically relevant iso-
form hCA II the new sulfonamides 1–10 showed good inhibitory
activity, with inhibition constants (Ki values) in the range of 12–
165 nM. The derivatives with a meta substitution pattern on the
benzenesulfonamide ring showed the least efficient inhibitory
activity (Kis of 165 and 152 nM, respectively, for derivatives 4
and 7). Compounds 1–3 showed a compact behavior of efficient
CAIs, with Kis of 28–42 nM. An increased affinity for hCA II has
been observed for the halogeno-substituted derivatives 5 and 6,
with the chlorine-substituted benzenesulfonamide 6 being a very
efficient CAI, comparable to the clinically used compounds AAZ,
MZA, and EZA (Table 1). The sulfanilyl-sulfonamides 8–10 were
slightly less efficient hCA II inhibitors as compared to 6, but they
appreciably inhibited the enzyme with inhibition constants in
the range of 20–47 nM. Thus, we evidenced various types of substi-
tution patterns of the TEMPO-containing CAIs that lead to efficient,
low nanomolar inhibitors of the physiologically relevant isozyme
hCA II; (ii) the inhibition data of compounds 1–10 against the tu-
mor-associated isozyme hCA IX (our target for imaging or treat-
ment purposes)1 showed them to possess excellent inhibitory
activity, with Kis values in the range of 7–220 nM (Table 1). Similar
to the hCA II inhibition discussed above, the meta substitution pat-
tern present in derivatives 4 and 7 led to the least effective inhib-
itory properties (Kis of 132 and 220 nM, respectively) for the
corresponding sulfonamides. The other compounds reported here
were much better hCA IX inhibitors as compared to 4 and 7, with
inhibition constants in the range of 7–41 nM. SAR was rather sim-
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Scheme 1. Preparation of TEMPO-tailed sulfonamides 1–10.
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ilar to what is discussed above for hCA II, except that the best
inhibitor was in this case 9, which with its elongated molecule

may probably better fill the hCA IX active site which is presumed
to be larger than that of hCA II;20 (iii) against the slow cytosolic iso-







Table 1
CA inhibition data of compounds 1–10 and standard CAIs (AAZ–IND) against human
isoforms hCA I, II (cytosolic), and IX (transmembrane, tumor-associated)


Compound Ki
* (nM) Selectivity ratio


hCA Ia hCA IIa hCA IXb KIhCAII/KIhCA IX


AAZ 900 12 25 0.48
MZA 780 14 27 0.52
EZA 25 8 34 0.23
DCP 1200 38 50 0.76
IND 31 15 24 0.62
1 179 41 41 1.00
2 204 42 35 1.20
3 182 28 39 0.72
4 2070 165 132 1.25
5 233 37 22 1.68
6 128 12 14 0.86
7 784 152 220 1.55
8 365 47 30 1.57
9 89 20 7 2.86
10 170 33 41 0.80


a Human, recombinant isozymes.
b Catalytic domain of human, cloned isoform.13


* Errors in the range of 5–10% of the data shown, from three different assays, by a
CO2 hydration stopped-flow assay.18
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form hCA I, whose physiological function is less well defined as
compared to those of isoforms II and IX discussed above,1–3 sulfon-
amides 1–10 showed inhibition constants in the range of 89–
2070 nM. Derivatives 4, 7, and 8 were the least effective hCA I
inhibitors (Kis of 365–2070 nM), while the remaining compounds
possessed medium efficacy as CAIs against this isoform (Ki 89–
233 nM). The reduced affinity of some of the first such molecules
against hCA I is probably due to the fact that they possess a bulky
moiety meta to the sulfamoyl zinc binding group of the benzene-
sulfonamide warhead, a trend we have observed for other classes
of compounds bearing this substitution pattern.19 The inhibition
constants of compounds 1, 2, and 3 (Kis of 179–204 nM) were also
very similar (as for the inhibition of the other two isozymes dis-
cussed here). This demonstrates that the presence/absence of a
CH2 or CH2CH2 spacer between the benzenesulfonamide scaffold
and thiourea moiety does not lead to important differences in
the inhibitory properties of these derivatives. However, for the
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Figure 1. Histogram representing the enhanced selectivity ratio for the inhibition of the
with some of the TEMPO-labeled, nitroxylated sulfonamides 1–10 over the classical, cli

structurally similar, more elongated compounds of types 8–10,
with an internal secondary sulfonamide group, compound 9
showed a better inhibition constant (Ki 89 nM) as compared to
its shorter or longer congener, suggesting the importance of the
overall length of the inhibitor for an optimal interaction with the
enzyme active site (in this case the CH2 linker present in 9 led to
the best such interactions).9,11 Derivatives 1–10 showed an overall
inhibition profile against hCA I similar to that of the clinically used
sulfonamides AAZ, EZA, and IND (Table 1); (iv) among all the free
radical inhibitors synthesized here, compounds 2, 5, 8, and 9
showed good selectivity for the inhibition of the tumor-associated
isoform hCA IX over the cytosolic one hCA II, with the best selectiv-
ity ratio of 2.9 achieved for compound 9 (Table 1 and Fig. 1). All
these compounds were obviously much better hCA IX inhibitors
than hCA I inhibitors (Table 1). These are not at all trivial results,
since few compounds reported in the literature selectively inhibit
the tumor-associated isoform over the cytosolic CAs. As also seen
from data of Figure 1, all the clinically used compounds AAZ-IND
show selectivity ratios for the inhibition of CA IX over CA II less
than 1 (thus being better CA II than CA IX inhibitors), whereas
many of the new nitroxylated CAIs reported here (e.g., 2, 4, 5, 7,
8, and 9) have a selectivity ratio >1. This means that these com-
pounds will preferentially bind CA IX (already overexpressed in
hypoxic tumors)1,2 and much less CA II, which is a house-keeping
enzyme, necessary for many physiological processes of the cell.1–3


The ESR spectra of the nitroxide derivatives reported here were
recorded both in the absence and in the presence of enzyme (Fig.
2A and B). hCA II was used as model enzyme for this study owing
to both the good inhibitory activity of most compounds synthe-
sized in this work, and to its ease of handling and low cost as com-
pared to hCA IX, the actual diagnostic target for which these
compounds were designed. ESR experiments were crucial for
assessing the mobility rates of TEMPO-CAIs in solution and upon
binding to the enzyme. Figure 2A and B shows the ESR spectra of
compounds 1 and 6, both free in solution and complexed to the en-
zyme, respectively. The signals of the spin-labeled CAIs dissolved
in buffer were superposable, and this was in agreement with the
fact that the two compounds 1 and 6 only differ by the presence
of a chlorine atom which is placed far from the free radical piper-
idin-N-oxide moiety. Both radicals underwent rapid motion in buf-

4 5 6 7 8 9 10


tumor-associated isozyme hCA IX over the cytosolic, house-keeping isoform hCA II
nically used CAIs AAZ-IND (non-nitroxylated CAIs).
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Figure 2. ESR spectra of compounds 1 (A), and 6 (B) in solution without enzyme
(dotted line) and in the presence of hCA II at a molar ratio of 1:1 (continuous line).
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fer solution (in the absence of enzyme). The measured hyperfine
coupling constant was typical of a polar medium, being hANi = 17.1.
When in the presence of hCA II, the ESR spectrum of compounds 1
and 6 significantly changed to a slow motion signal, indicating that
binding within the enzyme active site has efficiently occurred. It
should be noted that a very small fraction of labeled compounds
did not interact with the enzyme. This fraction was found to be
of the order of 0.1–3%, as measured from double integration of
the different ESR peaks. The exact amount of non-interacting TEM-
PO-CAIs (whose corresponding peak is indicated by an arrow in
Figure 2A and B) depended both on the structure of the nitroxide
derivative and the molar ratio with respect to hCA II. However,
as mentioned above, in all cases the ESR line shape of TEMPO-CAIs
in the presence of hCA II was completely dominated by the spec-
trum of the bound molecules, which showed the anisotropic fea-
tures characteristic to restricted motional conditions.6–8 A similar
behavior was found for the vast majority of compounds 1–10 (data
not shown) proving that these free radicals were able to interact
strongly with the amino acid residues lining the cavity of the
hCA II enzyme, and making them promising molecules for the
investigation of various CA isozymes by means of ESR techniques.
Both imaging as well as therapeutic applications of such molecules

can be envisaged,3,21,22 considering also their potential as biore-
ductive drugs.


In conclusion, we report here a novel series of spin-labeled sul-
fonamides incorporating TEMPO moieties which have been synthe-
sized by a procedure involving the formation of a thiourea
functionality between the benzenesulfonamide and free radical
fragment of the molecules. These new sulfonamides showed mod-
erate–weak inhibitory activity against isozyme hCA I, but were in
general much more efficient inhibitors of hCA II and hCA IX, the
last one being predominantly found in tumors. Some of these com-
pounds showed significant changes in their ESR signals when com-
plexed within the enzyme active site, making them potential
candidates of interest for the investigation of hypoxic tumors over-
expressing CA IX by ESR techniques for imaging and diagnostic
purposes.
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ATP-binding cassette (ABC) transporter multidrug resistance protein 4 (MRP4, ABCC4) is involved in mul-
tidrug resistance (MDR), which is an increasing challenge to the treatment of cancer and infections. We
have constructed a molecular model of ABCC4 based on the outward facing Sav1866 crystal structure
using molecular modeling techniques. Amino acids reported by ICMPocketFinder to take part in substrate
translocation were among others Glu103 (TMH1), Ser328 (TMH5), Gly359 (TMH6), Arg362 (TMH6),
Val726 (TMH7), and Leu987 (TMH12), and their corresponding amino acids in ABCB1 (P-glycoprotein)
have been reported to be involved in drug binding according to site-directed mutagenesis studies. The
ABCC4 model may be used as a working tool for experimental studies on ABCC4 and design of more spe-
cific membrane transport modulating agents (MTMA).


� 2008 Elsevier Ltd. All rights reserved.

Multidrug resistance (MDR) is a challenge to the treatment of
cancer and infections. Cells exposed to chemotherapeutics and
antibiotics can develop resistance by several mechanisms, includ-
ing increased excretion via drug efflux transporters. Development
of membrane transport-modulating agents (MTMA) of drug efflux
transporters has been sought for use as a supplement to therapy
to overcome multidrug resistance.1


ATP-binding cassette (ABC) transporter multidrug resistance
protein 4 (MRP4, ABCC4) exports organic anions, including endoge-
nous and exogenous substances, and is involved in MDR.2–6 ABCC4 is
present in most tissues of the human body, including brain,7 kidney,8


liver,9 erythrocytes,10 platelets,11 adrenal gland,12 and pancreas.13


Experimental studies have demonstrated that ABCC4 is involved in
resistance to the anticancer agent topotecan, thus protecting the
brain from chemotherapy, suggesting that the therapeutic efficacy
of central nervous system-directed drugs that are ABCC4 substrates
may be improved by developing ABCC4 MTMA.3


There is a limited knowledge of ABCC4’s structural, biological
and pharmacological features. In lack of an X-ray crystal structure,
molecular modeling by homology may be an alternative for gaining
structural insight into ABCC4. Information about the molecular
properties of the substrate translocation pathway of ABCC4 can
be used to design therapeutic agents that may aid to reduce the
consequences of MDR.


ABCC4 belongs to the ABC superfamily, which are structurally
related membrane proteins featuring intracellular motifs that exhi-
bit ATPase activity.14–16 ABCC4 has both transmembrane domains

ll rights reserved.
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(TMD) and nucleotide-binding domains (NBD), and its topology is
TMD–NBD–TMD–NBD. Each TMD has six transmembrane helices
(TMHs).


The bacterial ABC transporter Sav1866 from Staphylococcus aur-
eus, which has a 24% amino acid sequence identity to ABCC4, has
been crystallized in an outward-facing ATP-bound state.17 We have
previously used the Sav1866 crystal structure17 to construct an
ABCB1 model18 and an ABCC5 model.19 Here, we present a molec-
ular model of ABCC4 based on the Sav1866 crystal structure,17 to-
gether with an identification of ABCC4 amino acid residues that
may interact with substrates in the substrate translocation
pathway.


The ICM software version 3.4-9b20 was used to construct the
ABCC4 model by homology, and the crystal structure of
Sav186617 (pdb code 2HYD), which has a 3 Å resolution, was used
as a template.


The input alignment was based on (1) a multiple sequence
alignment of human ABCC4 (SWISS-PROT Accession No. O15439),
human ABCB1 (SWISS-PROT Accession code P08183), human
ABCC5 (SWISS-PROT Accession No. O15440), human ABCC11
(SWISS-PROT Accession No. Q9BX80), Sav1866 (SWISS-PROT
Accession No. Q99T13), Vibrio cholerae MsbA (SWISS-PROT Acces-
sion No. Q9KQW9), and Escherichia coli MsbA (SWISS-PROT Acces-
sion No. P60752), which was obtained using T-COFFEE, Version
4.71 available at the Le Centre national de la recherche scientifique
website (http://www.igs.cnrs-mrs.fr/Tcoffee/tcoffee_cgi/index.cgi),
and (2) on secondary structure predictions that were performed to
define the boundaries of the TMHs using the PredictProtein server
for sequence analysis and structure prediction,21 and SWISS-
PROT.22
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Figure 1. Backbone Ca-trace of the refined ABCC4 viewed in the membrane plane
(cytoplasm downwards). Color coding: blue via white to red from N-terminal to C-
terminal. Amino acids reported both by ICMPocketFinder and by site directed m-
utagenesis studies on the homologous transporter ABCB129–33 as possible substrate
interacting residues are displayed as green balls and sticks.
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ICM constructs the molecular model by homology from core
sections defined by the average of Ca atom positions in the con-
served regions. Loops are searched for within several thousand
high-quality structures in the PDB databank23 and matched in re-
gard to sequence similarity and sterical interactions with the sur-
roundings of the model. The best-fitting loop is selected based on
calculating the maps around the loops and scoring of their relative
energies.


The ABCC4 model was subjected to the RefineModel macro of
ICM, which globally optimizes side-chain positions and anneals
the backbone. The RefineModel macro was performed with (1) a
side-chain conformational sampling using ‘Montecarlo fast’,24 (2)
5 iterative annealings of the backbone with tethers, which are har-
monic restraints pulling an atom in the model to a static point in
space represented by a corresponding atom in the template, and
(3) a second side-chain conformational sampling using ‘Monte-
carlo fast’. The iterations of ‘Montecarlo fast’, which samples con-
formational space of a molecule with the ICM global
optimization procedure, consist of a random move followed by a
local energy minimization, and the complete energy is then calcu-
lated. Based on the energy and the temperature, the iteration is ac-
cepted or rejected. Membrane- and water molecules were not
included in the calculations.


The Savs Metaserver for analyzing and validating protein struc-
tures (http://nihserver.mbi.ucla.edu/SAVS/) was used to check the
stereochemical quality of the ABCC4 model. Programs run were
Procheck,25 What_check,26 and Errat.27 The pdb file of Sav186617


was also checked for comparison with the ABCC4 model.
The ICMPocketFinder was used to identify amino acids lining


the substrate translocation pathway of the ABCC4 model, using a
tolerance level of 2.0.


Figure 1 shows the refined ABCC4 model. The substrate translo-
cation pathway was formed by a central cavity perpendicular to
the cell membrane between TMD1 and TMD2, and TMHs 1, 2, 3,
5, 6, 7, 8, 9, 11, and 12 contributed to the cavity lining. TMH5
and TMH2 of TMD1 were packed against TMH8 and TMH11 of
TMD2, respectively. The TMDs were twisted relative to the NBDs,
and the substrate translocation chamber was closed toward the
intracellular side. Towards the extracellular side, the TMHs di-
verged into two symmetrical parts, one part consisting of TMHs
1 and 2 of TMD1 and TMHs 9–12 of TMD2, and one part consisting
of TMHs 7 and 8 of TMD2 and TMHs 3–6 of TMD1 (Fig. 1). The
NBDs, containing the nucleotide-binding sites formed by the mo-
tifs Walker A, Walker B, Q-loop, and switch regions, were tightly
packed at the intracellular side of the membrane. The loop con-
necting NBD1 and TMD2 of ABCC4 was a-helical between amino
acid residues Lys614-Ser623, Gly628-Lys633, and Pro642-Val682,
and the remainder of the loop was in extended conformation.


The Errat option of the Savs Metaserver reported that the over-
all quality factor of the ABCC4 model was 92.8. A value above 90
indicates a good model. According to the Ramachandran plot pro-
vided by the Procheck option, 87.3% of the ABCB1 residues were in
the most favored regions, 11.9% were in additional allowed regions,
0.4% were in generously allowed regions, and 0.4% were in disal-
lowed regions. The summary of the Whatcheck option reported
that the ABCC4 model was satisfactory. In comparison, the overall
quality factor of the crystal structure of Sav186617 (pdb code
2HYD) was 93.6, and the Ramachandran plot reported 86.0% (most
favored regions), 14.0% (additional allowed regions), 0.0% (gener-
ously allowed regions), and 0.0% (disallowed regions). The crystal
structure of Sav1866 was also satisfactory, according to the sum-
mary of the Whatcheck option.


Detailed structural data for a drug target protein, such as X-ray
crystal structures, may provide knowledge about the 3D structure
of the drug-target complexation, and the energetic criteria respon-
sible for drug binding, and may aid to map the complementary sur-

face between a drug target and its ligands. Structural information
about ABCC4 may be useful in virtual screening experiments
searching for possible ABCC4 modulators, and for structure aided
drug design. But crystallization of membrane proteins is in general
technically difficult, and since no X-ray crystal structure of ABCC4
is available, molecular modeling by homology can be used as a step
forward towards structural knowledge of this drug target. Homol-
ogy between two proteins, such as Sav1866 and ABCC4, is deter-
mined by sequence similarity of two proteins having a common
ancestor, indicating the presence of similar features such as homol-
ogous protein fold. The ABCC4 model presented here may be con-
sidered as a working tool for generating hypotheses and designing
further experimental studies on ABCC4. Site directed mutagenesis
studies and transporter modeling are complementary to each other
in the elucidation of drug target structure and function.


Table 1 lists a number of amino acids as possible candidates for
single-point mutations. These amino acids may interact with sub-
strate during substrate translocation, and some of these may also
take part in high-affinity substrate-binding sites accessible from
the intracellular side. Experimental studies have shown that ABCC4
may feature multiple allosteric substrate-binding sites.6 Substrates
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Table 1
The amino acids that may interact with substrate during substrate translocation as
reported by ICMPocketFinder


TMH Amino acids


1 Thr99, Glu102, Glu103, Ala105, Lys106, Gln109, Pro110
2 Val140, Cys144, Leu148, His152, Tyr155, Phe156
3 Leu215, Trp216, Gly218, Pro219, Gln221, Val225
5 Leu321, Phe325, Ser328, Lys329, Val332
6 Phe352, Val355, Thr356, Tyr358, Gly359, Ala360, Arg362, Leu363, Thr364,


Thr366, Leu367
7 Phe716, Leu719, Leu720, Thr722, Ala723, Val726, Ala727, Leu730
8 Ile780, Leu784, Phe787, Tyr788
9 Asp842, Gln845, Thr846, Gln849
11 Phe948, Ala949, Asp953, Cys956, Ala957, Val960
12 Gly980, Leu983, Ser984, Leu987, Gly991, Met992, Gln994, Trp995, Val997
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thus presumably bind to high-affinity binding sites accessible to
the intracellular side, and during the translocation process the
binding sites change conformation, and the substrates are released
to the extracellular side from low-affinity binding sites. The pres-
ent ABCC4 model is assumed to be in a conformation representing
the substrate-releasing conformation. From a pharmacological
point of view, the specificity and affinity of ABCC4 substrate bind-
ing ias of particular interest, and a conformation open to the intra-
cellular side is more representative for the high-affinity ligand
binding and may be more suitable for investigating high-affinity li-
gand recognition.


According to site-directed mutagenesis studies on ABCB1 (P-
glycoprotein), which is a structural homologue of ABCC4,28 a
drug-binding site may include residues Leu65 (TMH1),29 Ile306
(TMH5),29 Ile340 (TMH6),29,30 Phe343 (TMH6),31 Phe728
(TMH7),32 and Val982 (TMH12).33 The corresponding residues in
ABCC4 are Glu103 (TMH1), Ser328 (TMH5), Gly359 (TMH6),
Arg362 (TMH6), Val726 (TMH7), and Leu987 (TMH12). As shown
in Table 1, these amino acids were reported by ICMPocketFinder
as possible substrate-interacting residues. The amino acid differ-
ences in the binding site areas of ABCB1 and ABCC4 are reflected
in their substrate specificity. Thus, despite their homologous fold,
ABCB1 transports cationic amphiphilic and lipophilic substrates,
while ABCC5 transports organic anions.


The results from ICMPocketFinder were in accordance with site-
directed mutagenesis data on the homologous transporter
ABCB1,29–33 which indicates that the Sav1866 X-ray structure17


may serve as a suitable template for ABCC4 modeling. The putative
ABCC4 model presented here may be a step forward toward eluci-
dating ABCC4’s structure and drug interaction mechanisms.

Coordinates of the ABCC4 model are available from the authors
upon request.
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The 1-[4-(2-aminoethoxy)phenylcarbonyl]-3,5-bis-(benzylidene)-4-oxopiperidines 5–8 are a novel clus-
ter of highly potent P-glycoprotein dependent multidrug resistance (MDR) revertants. Using a concentra-
tion of 4 lg/mL, these compounds possess 11–43 times the potency of verapamil in reversing MDR in
murine L-5178 lymphoma cells transfected with the human MDR1 gene. Structure–activity relationships
reveal that the attachment of the N-aroyl group to various 3,5-bis(benzylidene)-4-piperidones is essential
for MDR reversal to occur. In terms of potencies, the 1-piperidinyl group is the preferred terminal amine
while the 4-methyl and 4-chloro substituents are the optimal groups for placement in the benzylidene
aryl rings.


� 2008 Elsevier Ltd. All rights reserved.

The principal objective of our laboratory is finding chemical ap-
proaches to counteract the ravages caused by cancer. A recent
emphasis has been directed to finding compounds which reverse
the vexatious problem of multidrug resistance (MDR).1,2 The study
described herein reveals the remarkable potencies of a novel series
of P-glycoprotein (P-gp) associated MDR revertants namely the 1-
[4-(2-aminoethoxy)phenylcarbonyl]-3,5-benzylidene-4-oxo-
piperidines.


The problem of drug resistance occurs in many tumours and
leads to an increased drug efflux from the neoplasms causing de-
creased intracellular drug concentrations thereby reducing the
effectiveness of anticancer drugs. The mechanism of drug resis-
tance is multifactorial but principally it is due to the overexpres-
sion of P-gp, which is a member of the ABC (ATP-binding
cassette) family of transporters.3 P-gp is a 170 kDa membrane pro-
tein which behaves as a drug efflux pump with a very broad spec-
ificity, and appears to act from the intracellular leaflet.4 In humans,
this protein is encoded by the mdr1 and mdr3 genes. While the
MDR3 glycoprotein can bind to some of the substrates and inhibi-
tors of MDR,5 the low rate of this transport process usually makes
it undetectable.


A number of studies revealed the increased potencies of anti-
cancer drugs when administered with MDR revertants.6,7 These
chemosensitizers act in different ways, namely by binding to P-

All rights reserved.


: +1 306 966 6377.
ck).

gp, inhibiting the efflux of the anticancer drugs from the tumours
and reducing the binding of cytotoxins to P-gp.8,9 In addition these
compounds may reduce P-gp synthesis and/or inhibit MDR gene
expression. A number of MDR modulators have pronounced bioac-
tivities of their own such as verapamil and cyclosporine A,10 which
limit their clinical usefulness while most inhibitors of MDR are
transporter substrates thus requiring high concentrations to over-
come MDR.11,12 To the best knowledge of the authors, these severe
limitations have resulted in there being no clinically available MDR
reversal agents to date and hence such medication is urgently
required.


The design of a novel cluster of MDR revertants was made as
follows. First, the common molecular features of a number of
MDR modulators are their hydrophobicity, having two aryl rings
and atoms capable of hydrogen bonding as well as bearing a posi-
tive charge at neutral pH.13,14 Second, in terms of specific groups to
be incorporated into the candidate MDR revertants, previous inves-
tigations from this laboratory revealed that various compounds
which contain the 1,5-diaryl-3-oxo-1,4-pentadienyl moiety re-
verse MDR.1,2 In addition, the 4-(2-aminoethoxy)phenyl substitu-
ent is present in the established MDR modulators amiodarone
115 and toremifene 2.16,17 These general and specific molecular fea-
tures were incorporated into the design of the candidate MDR rev-
ertants, whose general structure 3 is presented in Figure 1. The
decision was made to evaluate the effect of placing different R
groups in the arylidene aryl rings as well as varying the basic cen-
tre X. The compounds in series 5–9 were prepared by a previously
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Figure 1. The structures of amidarone 1, toremiphene 2 and the general formula 3
of the candidate MDR revertants prepared in this study. The groups within the
dotted lines in structures 1–3 are the common molecular features of some MDR
revertants.


Table 1
MDR-reversing properties in murine L-5178Y/MDR1 lymphoma cells and logP values
of the compounds in series 4–9 and verapamil


Compound FAR valuea logPb


4 lg/ml 40 lg/ml


4a 1.58 2.00 3.38
4b 3.26 4.03 4.25
4c 1.25 0.91 4.71
4d 1.04 0.80 3.27
5a 45.5 51.6 4.60
5b 83.7 —c 5.50
5c 98.0 98.9 5.95
5d 63.0 3.23 4.52
6a 49.5 23.8 5.35
6b 106 66.6 6.25
6c 118 99.7 6.71
6d 77.5 14.1 5.27
7a 123 136 5.51
7b 179 146 6.40
7c 157 133 6.86
7d 145 51.5 5.42
8a 48.5 63.3 4.64
8b 95.8 124 5.34
8c 76.0 6.88 5.80
8d 63.3 10.9 4.36
9a 1.37 1.05 1.37
9b 1.93 114 2.27
9c 1.21 1.85 2.73
9d 1.03 1.22 1.30
Verapamil 4.2 —d 4.55


a The fluorescence activity ratio (FAR) values are the ratios of the fluorescent
intensities of rhodamine 123 in treated and untreated murine L-5178Y cells
transfected with human MDR1 gene.


b The logP values are of the unprotonated molecules and were determined using
a commercial software package.30


c A concentration of 40 lg/ml of 5b was toxic to the cells.
d Limitations of solubility precluded an assessment of verapamil at 40 lg/mL. The


FAR value of this compound at 10 lg/mL is 5.61.
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reported methodology18 and the synthetic chemical route is sum-
marized in Figure 2. Since the 4-piperidones 4a–d possess some of
the molecular features found in series 5–9, their assessment for
MDR reversal properties was undertaken.


The compounds were assessed for MDR revertant properties
using a literature method.19 This assay employed murine L-5178
lymphoma cells transfected with the human MDR1 gene and in
these cells the levels of P-gp are substantially higher than in the
parental cells.20 The concentrations of rhodamine 123 were mea-
sured in treated and untreated transfected and parental cells and
the ratios of the fluorescence intensities are referred to as fluores-
cence activity ratio (FAR) values. Since MDR is due, inter alia, to an
increase in the efflux of a compound from cells, a FAR value of
greater than 1 indicates that reversal of MDR has taken place. All
of the compounds were assessed using concentrations of 4 and
40 lg/mL and the data are presented in Table 1.


On a few occasions, the FAR values are lower at 40 lg/ml than
when the lower concentration is used. This observation has been
observed previously.1 A possible explanation for this phenomenon
is that when the concentration of a compound is elevated, although
binding to P-gp continues, other behavioural mechanisms are acti-
vated which expedite the extrusion of cellular contents. However
the FAR values using 4 lg/mL will be considered since, with the
exception of 8b and 9b, the higher concentration of compounds
did not lead to substantial increases in the FAR data. The following
observations were made from the MDR reversal experiments. First,
MDR-reversal was displayed by all of the compounds in series 5–8
and the FAR values of these compounds ranged from 11 (5a) to 43
(7b) times that of the established MDR-reversing agent verapamil.
These data clearly indicate that the incorporation of the 4-(2-
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Figure 2. Synthesis of the compounds 5–9. The reaction conditions are as follows: i—CH
the R groups in series 4–9 are as follows, namely a: R = H; b: R = CH3; c: R = Cl; d: R = N

aminoethoxy)phenyl carbonyl group into series 4 leading to series
5–8 generated a novel class of potent MDR-reversal agents. In gen-
eral, the quaternary ammonium compounds 9 were inactive in this
bioassay. Second, the optimal basic centre in series 5–8 was con-
sidered and the data presented in Table 1 reveals that the presence
of a 1-piperidino group in series 7 is greatly preferred. Thus the
average FAR values for the compounds in series 5–8 are 72.6,
87.8, 151 and 70.9, respectively. The pKa values of dimethylamine,
diethylamine, piperidine and morpholine are 10.73, 10.84, 11.12
and 8.50, respectively,21 revealing that under the conditions of
the bioassay, all of these compounds exist principally as ions.22


The solvent-accessible surface area (SASA) figures for the proton-
ated dimethylamino, diethylamino, piperidino and morpholino
species are 183.8, 233.0, 234.6 and 224.1, respectively.23 Thus
apart from the smaller SASA figure for the dimethylamino group,
neither the basicity nor the size of the amino group appears to gov-

N


O


O


O X


 =  N(CH3)2 HCl;


R


 = N HCl; 8a-d: X = ON HCl;


6a-d: X =  N(C2H5)2 HCl;


9a-d: X =  N(CH3) (C2H5)2
+


I-


iii


2Cl2/N(C2H5)3, ii—HCl/ (CH3)2CHOH; iii—a, K2CO3; b, CH3I/CH3COCH3. The nature of
O2.







3486 U. Das et al. / Bioorg. Med. Chem. Lett. 18 (2008) 3484–3487

ern the magnitude of the FAR values. However the biodata gener-
ated suggest that development of analogs of series 7 should take
place in which the terminal basic group is a heterocycle containing
one nitrogen atom such as hexamethyleneimine or heptamethyle-
neimine. Third, the substituents in the arylidene aryl rings were
examined in terms of MDR-reversing potencies. In each of the ser-
ies 5–8, greater potencies were noted with the compounds bearing
4-methyl and 4-chloro substitutents. This observation may have
been due to the p and molecular refractivity (MR) values of these
groups. The p constants for hydrogen, methyl, chloro and nitro
group are 0.00, 0.56, 0.71 and �0.28, respectively,24 indicating
the greater hydrophobicity of the methyl and chloro substituents.
The MR figures of hydrogen, methyl, chloro and nitro groups are
1.03, 5.65, 6.03 and 7.36, respectively,24 suggesting that an optimal
MR value may have been reached while smaller and larger MR fig-
ures detract from MDR-reversing properties. Thus groups which
are lipophilic and have MR values of approximately 5–6 should
be placed in the arylidene aryl rings, for example, the trifluoro-
methyl substituent has p and MR values of 0.88 and 5.02,
respectively.24


A number of studies revealed the high lipophilicity of various
MDR-reversal agents25,26; for example, the calculated logP values
of a number of 1,4-dihydropyridines which reverse MDR were in
the region of 5.1–7.5.27 The calculated logP values of the com-
pounds in series 4–9 and verapamil are presented in Table 1. The
average logP figures for the compounds in series 4–9 are 3.90,
5.14, 5.90, 6.05, 4.99 and 1.92, respectively. Thus the compounds
displaying significant capabilities in reversing MDR, namely series
5–8, have logP values in the region of 5–6. On the other hand, the
compounds in series 4 and 9, which are virtually bereft of anti-
MDR properties, have lower logP values. However, linear and log-
arithmic plots between the FAR values and the logP figures of the
compounds in series 5–8 did not reveal any correlation (p > 0.05).


The potential of these compounds as MDR revertants will be en-
hanced if bioactivity is displayed at lower concentrations than
4 lg/ml and reversal of MDR occurs in a different species and an-
other neoplastic disease. Consequently, the most potent compound
identified in this study, namely 7b along with its analog which is
bereft of a N-acyl group viz. 4b was evaluated further. These results
are presented in Table 2. A concentration of 0.4 lg/mL of 7b but not
4b demonstrated MDR-revertant properties using L5178/MDR1
cells. In addition, 7b reverses MDR in Colo 320/MDR1 cells while
4b displays marginal potencies. These data confirm the relative
potencies of 4b and 7b and in particular emphasize the potential
of 7b as a MDR revertant.


A further issue to be resolved is whether the N-acylpiperidones
described in this report are cytocidal to neoplasms which are mul-
tidrug-resistant. Consequently, several representative compounds
were assayed for cytocidal activity towards L5178Y/MDR1 cells.28


The ID50 figures for 6a–c are 3.27, 1.56 and 1.53 lg/mL, respec-
tively, while for 7a–d, the relevant values are 3.28, 2.83, 4.17 and
2.15 lg/mL, respectively. Verapamil has an ID50 figure of 42 lg/
mL. This observation emphasizes further the importance of devel-
oping these cytotoxins, which possess MDR-revertant properties.

Table 2
Evaluation of 4b and 7b for MDR-revertant properties using murine L5178Y/MDR1
and human colo320/MDR1 cells


Compound FAR value


L5178Y/MDR1 cells colo320/MDR1 cells


0.4 lg/mLa 0.4 lg/mLa 4 lg/mLb


4b 1.00 1.24 2.42
7b 7.35 2.49 10.8


a Verapamil is inactive using this concentration.
b The FAR value of verapamil is 3.84 using a concentration of 10 lg/mL.

The MDR modulators are believed to bind to the transmem-
brane domains of P-gp which leads to inhibition of ABC transport-
ers due to the induced conformational changes.25 The functionally
active conformation of P-gp depends on the integrity of the mem-
brane bilayer in which P-gp is embedded. Due to the existence of
12 transmembrane domains of P-gp, the co-crystallization of
MDR inhibitors and P-gp is not possible thereby precluding direct
evidence of ligand binding.


A final consideration which demonstrates the importance of
this seminal work is the very recent disclosure of the excellent tol-
erability of the compounds in series 4–8.29 Thus doses of up to and
including 300 mg/kg of each of these compounds did not induce
lethalities in a short-term toxicity study in mice. A few compounds
were examined at lower doses in rats which also did not induce
mortalities. However, most of the compounds in series 9 causing
deaths in some of the mice and bearing in mind the lack of MDR
revertant properties in general, suggest that formation of further
quaternary ammonium analogs of 9 is not pursued.


In conclusion, this study has identified a novel class of P-gp
associated MDR-reversal agents 5–8. These compounds demon-
strate high potencies which far exceed that of a reference drug
verapamil. Optimal structural fragments in terms of potencies
are the 1-piperidinyl group as the terminal base and 4-methyl
and 4-chloro substituents are present in the arylidene aryl rings.
Series 4 has the general molecular features of various MDR rever-
tants, as well as possessing the 1,5-diaryl-3-oxo-1,4-pentadienyl
group. However, the absence of the 4-(2-aminoethoxy)- phenylcar-
bonyl group attached to the piperidyl nitrogen atom resulted in
compounds displaying a lack of MDR reversal. Development of
one or more of these molecules may produce a single drug candi-
date to treat P-gp mediated MDR cancers and structural modifica-
tions can be undertaken in the future in order to increase potencies
still further. In this regard, various guidelines for amplifying the
project have been obtained based on the physicochemical proper-
ties of these molecules.


Acknowledgement


The authors thank the Canadian Institutes of Health Research
for an operating Grant to J.R. Dimmock. Support was also provided
by the Szeged Foundation of Cancer Research, Hungary to J.
Molnár.


References and notes


1. Dimmock, J. R.; Das, U.; Gul, H. I.; Kawase, M.; Sakagami, H.; Baráth, Z.;
Oscovsky, I.; Molnár, J. Bioorg. Med. Chem. Lett. 2005, 15, 1633.


2. Das, U.; Kawase, M.; Sakagami, H.; Ideo, A.; Shimada, J.; Molnár, J.; Baráth, Z.;
Bata, Z.; Dimmock, J. R. Bioorg. Med. Chem. 2007, 15, 3373.


3. Leonard, G. D.; Polgar, O.; Bates, S. E. Curr. Opin. Invest. Drugs 2002, 3, 1652.
4. Chen, Y.; Pant, A. C.; Simon, S. M. Cancer Res. 2001, 61, 7763.
5. Smith, A. J.; Van Helvoort, A.; Van Meer, G.; Szabo, K.; Welker, E.; Szakacs, G.;


Varadi, A.; Sarckadi, B.; Borst, P. J. Biol. Chem. 2000, 275, 23530.
6. Limtrakul, P.; Anuchapreeda, S.; Buddhasukh, D. BMC Cancer 2004, 4, 13.
7. Fu, L.; Liang, Y.; Deng, L.; Ding, Y.; Chen, L.; Ye, Y.; Yang, X.; Pan, Q. Cancer


Chemother. Pharmacol. 2004, 53, 349.
8. Beck, W. T.; Qian, X. D. Biochem. Pharmacol. 1992, 43, 89.
9. Safa, A. R. Cancer Inv. 1993, 11, 46.


10. Ford, J. M.; Hait, W. N. Pharmacol. Rev. 1990, 42, 155.
11. Pauli-Magnus, C. H.; von Richter, O.; Burk, O.; Ziegler, A.; Mettang, T.;


Eichelbaum, M.; Fromm, M. F. J. Pharmacol. Exp. Ther. 2000, 293, 376.
12. Wang, E.-J.; Casciano, C. N.; Clement, R. P.; Johnson, W. W. Cancer Res. 2001, 61,


4805.
13. Roberts, J.; Jarry, C. J. Med. Chem. 2003, 46, 4805.
14. Shen, X.; Chen, G.; Zhu, G.; Fong, W.-F. Bioorg. Med. Chem. 2006, 14, 7138.
15. Chaufferet, B.; Martin, M.; Hammann, A.; Michael, M. F.; Martin, F. Cancer Res.


1986, 46, 825.
16. DeGregoria, M. W.; Ford, J. M.; Benz, C. C.; Wiebe, V. J. J. Clin. Oncol. 1989, 7,


1359.
17. Braybrooke, J. P.; Vallis, K. A.; Houlbrook, S.; Rockett, H.; Ellmen, J.; Anttila, M.;


Ganesan, T. S.; Harris, A. L.; Talbot, D. C. Cancer Chemother. Pharmacol. 2000, 46,
27.







U. Das et al. / Bioorg. Med. Chem. Lett. 18 (2008) 3484–3487 3487

18. Das, U.; Alcorn, J.; Shrivastav, A.; Sharma, R. K.; De Clercq, E.; Balzarini, J.;
Dimmock, J. R. Eur. J. Med. Chem. 2007, 42, 71.


19. Kawase, M.; Sakagami, H.; Motohashi, N.; Hauer, H.; Chatterjee, S. S.; Spengler,
G.; Vigyikanne, A. V.; Molnár, A.; Molnár, J. In Vivo 2005, 19, 705. In brief, both
the L-5178 MDR and parental cells were grown in McCoy’s 5A medium
containing heat-inactivated horse serum (10%), L-glutamine and antibiotics. A
solution of the test compound (2 mg/ml, 10 ll) in dimethylsulfoxide was added
to aliquots of the cell suspension and incubated at room temperature for 10
min. Then 10 ll of rhodamine 123 in dimethylsulfoxide was added so that its
final concentration was 5.2 lM and the cells were incubated for a further 20
min at 37 �C. The cells were washed twice and resuspended in PBS (pH 7.4)
after which the fluorescence was measured using a Beckton Dickinson FACScan
instrument. The fluorescence of the cells was measured in treated MDR cells
(F1), untreated MDR cells (F2), treated parental cells (F3) and untreated
parental cells (F4) and the FAR values were obtained from the following
equation, viz. F1/ F2 over F3/ F4. The colo320/MDR1 cells were obtained from
the ATCC (ATCC #CCL-220.1). The colo 320 assay was undertaken in a similar
manner except that prior to flow cytometry, the cells which form a monolayer
were treated with 0.25% trypsin solution for 2–3 min in order to produce a
suspension of individual cells..


20. Gyémánt, N.; Tanaka, M.; Antus, S.; Hohmann, J.; Csuka, O.; Mandoky, L.;
Molnár, J. In Vivo 2005, 19, 367.

21. Albert, A.; Serjeant, E. P. The Determination of Ionization Constants, 3rd ed.;
Chapman and Hall: London, 1984. pp 151–152.


22. Albert, A. Selective Toxicity, 7th ed.; Chapman and Hall: London, 1985. p 643.
23. MacroModel 7.1, Department of Chemistry, Columbia University, New York,


2000.
24. Hansch, C.; Leo, A. J. Substituent Constants for Correlation Analysis in Chemistry


and Biology; Wiley: New York, 1979. p 49.
25. Molnár, J.; Gyémánt, N.; Tanaka, M.; Hohmann, J.; Bergmann-Leitner, E.;


Molnár, P.; Deli, J.; Didiziapetris, R.; Ferreira, M. J. U. Curr. Pharm. Des. 2006, 12,
287.


26. Zamora, J. M.; Pearce, H. L.; Beck, W. T. Mol. Pharmacol. 1988, 33, 454.
27. Kawase, M.; Shah, A.; Gaveriya, H.; Motohashi, N.; Sakagami, H.; Varga, A.;


Molnár, J. Bioorg. Med. Chem. 2002, 10, 1051.
28. Richter, M.; Molnár, J.; Hilgeroth, A. J. Med. Chem. 2006, 49, 2838. The cytocidal


activity of 3a–c and 4a–d towards L5178Y/MDR1 was accomplished by a
literature methodology.27 All values were expressed as means of duplicate
experiments. In brief, cells were incubated with varying concentrations of the
compounds at 37 �C for 48 h and the ID50 values were determined by the MTT
method..


29. Das, U.; Das, S.; Bandy, B.; Stables, J. P.; Dimmock, J. R. Bioorg. Med. Chem. 2008,
16, 3602.


30. Molinspiration Cheminformatics, http://www.molinspiration.com.



http://www.molinspiration.com



		1-[4-(2-Aminoethoxy)phenylcarbonyl]-3,5-bis-(benzylidene)-4-oxopiperidines: a  A novel series of highly potent revertants of P-glycoprotein associated  multidrug resistance

		Acknowledgement

		References and notes








Bioorganic & Medicinal Chemistry Letters 18 (2008) 3488–3491

Contents lists available at ScienceDirect


Bioorganic & Medicinal Chemistry Letters


journal homepage: www.elsevier .com/ locate/bmcl

Binding properties of positively charged deoxynucleic guanidine (DNG),
AgTgAgTgAgT and DNG/DNA chimeras to DNA


Myunji Park, Thomas C. Bruice *


Department of Chemistry and Biochemistry, University of Califonia at Santa Barbara, CA 93106, USA


a r t i c l e i n f o a b s t r a c t

0960-894X/$ - see front matter � 2008 Elsevier
doi:10.1016/j.bmcl.2008.05.030


* Corresponding author. Tel.: +1 805 893 2044
E-mail address: tcbruice@chem.ucsb.edu (T.C

Article history:
Received 25 March 2008
Revised 7 May 2008
Accepted 8 May 2008
Available online 15 May 2008


Keywords:
DNG (deoxyribonucleic guanidine)
Melting temperature
Antisense agents

Ltd.


; fax
. Bru

The melting properties of hexameric oligonucleotide AgTgAgTgAgT, in which the phosphodiester linkages
of the DNA have been replaced by guanidium linkages, have been evaluated. Using the juvenile esterase
gene as a target, the binding of a 20-mer DNG/DNA chimera that includes AgTgAgTgAgT is more than
105.7 stronger than the binding of 20-mer composed solely of DNA.


� 2008 Elsevier Ltd. All rights reserved.

The fungus candida albicans infects humans and is particularly
pernicious for immunopromised hosts, such as cancer and AIDS pa-
tients. Because the number of humans infected by fungi and the
occurrence of resistant strains are increasing, finding new com-
pounds to treat this infection is important.1 In vitro results suggest
that oligonucleotides are promising compounds for targeting DNA
or RNA in fungal pathogens.2,3


The high affinity and specificity of Watson–Crick hybridization
have made oligonucleotides attractive agents for diagnostic and
therapeutic applications.4 Oligonucleotides have several advanta-
ges for targeting DNA or RNA. Pairing rules between an oligonu-
cleotide and DNA or RNA facilitate rational design. Gene
expression can be reduced by RNase H cleavage of target RNA5 or
by blocking transcription and translation.6 Oligonucleotides can
also serve as suicide inhibitors2,3 or to misfold RNA.7 Polynucleo-
tides are easily synthesized8 and this allows rapid testing of oligo-
nucleotides of different composition. Properties such as higher
affinity and nuclease stability can be programmed into oligonucle-
otides by modifying the backbone, sugar, or base.4 The primary
goal of these modifications has been to improve biostability and
cellular uptake of the oligonucleotides in order to optimize their
tissue and cell distribution for a particular molecular target. The
mechanism of action of antisense oligonucleotides requires specific
hybridization of the oligonucleotide at its complementary site on
the mRNA.


We have reported the synthesis and binding properties of
deoxynucleic guanidine (DNG), wherein the negatively charged
phosphodiester linkages of DNA have been entirely replaced by

All rights reserved.
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ice).

positively charged guanidium linkages.9,10 DNG binds strongly to
target DNA because the repulsive electrostatic interactions of du-
plex DNA are replaced by close attractive electrostatic interactions
in DNA�DNG duplex. From computational studies,10a,11,12 DNG is
anticipated to maximize its interaction with DNA by maintaining
its positive charge in proper alignment with the backbone of the
negatively charged phosphodiester linkage of the opposite strand.
A pentameric thymidyl oligomer of DNG, with four positively
charged guanidium linkages, has been shown to bind to poly-ade-
nine DNA with unprecedented high affinity in a 2:1 thymine–ade-
nine complex.10a Since interaction with poly-guanine, cytidine, and
thymine was not observed, DNG maintains fidelity of base-pair
recognition. Computational molecular modeling suggests that the
DNG�DNA duplex primarily retains a B-DNA conformation while
the DNG�RNA duplex adopted an A-type structure.10b In addition
to these results, the guanidium linkage was shown to have nucle-
ase resistance13 and positively charged backbones may give rise to
cell membrane permeability through electrostatic attraction of the
guanidine moiety to the negatively charged phosphate groups of
the cell surface. Because of the potential antisense/antigene activ-
ity of DNG, further studies on the synthesis and properties of gua-
nidium linked oligonucleotides are warranted.


The use of oligonucleotides in cell culture poses several chal-
lenges. For example, uptake into mammalian cells is not efficient
and oligonucleotides are often degraded after entering cells.5


Transfection agents, small molecules, and peptides have been used
to circumvent these problems in mammalian cells.14 However, lit-
tle is known about oligonucleotide uptake into other organisms,
such as fungi. Cell membranes and metabolism differ substantially
between fungi and mammalian cells, thus uptake and metabolism
of oligonucleotides may differ. Disney et al. have reported that oli-
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gonucleotides (hexamer; GCCTCT) are readily taken into C. albicans
in an energy-dependent manner, producing intracellular concen-
trations as much as 100-fold higher than the concentrations in
the media.15 They also have shown that hexameric oligonucleo-
tides are not significantly degraded in C. albicans after incubations
of 12 h and that the intracellular concentration due to oligonucleo-
tide uptake by mammalian cells is at least 10-fold lower than for C.
albicans. This means that uptake may provide selectivity for target-
ing fungi with oligonucleotides.


The hexameric oligonucleotide ATATAT is one of most overrep-
resented of the yeast genomic downstream sequences.16a ATATAT
is an essential nucleotide involved in regulation of transcription
and translation processes in yeast cells. Here, we report the DNA
binding properties of the hexameric DNG AgTgAgTgAgT and the
synthesis of 20 base paired DNG/DNA chimeras having mixed an-
ionic phosphodiester linkages of DNA and cationic guanidinium
linkages of hexameric AgTgAgTgAgT. The structure of the DNG/
DNA chimera is based on the oligonucleotide sequence targeting
the juvenile hormone esterase gene.16b The hybridization proper-
ties of the DNG/DNA chimeras with complementary DNA have
been evaluated using spectroscopic techniques.


Hexameric oligonucleotide 117 (Fig. 1) was synthesized from
commercially available 20-deoxyadenosine and 20-deoxythymidine

Figure 1. Structure of hexameric DNG, AgTgAgTgAgT (’g’ indicated guanidinium
linkage).


Scheme 1. Synthesis of AgTgA

by a previously reported method through several steps.16 Phospho-
ramidite 319 was synthesized (Scheme 1) to facilitate the solid-
phase synthesis of oligonucleotide chimeras containing both the
standard phosphodiester and guanidium linkages.20 Compound
218 was activated for use in solid-phase synthesis by phosphityla-
tion using [chloro-(diisopropylamino)-b-cyanoethoxyphosphine]
to provide the desired phosphoramidate 3. Phosphoramidite 3
was used as a building block to introduce guanidium linkages at
desired positions in the chimeric oligonucleotides. The chimeras
were synthesized using an automated solid-phase synthesizer with
50-trityl groups which allows HPLC purification.21 The final detrity-
lated and HPLC purified oligonucleotides were analyzed by mass
spectrometry (ESI) and found to be the desired chimeric products.
As shown in Table 1, 30-end (6), 50-end (5), and 30, 50-end (7) mis-
matched chimeras were synthesized to examine sequence
specificity.


The binding stoichiometry22 of AgTgAgTgAgT and DNA was
determined by the method of continuous variation23 to generate
mixing curves of the absorbance versus mole fraction of AgTgAgT-
gAgT and DNA (Fig. 2). This method is based on the assumption
that a decrease in absorbance is proportional to the number of base
pairs hydrogen bonded between the interacting species. Increasing
mole fraction of AgTgAgTgAgT to the DNA (pH 7.0 and l = 0.12
with KCl at 20 �C) lowered the UV absorbance at 260 nm. An inflec-
tion point at 0.5 mol fraction indicated the formation of AgTgAgT
gAgT�DNA duplex with the expected 1:1 stoichiometry.


The stability of the duplexes formed by AgTgAgTgAgT and DNA
was studied by thermal denaturation experiments (Fig. 3).24,25 To
confirm the effect of the guanidium linkage of the AgTgAgTgAgT
on the thermal stability (Tm) of the duplexes, the Tm values for
an unmodified DNA�DNA duplex was also determined. As expected,
AgTgAgTgAgT binds to DNA with much higher affinity (Tm = 56 �C)
than complementary DNA (extrapolated Tms to 5 �C, data not
shown). Although the AgTgAgTgAgT�DNA duplex (Fig. 3) exhibited
broad melting transition states, this anomaly is similar to
DNA�RNG melting curves.25,26 This can be explained by the electro-
static interaction between the positive charge of DNG and the neg-
ative charge of DNA, which provides an additional bonding, in spite
of breaking down the Watson–Crick base pairing.


To study the sequence specificity of the binding of DNG with
complementary DNA, AgTgAgTgAgT was allowed to form duplexes
with complementary DNA (AgTgAgTgAgT�AATATA) and single-
mismatch (50- or 30-end) DNAs (AgTgAgTgAgT�TATATT). These

gTgAgT phosphoramidate.







Table 1
Oligonucleotides DNG/DNA chimera guanidinium linkages indicated as ‘g’


Compound DNG/DNA chimeras Yields (%) Calculated (M)a Founded (m/z)b


4 50-CGCACGCAgTgAgTgAgTGTGGCGC-30 21 6207.53 6208.61
5 50-GGCACGCAgTgAgTgAgTGTGGCGC-30 18 6247.47 6248.53
6 50-CGCACGCAgTgAgTgAgTGTGGCGG-30 19 6247.47 6249.02
7 50-GGCACGCAgTgAgTgAgTGTGGCGG-30 17 6287.49 6288.76
8 50-CGCACGCATATATGTGGCGC-30 Control


a Calculated molecular weight (M) of oligonucleotides.
b Determined molecular weight (M+H)+ of oligonucleotides by mass spectrometry spectra.
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Figure 2. Job plot27 mixing curves of the change of absorbance at 260 nm (DA260) of
aqueous solutions (pH 7.0, l = 0.12 at 20 �C) with varied mole fractions of DNG and
DNA ([AgTgAgTgAgT] + [DNA] = 2.0 lM). The inflection point indicates the stoichi-
ometry to be a AgTgAgTgAgT/DNA duplex.
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Figure 3. Melting studies; thermal denaturation curves for AgTgAgTgAgT and DNA
duplexes. Absorbance was measured at 260 nm; the concentration of each strand
was 6 lM in 10 mM Na2HPO4, 100 mM NaCl, pH 7.1. (Guanidinium linkages were
indicated as ‘g’.)
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Figure 4. Melting studies; thermal denaturation curves for DNG/DNA chimeras.
Absorbance was measured at 260 nm; the concentration of each strand was 6 lM in
10 mM Na2HPO4, 100 mM NaCl, pH 7.1. (Guanidinium linkages were indicated as
‘g’.)
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single-mismatch duplexes exhibit large decreases in Tm in compar-
ison to the fully complementary AgTgAgTgAgT�TATATA duplex
(Fig. 3). Thus, AgTgAgTgAgT maintains base-pair specificity while
dramatically increasing its affinity for DNA compared with the
standard DNA�DNA complex.


The melting temperatures and thermodynamic parameters of
DNG/DNA chimeras (4–8) are provided in Figure 4 and Table 2.

All experimental conditions employed in melting studies of DNG/
DNA chimeras 4–8 were exactly the same as those of melting stud-
ies of AgTgAgTgAgT�DNA duplexes. As expected, Chimeras 4 with
five charged guanidium linkages in 20-mer DNA binds to comple-
mentary DNA with much higher affinity (Tm = 75.0 �C) than DNA
(Tm = 48.3 �C) (Table 2). As shown in Table 2, chimeras 5, 6, and 7
have the same number of guanidium linkages but have single- or
double-mismatched base pairs in different positions. Duplexes 10
and 11, which contain a single-mismatched base pair at 50- or 30-
end, show 15.7, 18.3 �C decreases in Tm, respectively. The Tm value
of duplex 12 with two-mismatched base pairs at 50- and 30-end has
been lowered dramatically. However, it is still slightly more stable
than unmodified DNA duplex.


Thermodynamic calculations were performed in order to de-
scribe the duplex binding more quantitatively. Standard free ener-
gies (DG�) for duplex formation are presented in Eqs. 1–4.


DNAðcontrolÞ þ DNA *)
DG�¼�53:9 kJ=mol


DNA � DNA ð1Þ


DNG=DNAchimera; 12þ DNA *)
DG�¼�59:3 kJ=mol


12 � DNA ð2Þ


DNG=DNAchimera; 11þ DNA *)
DG�¼�63:9 kJ=mol


11 � DNA ð3Þ


DNG=DNAchimera; 9þ DNA *)
DG�¼�77:6 kJ=mol


9 � DNA ð4Þ


The DDG� of �23.7 kJ/mol (DG� Eq. 4–DG� Eq. 1) and �18.3 kJ/mol
(DG� Eq. 4–DG� Eq. 2) translates into an increase in binding of many
orders of magnitude. Thus, the binding of DNG/DNA chimera 9 to its
DNA template is >105.7 tighter than the binding of the comparable
DNA duplex. The tremendous increase in the free energy of binding
of DNG/DNA chimera 9 (Table 2) supports the powerful attraction
between the positively charged DNG guanidium groups and the
negatively charged DNA phosphates. This increase is attributed to







Table 2
Melting temperatures and thermodynamic parameters for helix–coil transitions of
DNG/DNA chimeras with DNA


DNG/DNA chimera Duplexa 100 mM NaCl Tm
b �C �DG�25


c kJ/mol


4 9 75.0 77.6
5 10 59.3 67.6
6 11 56.7 63.9
7 12 49.6 59.4
8 Control 48.3 53.9


a Absorbance was measured at 260 nm in phosphate buffer; the concentration of
each strand was 6 lM.


b The reported Tm values are an average of three experiments (±0.2).26


c Thermodynamic parameters were calculated by the method of Gralla and
Crothers.27,28
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both the formation of hydrogen bonds28b and favorable electrostatic
attraction between DNG and DNA backbones.


From the above discussion, the following conclusions can be
drawn about AgTgAgTgAgT and DNG/DNA chimeras: (i) The hexa-
meric DNG, AgTgAgTgAgT, binds to a DNA strand in a 1:1 ratio; (ii)
due to electrostatic attraction, a AgTgAgTgAgT DNG in complex with
DNA (Tm = 56 �C) shows much more stability than DNA�DNA du-
plexes (extrapolated Tms of 5 �C); (iii) the AgTgAgTgAgT DNG is able
to discriminate between complementary and noncomplementary
base pairs; (iv) in melting studies, the binding of a 20-mer DNG/
DNA chimera that includes AgTgAgTgAgT is more than 105.7 stronger
than the binding of 20-mer DNA and also shows sequence specificity.
It has been strongly suggested that thermodynamically favorable
DNG/DNA chimeras may serve as potent antisense candidates. In vi-
tro studies with yeast cells using DNG AgTgAgTgAgT oligomers and
DNG/DNA chimeras will follow in order to evaluate the efficacy of
guanidinium linked antisense agents.
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Type 2, or non-insulin dependent, diabetes mellitus occurs in an
estimated 6% of adults in the industrialized nations.1 It is charac-
terized by a deficiency in insulin secretion and an insensitivity of
target tissues to the actions of insulin (insulin resistance).2–4 Taken
together these two defects result in the inability of the body to
maintain glucose homeostasis leading to overt hyperglycemia.


The insulin receptor is a ligand-activated tyrosine protein
kinase. It is tetrameric consisting of two identical extracellular
a-subunits that bind the hormone and two transmembrane b-sub-
units possessing tyrosine kinase activity.4–7 On ligand binding
rapid autophosphorylation of several tyrosine residues on the
b-subunits occurs resulting in activation of the IR tyrosine kinase
toward exogenous substrates. A cascade of signaling events then
ensue, one of which results in the translocation of the glucose
transporter, GLUT4, to the cell surface leading to cellular uptake
of glucose.8 Several steps in this pathway including autophospho-
rylation of the IR tyrosine kinase in response to insulin binding
have been shown to be impaired in insulin-resistant tissue and
cells.8 Therefore, small molecules that enhance IR function would
be useful in the treatment of type 2 diabetes. Indeed, recently such
a molecule has been disclosed by researchers at Merck. The
quinone, L-783,281 (Fig. 1) is reported to be an orally active IR
activator showing antidiabetic action in two mouse models of type
2 diabetes.9,10


Using our target-related affinity profiling (TRAP) technology,11


TLK 16998 (1) was discovered (Fig. 1). This compound acts as an
IR sensitizer in vitro and in vivo,12 however, it does require the

All rights reserved.

presence of insulin to exert any effect. In our primary screen, the
effect of test compounds on the insulin-stimulated glucose uptake

SO3H


Figure 1. Structures of L-783,281 and TLK 16998.
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Table 1
Glucose uptake data for compounds 3–11


HN


O


H
N


O


H
N


-O3S SO3
-


X


R


4
5


3


2


1


Compound X R EC50
a (lM)


3 CO 3-Cl 5.7b


4 CO 4-Cl 72.8c


5 CO 3-F 19.4d


6 CO 4-F 78.5e


7 CO 3-NO2 44.5f


8 CO 4-NO2 NA
9 SO2 4-F NA


10 CONH 3-Cl NA
11 COCH2 3-Cl NA


p-value is the probability associated with a Student’s t-test (two-tailed distribution,
two-sample unequal variance). NA, not active.


a Values are means of three experiments. Average p-values.
b 0.02.
c 0.38.
d 0 0.04.
e 0.36.
f 0.08
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in 3T3-L1 adipocytes was evaluated and EC50 values were calcu-
lated with respect to the activity of 100 nM insulin. In this assay
compound 1 had an EC50 of 90 lM.


From a medicinal chemistry point of view, compound 1 is unat-
tractive as a lead structure: it possesses six sulfonic acid groups as
well as four azo linkages and has a molecular weight greater than
1200. We envisaged a simpler, but still fairly rigid, structure which
maintained some of the acidic groups of the parent compound.
Therefore, a series of nine symmetrical trimesic acid amides were
prepared by reaction of 1,3,5-benzenetricarbonyl trichloride with
aminonaphthalene-monosulfonic acids. The 5-aminonaphthalene-
2-sulfonic acid derived triamide 2 (Scheme 1) was the only com-
pound in this series to show activity. It was very weakly active,
having an EC50 value of 135 lM.


A more promising series arose from 5-substituted isophthala-
mides (Table 1). Again the 5-aminonaphthalene-2-sulfonic
acid-derived diamides were superior to other aminonaphthalene-
sulfonic acid isomers. Compounds in this series were prepared by
the route shown in Scheme 2. Briefly, starting from 5-nitroisoph-
thalic acid amidation was followed by reduction of the nitro group
with subsequent functionalization of the aniline.


For the derivatives containing a substituted phenylcarbonyla-
mino group at C-5, substituents meta to the linker were preferably
to those para to the linker as illustrated by the chloro pairs 3 and 4
(EC50s 5.7 lM and 72.8 lM, respectively). The meta fluoro deriva-
tive 5 also shows good activity whilst the meta nitro-substituted
compound 7 shows diminished activity. Replacement of the amide
linkage at C5 of the isophthalamide scaffold with either urea or sul-
fonamide linkers produced compounds that were inactive (9 and
10) as did addition of an extra carbon to that amide (11). N-Meth-
ylation of the isophthalamide functionality also produced a com-
pound devoid in activity (data not shown) indicating that this
functionality is necessary for activity.

NO2
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S
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Scheme 2. Reagents: (i) a—SOCl2, pyridine; b—5-aminonaph

Having established the C-5 amide linker as an essential
requirement (compare 3 and 6 with 9–11), we next investigated
the effect of various heterocyclic and extended aromatic
replacements for the meta chloro phenyl of compound 2
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Table 2
Glucose uptake data for compounds 3, 12–18


HN


O


H
N


O


H
N


-O3S


R1


O
SO3-


Compound R1 EC50
a (lM)


3 3-Cl-phenyl 5.7b


12 2-Naphthayl 3.7c


13 1-Naphthyl 12.8d


14 Cyclohexyl NA
15 2-Furyl NA
16 4-Pyridyl NA
17 3-Pyridyl NA
18 2-Quinoxyl NA


p-value is the probability associated with a Student’s t-test (two-tailed distribution,
two-sample unequal variance). NA, not active.


a Values are means of three experiments. Average p-values.
b 0.02.
c 0.01.
d 0.41.


Table 3
Glucose uptake data for compounds 2, 19, and 20


HN


O


H
N


O


H
N


-O3S R2
O


Cl


Compound R2 EC50
a (lM)


2 SO3� 5.7b


19 H 66.5c


20 OH 61.7d


p-value is the probability associated with a Student’s t-test (two-tailed distribution,
two-sample unequal variance). NA, not active.


a Values are means of three experiments. Average p-values.
b 0.02.
c 0.23.
d 0.16.
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(Table 2). All the aromatic heterocycles tried gave compounds
with no activity (15, 16, 17, and 18). However, the 2-naphthyl
derivative 12 showed excellent activity having an EC50 of
3.7 lM with the 1-naphthyl analog 13 exhibiting slightly dimin-
ished activity.


Finally, the need for two sulfonic acid groups was explored
(Table 3). Two asymmetric derivatives were prepared in which
the one sulfonic acid moiety was exchanged for either a proton
19 or a hydroxyl 20. Both derivatives are ten times less active
than the parent. The symmetrical derivative containing two car-
boxylic acids instead of two sulfonic acids was inactive. These
data suggest that at least one sulfonic acid group is a necessity
for activity but the presence of two such groups increases
potency.


In summary, a series of isophthalamides that enhance glu-
cose transport have been disclosed. Unlike L-783,281, the com-
pounds reported herein are inactive in the absence of insulin.
Of course, such insulin-dependent activity may offer unique
advantages in the control of hyperglycemia by modulation of
their effects as insulin levels change in response to physiologi-
cal stimuli.
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We herein disclose a novel series of 4-aminopyrimidine-5-carbaldehyde oximes that are potent and
selective inhibitors of both EGFR and ErbB-2 tyrosine kinases, with IC50 values in the nanomolar range.
Structure–activity relationship (SAR) studies elucidated a critical role for the 4-amino and C-6 arylamino
moieties. The X-ray co-crystal structure of EGFR with 37 was determined and validated our design
rationale.


� 2008 Elsevier Ltd. All rights reserved.

The epidermal growth factor (ErbB) family of receptor tyrosine
kinases (RTKs) plays an important role in the regulation of cell
growth, differentiation, and survival.1 The ErbB family consists of
four receptors: epidermal growth factor receptor (EGFR or ErbB-
1), ErbB-2 (Her-2), ErbB-3, and ErbB-4.2 Dysregulation of the ErbB
signaling pathways has been observed in numerous solid tumors
(e.g., breast, lung, colon, and prostate).3 The increased ErbB signal-
ing observed in these tumors usually results from receptor overex-
pression, gene amplification, mutation, and/or elevated levels of
ErbB ligands. Both EGFR and ErbB-2 have been targeted for inhib-
itor development by the pharmaceutical industry,4 and over a dec-
ade of research has culminated in the approval of gefitinib 1 and
erlotinib 2 for the treatment of non-small cell lung cancer follow-
ing prior chemotherapeutic intervention (Fig. 1).5 Lapatinib 3, a po-
tent dual EGFR/ErbB-2 inhibitor, for the treatment of advanced or
metastatic ErbB-2 positive breast cancer is currently in Phase II
and III trials for the treatment of other solid tumors.6 These agents
belong to the 4-anilinoquinazoline class of inhibitors and the key
features between the receptor and this template have been re-
vealed as follows.7,8 (1) The quinazoline moiety fits into the ATP
binding pocket of the kinase domain, where the N-1 nitrogen of
the quinazoline nucleus interacts with the backbone NH of Met-

ll rights reserved.


: +1 609 655 6930.

769 via a hydrogen bond, and a water mediated hydrogen bonding
is observed between the N-3 of the quinazoline and the Thr-766
side chain. (2) The aniline ring fills an adjacent lipophilic pocket.
(3) The solubilizing side chains at C-6 and/or C-7 of the quinazoline
core act to improve physical properties and confer a more favor-
able pharmacokinetic profile.


We envisioned that replacement of the quinazoline found in
molecules like 1, 2, and 3 with our recently reported 4-aminopy-
rimidine-5-carbaldehyde oxime scaffold9,10 could lead to the iden-
tification of potent EGFR/ErbB-2 dual inhibitors (Fig. 2). The pseudo
six-membered ring formed by the intramolecular NH. . .N@C
hydrogen bond of 5 would function as a mimic of the phenyl ring
of the quinazoline. In this report, we describe the synthesis and
structure–activity relationship (SAR) of a novel series of dual
EGFR/ErbB-2 inhibitors designed around this hypothesis. An X-
ray co-crystal structure of a representative compound in complex
with EGFR is also described.


Synthesis of the target molecules is illustrated in Scheme 1.
Treatment of 4,6-dichloropyrimidine-5-carboxaldehyde11 6 with
either NH3 gas or CH3NH2 in toluene gave 7, followed by reac-
tion with an appropriately substituted aniline to give pyrimi-
dine-5-carboxaldehyde 8. High conversion of 7–8 was usually
achieved when the base (DIEA) was added first and the aniline
was added last. Reversal of the order of addition sometimes
resulted in the Schiff base formation with the C-5 aldehyde



mailto:gxu4@prdus.jnj.com

http://www.sciencedirect.com/science/journal/0960894X

http://www.elsevier.com/locate/bmcl





N


N


H N Cl


O
F


O


H
N


Lapatinib (3)
Potent ErbB-2/EGFR TK inhibitor


N


N


H N
O


O


O
O


Erlotinib (2)
Potent EGFR TK inhibitor


N


N


H N Cl
ON


Gefitinib (1)
Potent EGFR TK inhibitor


F


O


O


S
O O


Figure 1. Examples of EGFR and ErbB-2 receptor tyrosine kinase inhibitors in clinical use: Gefitinib 1; Erlotinib 2; Lapatinib 3.
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Figure 2. Quinazoline and 4-amino-6-arylaminopyrimidine-5-carbaldehyde oxime
templates.
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moiety. Subsequent condensation of 8 with an O-substituted
hydroxylamine provided the desired pyrimidine oxime 9. It
should be pointed out that the E-isomer was either the major
or exclusive product obtained.


Anilines used to prepare analogues 20–24, 26 and 27 were syn-
thesized by published procedures.12,13 Aniline 12 required for the
synthesis of analogue 30 was prepared according to Scheme 2.
Pd/C-catalyzed reaction of 2-iodophenol 10 with 1-ethynyl-3-flu-

O


HN N


N


Cl


R1


7


O


Cl N


N


Cl


6


a b


Scheme 1. Reagents and conditions: (a) R1-NH2, toluene (90%); (b) DMSO, D


O2N I


OH O


O2N
a


10 11


Scheme 2. Reagents and conditions: (a) 1-ethynyl-3-fluoro-benzene,

oro-benzene in the presence of PPh3, CuI, and prolinol afforded
2-substituted benzo[b]furan 11,14 which was reduced to 12 via
hydrogenation.


To ascertain whether the 4-aminopyrimidine-5-carboxalde-
hyde oxime derivatives were capable of affording potent EGFR/
ErbB-2 inhibition, we selected the 1-(3-fluorobenzyl)indazol-5-
amino group as the C-6 side chain since it has been shown in
both pyrrolotriazine15 and quinazoline16 scaffolds to provide
optimal dual EGFR and ErbB-2 kinase inhibitions. We were de-
lighted to find that compound 13 (Table 1) displayed potent inhi-
bition against both EGFR and ErbB-2 with IC50 = 8 and 12 nM,
respectively.17 However, methyl substitution of the C-4 amino
group (14) abrogated both EGFR and ErbB-2 activities. Such a
pronounced drop in activity against the enzyme suggested that
C-4 NH2 is necessary for binding, or that the methyl group pre-
vents the molecule from attaining a proper conformation for
binding to the enzyme.


We next turned our attention to determining the effect of vari-
ous modifications at the C-6 aniline position on EGFR and ErbB-2
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Table 1
Structure–activity relationships for the C-4 position


N N


H
N NHR1


N
O


N
N


F


1


2


4
56


3


Compound R1 EGFR IC50
a (lM) ErbB-2 IC50


a (lM)


13 H 0.008 0.012
14 CH3 (48% inh at 2 lM) (39% inh at 10 lM)


a Mean values of at least three experiments are used for enzyme assays of ErbB-2/
EGFR, IC50 values reported as lM concentrations. See Ref. 17 for assay conditions.


Table 2
Structure–activity relationships for the C-6 aniline substitution


N N


H
N NH2Ar


N
O


1


2


4
56


3


Compound Ar EGFR
IC50


a (lM)
ErbB-2
IC50


a (lM)


15 (3-Cl-4-F)phenyl 0.070 0.204
16 3-Br-phenyl 0.024 0.557
17 (3-Cl-4-F)benzyl 1.123 5.22
18 Indazol-5-yl 0.306 4.123
19 1-benzyl-indazol-5-yl 0.044 0.022
20 1-(3-Cl-benzyl)indazol-5-yl 0.023 0.030
21 1-(3-CN-benzyl)indazol-5-yl 0.020 0.044
22 1-(3-OCH3-benzyl)indazol-5-yl 0.267 NTb


13 1-(3-F-benzyl)indazol-5-yl 0.008 0.012
23 3-Cl-4-(3,5-F2-benzyloxy)phenyl 0.033 (52% inh


at 10 lM)
24 1-(4-F-benzyl)indazol-5-yl 0.104 0.189
25 1-(3-F-benzyl)indol-5-yl 0.013 0.027
26 2-(3-F-benzyl)benzoimidazol-5-yl 0.048 0.076
27 1-(3-F-benzyl)-2,3-dihydro-indol-5-yl 0.057 0.255
28 (3-Cl-4-benzyloxy)phenyl 0.016 0.153
29 3-Cl-4-(3-F-benzyloxy)phenyl 0.012 0.018
30 2-(3-F-phenyl)benzofuran-5-yl (<10% inh


at 2 lM)
(<10% inh
at 10 lM)


a Mean values of at least three experiments are used for enzyme assays of ErbB-2/
EGFR.


b Not tested.
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kinase inhibitory activities (Table 2). Analogues with small C-6 ani-
lines (15 and 16) or simple fused 5,6-bicyclic heterocycles (18)
were selective EGFR inhibitors. However, this activity was dramat-
ically decreased if the aromatic ring was displaced by one carbon
(17). Appending a lipophilic benzyl group (19) to the C-6 indazol-
ylamine increased ErbB-2 kinase inhibition without reducing EGFR
potency. A similar trend was also reported in the quinazoline series
where increasing size at the C-4 aniline position substantially im-
proved ErbB-2 activity.18 Both m-chlorobenzyl (20) and m-cyanob-
enzyl (21) analogues showed comparable potency to compound
19. Interestingly, adding a fluorine atom at the 3-position of the
benzyl group (13) resulted in a 5-fold increase in inhibitory po-
tency against EGFR and an approximate 2-fold increase against
ErbB-2, highlighting the potential interaction of fluorine with the
enzyme (vide infra). There was slight increase in EGFR potency
for the 3,5-difluorobenzyl compound 23. However, larger groups

such as methoxy at the 3-position (22) exhibited greatly reduced
potency against EGFR. The 4-fluorobenzyl analogue 24 also proved
to have suboptimal potency. Indole-substituted analogue 25 main-
tained potency against both enzymes, whereas the 2,3-dihydro-in-
dole compound 27 showed much weaker potency against EGFR
and ErbB-2. Changing the indazole group to benzoimidazole (26),
which also displaces the 3-fluorobenzyl group to the 2-position
of the heterocycle, resulted in 6-fold lower potency against both
enzymes. Alternative extended anilines (28 and 29) gave compara-
ble, high EGFR potency but different selectivity versus ErbB-2. The
benzofuran analogue 30, which may be viewed as a conformation-
ally restricted version of 29, was inactive in both EGFR and ErbB-2
assays.


To study the SAR at the oxime side chain (R2 group), a series of
unsubstituted and O-alkyl oximes were prepared and tested. The
inhibitory activity of the resultant compounds is listed in Table 3.
In general, all modifications led to potent activity against EGFR.
However, compounds with bulky and hydrophobic substituents
(33, 35, and 36) are less potent in the ErbB-2 assay. The cellular
activity of these compounds was evaluated in proliferation assays
using the SKBR3 and BT474 cell lines,19 both of which overexpress
ErbB-2. Compounds 13, 32, 34, 35, and 36 showed submicromolar
cellular antiproliferative potency, whereas compound 31 had re-
duced activity even at 10 lM, suggesting that it does not penetrate
the cell membrane effectively.


In order to determine the kinase selectivity for this series, com-
pounds 25 and 28 were evaluated against a panel of 102 kinases at
the concentration of 3 lM in the presence of 100 lM ATP20 and
found to be highly selective for the EGFR subfamily. In pharmaco-
kinetic evaluation in Sprague–Dawley rats, compound 28 exhibited
high plasma levels, low volume of distribution, and low clearance
(Table 4). Its bioavailability is 15%.


To further validate our design rationale, an X-ray crystal struc-
ture of EGFR with compound 37 bound at the ATP site was solved
at a resolution of 2.3 Å.21 Figure 3 illustrates the complex and
shows that the pyrimidine ring nitrogen N3 interacts with the
backbone NH of Met793 in the kinase hinge region, whereas the
amino group at the C-4 position is engaged in a second hydrogen
bond with the backbone C@O of Met793. This binding mode ex-
plains the finding that N-methylation at C-4 amino position was
detrimental for activity. The 1-(3-fluorobenzyl)indazolylamino
group is oriented deep in the back of the ATP binding site and
makes predominantly hydrophobic interactions with the protein.
The 3-fluorobenzyl group occupies a pocket formed by the side
chains of Met766, Leu777, Thr790, Thr854, and Phe856. The 3-flu-
oro on the benzyl group is hydrogen bonded to both backbone NH
groups of Arg776 and Thr790, and is important for optimally po-
tent inhibition of EGFR. This also explains why replacement by
chlorine, cyano, or methoxy group resulted in less potent com-
pounds (20, 21, and 22), because they cannot occupy this binding
pocket without displacing key residues. The N-2 atom of the inda-
zole ring forms a weak hydrogen bond to the backbone C@O of Leu
788 (3.7 Å). The aniline nitrogen and the N-1 atom of the indazole
ring are not involved in any direct hydrogen bonding interactions
with the protein. The methoxyethoxy moiety appended to the
oxime is extended to the solvent region, which supports the find-
ing that most of the analogues with alkyl oxime substituents give
favorable inhibitory potency against both EGFR and ErbB-2. The
C-4 amino group forms an intramolecular hydrogen bond with
the oxime nitrogen atom as we anticipated, therefore mimicking
the quinazoline phenyl ring.


In summary, 4-amino-6-arylaminopyrimidine-5-carbaldehyde
oxime derivatives showed potent inhibition of ErbB-2/EGFR ki-
nase activities and antiproliferative effects toward ErbB-2 over-
expressing SK-BR-3 and BT474 cell lines. An unsubstituted
amino group at the C-4 position is essential for potent inhibitory







Table 3
Structure–activity relationships for the C-5 side chain
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N NH2


N
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Compound R2 EGFR IC50
a (lM) ErbB-2 IC50


a (lM) SKBR3 IC50
a (lM) BT474 IC50


a (lM)


13 CH3 0.008 0.012 0.26 0.25
31 H 0.012 0.042 (41% inh at 10 lM) (34% inh at 10 lM)
32 CH2CH3 0.005 0.007 0.27 0.062
33 CH2CH(CH3)2 0.032 0.173 1.88 1.03
34 CH(CH3)2 0.014 0.025 0.71 0.54
35 benzyl 0.023 0.095 0.18 0.13
36 2-OCH3-benzyl 0.047 0.435 0.13 0.21
37 (CH2)2OCH3 0.014 0.006 (84% inh at 10 lM) (60% inh at 10 lM)


a Mean values of at least three experiments are used for enzyme assays of ErbB-2/EGFR, IC50 values reported as lM concentrations.


Table 4
Pharmacokinetic parameters for compound 28, determined after dosing to Sprague–Dawley rats at 2 mg/kg iv (vehicle = 10% solutol in D5W) and 10 mg/kg po (vehicle = 0.5%
hydroxypropyl methylcellulose)


Compound Vdss (L/Kg) Cl (ml/min/Kg) po Cmax (lM) po Tmax (h) po T1/2 (h) po AUC (lM.h) Bioavailability %


28 0.17 3.56 5.7 0.63 8.4 19.3 15


Figure 3. Interactions between EGFR and compound 37. Compound 37 is shown in
green, protein residues are colored gray and atoms are colored by element for both
molecules with nitrogen blue, oxygen red and fluorine light green.
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activity. This result was supported by the X-ray crystallographic
elucidation of the complex of 37 with EGFR, where the NH2


made key hydrogen bonding interaction with backbone C@O of
Met 793. The C-6 aniline portion determines the potency and ki-
nase selectivity, and this conclusion parallels the literature SAR
at the C-4 aniline position reported for quinazoline-based RTK
inhibitors.22,23 The oxime side chain is oriented toward
the solvent front, consistent with the observation that a variety
of substituents were tolerated. These studies suggest that
4-amino-6-arylaminopyrimidine-5-carbaldehyde oxime scaffold
effectively mimics the well-known quinazoline kinase template.
Future reports will detail the design of potent dual EGFR/ErbB-
2 inhibitors with improved bioavailability that demonstrate
antitumor efficacy in preclinical disease models.
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This work describes the development of potent and selective human Urotensin-II receptor antagonists
starting from lead compound 1, (3,4-dichlorophenyl)methyl{2-oxo-2-[3-phenyl-2-(1-pyrrolidinylmeth-
yl)-1-piperidinyl]ethyl}amine. Several problems relating to oral bioavailability, cytochrome P450 inhibi-
tion, and off-target activity at the kappa opioid receptor and cardiac sodium channel were addressed
during lead development. hUT binding affinity relative to compound 1 was improved by more than
40-fold in some analogs, and a structural modification was identified which significantly attenuated both
off-target activities.


� 2008 Elsevier Ltd. All rights reserved.

Urotensin-II (U-II), a cyclic undecapeptide, was first isolated
in the 1960’s from goby urophysis1 and was proposed to be in-
volved primarily in osmoregulation in fish.2 Human Urotensin-
II (hU-II) and other mammalian orthologs including mouse, rat,
and monkey were subsequently identified and cloned.3 In
1999, hU-II was identified as a cognate ligand of human GPR-
14 (hUT), an ‘orphan’ G-protein-coupled receptor predominantly
expressed in cardiovascular tissue.4 Both U-II ligand and UT
receptor were found within mammalian vascular and cardiac tis-
sue and effectively constricted isolated arteries from non-human
primates.4 The potency of hU-II as a vasoconstrictor was 10
times greater than that of endothelin-1, making hU-II the most
potent mammalian vasoconstrictor identified to date.4 More re-
cently, hU-II was found to induce profound hemodynamic effects
upon local and systemic administration in cat5 and in man.6,7 U-
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II also influences cardiorenal function by acting as a potent reg-
ulator of cardiac contractility7 and a natriuretic factor.8 hU-II
and hUT are therefore proposed to be involved in the (dys)regu-
lation of cardiorenal function,9 and have been implicated in the
etiology of numerous cardiorenal and metabolic diseases includ-
ing hypertension,10 heart failure,7,11 atherosclerosis,12 renal fail-
ure,13 and diabetes.14 Several non-peptidic UT ligands have
recently been reported.15–17 Human Urotensin-II receptor antag-
onists are of interest as potential drugs to address these cardio-
vascular conditions.


High-throughput screening (HTS) combined with hit-to-lead
chemistry16a identified compound 1 (Table 1) as an antagonist of
hUT. The binding affinity (Ki) of this compound was 16 nM in a
[125I]hU-II radioligand binding assay using HEK293 cell mem-
branes stably expressing recombinant human UT receptors.16b,c


Furthermore, this compound also exhibited potency (Kb = 28 nM)
in an isolated rat aorta functional assay17 which was comparable
to the in vitro rat binding affinity. In addition to being functionally
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Table 1
In vitro and pharmacokinetic data for 1


N N


ON


Cl


Cl


1


(+/-)


In vitro data Rat PK dataa


hUT Ki = 16 nM T1/2 = 3.8 h
CYP2D6 = 0.75 lM Vdss = 23 L/kg
CYP3A4 = 1.4 lM CL = 97 mL/min/kg
Rat aorta Kb = 28 nM Oral F (%) = 0–3%


a Rat PK data based on 2 mg/kg iv dose and 4 mg/kg solution oral dose.


Table 2
SAR summary table


N N


R
O


In vitro d


# Side-chain (R) Amine hUT Ki
a (nM) Kappa EC50


b (nM)


1 Cl


Cl


N
CH3


Pyrrolidine 16 3200
2 Morpholine 79 1000


3 Cl


Cl


N CN Pyrrolidine 2 790
4 Morpholine 6 5000


5 Cl


Cl


N O Pyrrolidine 8 1000
6 Morpholine 130 10,000


7


O


NCl


Cl


O Pyrrolidine 0.4 500
8 Morpholine 2 7900


9


O


N OH3C


H3C


Pyrrolidine 0.4 5000
— Morpholine — —


10 Cl


Cl N


N O Pyrrolidine 0.6 3200
11 Morpholine 3 15,000


12


N


N OH3C


H3C


Pyrrolidine 1 6300
13 Morpholine 5 30,000


14 Cl


O


N
O


Pyrrolidine 5 5000
15 Morpholine 40 1300


16 Cl


S


N
O


Pyrrolidine 1.2 1300
17 Morpholine 6 7900


a Mean of at least two determinations with a standard deviation of <±0.3 log units.
b Single determination or a mean of two determinations with a standard deviation of
c Rat brain batrachotoxinin (BTX) sensitive sodium channel assay.
d Single determination, Cypex Bactosomes.
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active in tissues, this compound was found to be a reversible and
surmountable (competitive) antagonist with multi-species activ-
ity.16 Despite the high affinity and potency of (1), the overall dev-
elopability profile of this compound suffered from cytochrome
P450 liabilities (mainly CYP2D6 and CYP3A4 inhibition) and its
pharmacokinetic (PK) profile demonstrated poor oral bioavailabil-
ity, as illustrated in Table 1. The data reveal the large volume of
distribution, high clearance, and low oral bioavailability for this
compound. However, compound 1 served as an acceptable starting
point for further investigation.


One area that was only briefly examined in the initial hit-to-
lead efforts was the amide group appended to the piperidine core.
It was hypothesized that by hindering rotation or introducing addi-
tional conformational constraints in this amide ‘side-chain’ group,
one might improve oral bioavailability18a and possibly bias the
conformation towards one that is more favorable for hUT bind-

(+/-)


ata


Na channel Ki
a,c (nM) CYP 2D6 IC50


d (lM) CYP 3A4 DEF IC50
d (lM)


2500 0.75 1.4
1600 2.3 0.77


1600 2.3 1.1
4000 3.7 0.49


960 0.82 1.2
3200 3.2 0.48


680 1.6 1.8
1300 4.8 0.73


390 5.1 3.9
— — —


930 2.9 1.2
18,000 21 1


1400 8.4 6.8
6900 6.7 2.7


150 2.2 2.1
730 3.5 1.3


330 1.7 1
3500 8.0 0.68


<±0.3 log units.







Table 3
Rat PK data for representative analogs


# Cmax (ng/mL) T1/2 (h) CL (mL/min/kg) Vdss (L/kg) Oral F (%)


PK dataa


A1 100 3.8 97 23 0–3
3 120 3.2 100 27 12
4 370 2.6 60 8 7
5 95 2.8 120 27 30
17 160 5.0 130 26 <1


a Rat PK data based on 2 mg/kg iv dose and 4 mg/kg solution oral dose.
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ing.18b The strategy was to hinder rotation of this flexible moiety
by replacing the methyl group with larger substituents, or to elim-
inate entirely one rotatable bond by creating fused rings.


The initial set of compounds that were prepared employed
pyrrolidine as the basic amino group, and were direct analogs
of 1 varying only the amide side-chain moiety. While all com-
pounds in Table 2 showed a measurably higher binding affinity
for hUT than 1, the sub-nanomolar compounds 7, 9, and 10
are especially noteworthy since they have 10-fold greater hUT
binding affinity. Also, compounds 9 and 12 possess an improved
P450 profile for both CYP2D6 and CYP3A4 (DEF) relative to 1.
The comparison of the P450 profile for 9 and 12 to 7 and 10,
respectively, demonstrates the reduction in P450 inhibition that
can be obtained by replacing the chlorine substituents with
methyl groups on the amide moiety. During the course of lead
development, it was discovered that the pyrrolidine analogs de-
scribed in Table 2 have activity at two other molecular targets.
All of these compounds are kappa opioid agonists, and some,
such as 3 and 7 have sub-micromolar activity at this receptor.19
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i, ii, iii


18 R = CH3
19 R = CH2CN
20 R = CH2CH2OCH3


+
iv, v, vi, iii


21


+


23  R = Cl
24  R = CH3


+


22


vi, iii 25  X = O
26   X = S


vii, vi, iii


viii, vi, iii


Scheme 1. Reagents and conditions: (i) ethyl bromoacetate, diisopropylethyl-
amine, NMP, 90 �C, 97%; (ii) alkyl halide, K2CO3 or diisopropylethylamine, NMP, 80–
120 �C, 16–63%; (iii) LiOH, THF, H2O, 99%; (iv) KF, dioxane, 100 �C, 96%; (v) SnCl2-


2H2O, EtOH, HCl, 83%; (vi) NaH, ethyl bromoacetate, DMF, 50–90%; (vii) NaHCO3,
Cs2CO3, DMF, 80%; (viii) EtOH, 85 �C, 83%.

In addition, these compounds have affinity at both the NaV1.5
cardiac sodium channel and the rat brain batrachotoxinin
(BTX) sensitive sodium channel.20 While all of these compounds
have some level of affinity at the sodium channel, some such as
9 and 14, have nanomolar affinity. Compounds with this level of
sodium channel affinity could not progress through animal mod-
els such as rat pharmacokinetic studies or higher species in vivo
pharmacodynamic studies due to potential cardiac toxicity. It
was also unclear if kappa opioid agonism would interfere with
in vivo studies and complicate the interpretation of results. Thus,
attenuating activity at the kappa opioid receptor and the sodium
channel became goals of equal importance to the improvement
of the P450 and PK profiles. In order to ensure safety in the in
vivo studies, compounds with off-target activities in the mid-
to-high micromolar range at the sodium channel and kappa opi-
oid receptor were targeted. One successful structural modifica-
tion which demonstrated a definite attenuation in the off-
target activity for both was the replacement of the pyrrolidine
moiety with a less basic morpholine group (Table 2). Direct com-
parison of the corresponding pyrrolidine/morpholine analog pairs
(e.g., 10 versus 11) demonstrates that (with the exception of 1
versus 2) a 2- to 20-fold reduction in sodium channel affinity
was realized. Another benefit of the structural change from pyr-
rolidine to morpholine is a general weakening of the kappa ago-
nist potency by 4- to 6-fold for most analogs. Unfortunately, the
fold-selectivity for hUT binding affinity versus both the kappa
opioid receptor and the sodium channel remained largely the
same in both the pyrrolidine and morpholine sets of compounds
due to the parallel loss in hUT binding affinity, which was 5- to
6-fold for most analogs. However, the morpholine compounds,
unlike many of their pyrrolidine counterparts, could be evalu-
ated in vivo because they have off-target activities in the mid-
to-high micromolar range, which is above the safety thresholds
for many in-house in vivo studies. Finally, the results of the
transformation from pyrrolidine to morpholine on P450 inhibi-
tion were mixed, so that CYP2D6 inhibition declined while
CYP3A4 inhibition increased.


For both the pyrrolidine and morpholine analogs, introducing
conformational constraints appeared to be a successful strategy
for preparing compounds with high hUT binding affinity which
also translated into high functional potency in rats. Compounds
1, 2, 3, 5, and 14 (representing both the pyrrolidine and morpholine
sub-series) were evaluated in the rat aortic ring contraction as-
say,17 and all compounds were functionally potent at levels com-
parable to the in vitro rat binding affinity. For example,
compound 3 has a rat aorta Kb of 5 nM. However, the conforma-
tional constraint strategy was less successful in addressing the
poor oral bioavailability in this series. Only compounds 3 and 5
demonstrated any substantial improvement in oral bioavailability
(Table 3). Although compound 5 does show a markedly improved
oral bioavailability compared to compound 1, the clearance and
volume of distribution are similar to 1, and 5 is a sub-micromolar
CYP2D6 inhibitor.


The preparation of the cis, racemic 3-phenyl-2-(1-amino-
methyl)piperidine core, was described in a prior publication.16a


Preparation of the acid side-chains is described in Scheme 1. The
acid side-chains were coupled to the piperidine core using stan-
dard amide bond-forming reaction conditions (e.g., BOP, diisopro-
pylethylamine, DMF).


In summary, lead development of 1 has led to the identifica-
tion of potent and selective hUT inhibitors. Compounds with re-
stricted conformations in the amide side-chain have improved
hUT binding affinity, which in some cases was more than 10-fold
greater than 1. Modulating the electronics of the aryl group by
replacing the chloride with a methyl group provided a handle
to improve the P450 profile. By replacing the pyrrolidine moiety







J. J. McAtee et al. / Bioorg. Med. Chem. Lett. 18 (2008) 3500–3503 3503

with the less basic morpholine substituent, off-target activity at
the kappa opioid receptor and the sodium channel was attenu-
ated to the point that the compounds could be safely evaluated
in vivo. A few compounds, such as 3 and 5 had modestly im-
proved oral bioavailability compared to 1, but in general, the
overall pharmacokinetic profiles for most compounds were simi-
lar to the lead. Further optimization to improve the pharmacoki-
netic profile while maintaining the improvements in potency and
attenuated off-target activity discovered herein will be the sub-
ject of future publications.
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Figure 1. Steroidal glucocorticoids and 6-aryl tetrahydroquinolines.

Due to their effective anti-inflammatory and anti-proliferative
properties, glucocorticoids (GCs) such as prednisolone 1 and dexa-
methasone 2 (Fig. 1) are widely prescribed to aid in the treatment
of patients inflicted by inflammatory and autoimmune disorders.1


However, a major drawback to the long-term use of GCs is their
propensity to cause serious unwanted side effects, including myop-
athy, osteoporosis, hypertension, fat redistribution, and diabetes.2


The desired therapeutic and undesired side effects are both con-
trolled by GC binding to the glucocorticoid receptor (GR). Upon
binding to the GR, the GR-ligand complex (GRC) translocates to
the nucleus where it can either up-regulate or repress specific
genes.3 This transrepression (TR) of genes that encode for cytokines
and other inflammatory mediators is thought to form the basis for
the beneficial anti-inflammatory effects of GCs while direct
transactivation (TA) leads to side effects. Compounds that display
selectivity for TR over TA may provide new therapeutic agents with
a reduced side effect profile, and hence continue to be an active
area of research.4–10


In addition to TR/TA selectivity, there are also the challenges of
discovering novel GR ligands that do not possess cross-reactivity
with other nuclear hormone receptors (NHRs). For example, 1 and
2 are known to have mineralocorticoid receptor (MR) agonist
activity, which may contribute to their hypertensive side effects.
Interactions with other NHRs, such as the androgen receptor
(AR) and progesterone receptor (PR) may lead to undesired activ-

Ltd.

ity on the prostate and uterus, respectively. Significant NHR
cross-reactivity can be characteristic of new nonsteroidal GR li-
gands, thus optimizing receptor selectivity is of critical
importance.11


The GR belongs to a superfamily of NHRs including estrogen
(ER), MR, AR, and PR.12 In our study of 6-thiophenylhydroquino-
lines as PR antagonists,13 we reported tetrahydroquinoline 3 to
be a PR-selective modulator possessing GR cross-reactivity. Subse-
quently, during our investigations into other NHRs, we discovered
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indole 4 to possess modest GR binding affinity with diminished PR
binding. We have previously demonstrated the feasibility of
developing selective glucocorticoid receptor modulators (SGRMs)
derived from an initial PR-selective 1H-[1]benzopyrano[3,4-f]quin-
oline core.14 Herein, we disclose our initial developments of
GR-selective ligands originating from a versatile PR tetrahydro-
quinoline template.


Due to the number of regioisomeric indole boronic acids that
are readily available, we undertook a systematic SAR approach
surrounding indole 4. Starting from commercially available 5-
chloro-2-methylaniline (Scheme 1), Skraup reaction15 with
catalytic iodine in acetone followed by cationic reduction of the 1,2-

Table 1
In vitro data for regioisomeric C6-indolesa


N
H


R
Cl


Compoundb R GR binding Ki (nM) PR binding Ki (nM) GRE activati


Eff. (%)


1 Prednisolone 5.3 ± 0.3 — 130 ± 7
3 43 8.4 —


4 N
H


460 2300 —


6


HN
770 1700 —


7 HN 24 450 —


8


HN
4.4 ± 2.4 230 ± 60 34 ± 5


9


NH
0.6 ± 0.1 13 ± 1 110 ± 6


(-)-9 0.3 8.2 ± 1.3 89 ± 8
(+)-9 100 370 —


a EC50 and IC50 values determined from half-log concentration response curves. Agoni
dexamethasone (100%). Antagonist efficacies are represented as a percent of maximal inh
are represented as a percent of maximal inhibition of the response induced by TNFa an
experiments with triplicate determinations. If no SEM is noted, value is from a single de


b Except where noted, compounds were tested as racemates.

dihydroquinoline with triethylsilane and subsequent bromination
with N-bromosuccinimide yielded racemic bromide 5, which was
subjected to a palladium-catalyzed Suzuki reaction with the appro-
priate boronic acid to generate C6-indoles 6–9 found in Table 1.

on agonist mode GRE activation antagonist mode E-selectin repression assay


EC50 (nM) Eff. (%) IC50 (nM) Eff. (%) IC50 (nM)


5.3 ± 3.6 — — 100 ± 2 4.1 ± 0.8
— 97 ± 1 73 ± 14 — —


— — — — —


— — — — —


— 60 ± 7 10 ± 2 — —


433 ± 20 62 ± 6 1.8 ± 1.2 — —


20 ± 3 — — 90 ± 3 10 ± 3


12 ± 2 — — 94 ± 3 12 ± 8
— — — — —


st efficacies are represented as the percentage maximal response in comparison to
ibition of the response of an EC50 of dexamethasone. E-selectin repression efficacies
d IL-1b. Standard errors (SEM) represent the mean value of at least three separate
terminant. M-dash (—), not active and denotes <20% efficacy or potency >1 lM.
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GR binding was determined using a radiolabeled dexametha-
sone competitive binding assay with baculovirus-expressed GR.6

Table 2
In vitro assay results for C6-indoles 11–20a


R
Cl


Compoundb R GR binding Ki (nM) PR binding Ki (nM) GRE activa


Eff. (%)


1 Prednisolone 5.3 ± 0.3 — 130 ± 7
(�)-9 0.3 8.2 ± 1.3 89 ± 8


11
N


Me


79 650 63 ± 5


12
NH


Me


90 1400 57 ± 25


13


NH
Me 11 ± 10 22 82 ± 6


14


NH


MeO


110 6600 —


15


NH


Cl


131 520 —


16


NH


Cl


24 650 —


17


NH


F


1.3 ± 0.3 75 ± 18 190 ± 30


18


NH


F


0.8 15 88 ± 4


19


NH


F
F


1.8 ± 0.2 151 ± 30 127 ± 10


20


NH


OMe


1.5 ± 0.2 1400 ± 100 60 ± 7


a See Table 1.
b Except where noted, compounds were tested as racemates.

Aware that our tetrahydroquinoline 6-indole series originated
from PR antagonists, we routinely monitored all new ligands for

N
H


tion agonist mode GRE activation antagonist mode E-selectin repression assay


EC50 (nM) Eff. (%) IC50 (nM) Eff. (%) IC50 (nM)


5.3 ± 3.6 — — 100 ± 2 4.1 ± 0.8
12 ± 2 — — 94 ± 3 12 ± 8


191 ± 70 — — 68 ± 5 84


531 ± 20 — — — —


7.5 ± 1.6 — — 87 ± 11 5.3 ± 1.4


— 88 ± 3 67 ± 20 — —


— 78 ± 1 12 ± 4 — —


— 94 ± 2 53 ± 12 — —


46 ± 9 — — 79 ± 12 5 ± 1


9.2 ± 3.4 — — 103 ± 10 3.1 ± 2.4


76 ± 11 — — 106 ± 14 11 ± 3


48 ± 13 — — 84 ± 9 33 ± 10







Table 3
Cross-reactivity of selected C6-indolesa


Compoundb GR binding Ki (nM) PR binding Ki (nM) MR binding Ki (nM) AR binding Ki (nM)


9 0.6 ± 0.1 13 ± 1 21 57 ± 7
17 1.3 ± 0.3 75 ± 18 32 ± 8 780
19 1.8 ± 0.2 151 ± 30 145 ± 50 50 ± 13
20 1.5 ± 0.2 1400 ± 100 155 ± 80 1500


a Standard errors (SEM) represent the mean value of at least three separate experiments with triplicate determinations. If no SEM is noted, value is from a single
determinant.


b Except where noted, compounds were tested as racemates.
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PR cross-reactivity. Evaluation of GR-mediated direct transcrip-
tional activation was determined in a cotransfection (CTF) assay
using a luciferase reporter containing a glucocorticoid response
element (GRE).16 The GRE activation assay determines both agonist
and antagonist activity (when compounds are tested in the pres-
ence of an EC50 of dexamethasone) and provides an additional esti-
mate of the ligand’s affinity for GR. An E-selectin repression assay17


was used in order to determine repression of transcriptional acti-
vation (transrepression) mediated by NFjB or AP-1, providing a
measure of the potential anti-inflammatory properties of the
compounds.


Testing results of indoles 4, and 6–9 are summarized in Table
1. Regioconnectivity of the indole proved critical to both receptor
selectivity and GR-mediated transcription. Attachment of the C6
indole at the 20 (6) or 60 (4) position showed modest GR binding
affinity (Ki = 770 and 462 nM), with a slight preference for GR
over PR. Improvements to both GR binding affinity and selectivity
were accomplished by varying the regioconnectivity of the C6 in-
dole via attachment to either the 30, 40, or 70 positions. For exam-
ple, 8 was found to be a partial antagonist in the GRE activation
assay with >40-fold separation of GR over PR binding affinity. The
70 indole 9 was shown to be a full GRE agonist with transrepres-
sion activity similar to that of 1 and good GR binding affinity
(Ki = 0.6 nM); however, significant PR cross-reactivity (Ki = 13 nM)
was observed.


Compound 9 exhibited full efficacy in the E-selectin repression
assay suggesting that it may possess anti-inflammatory properties.
Subsequently, 9 was separated via chiral HPLC and activity was
found to reside in only one enantiomer.18 Racemate 9 and the cor-
responding (�) enantiomer demonstrated similar GR binding affin-
ity, GRE activation agonism, and E-selectin repression activity;
while the (+) enantiomer was �150-fold less potent in GR binding
affinity, and exhibited no GRE activation or E-selectin repression
activity.


In an effort to improve the GR selectivity of 9 while maintaining
its transrepression activity, we began exploring SAR around the
pendent C6 indole. Racemic bromide 5 was converted into boronic
ester 10, which was utilized in one of two synthetic routes. When
the appropriate 7-bromo indole was commercially available, 10
was subjected to a Suzuki reaction to directly yield compounds
11–20. Alternatively, we employed a two-step procedure in which
10 was coupled to an aryl nitro group followed by a Bartoli reac-
tion19 to provide the substituted indoles (Scheme 2).


SAR of 9 (Table 2) showed that while introduction of a methyl
group at N10 (11) or 20 (12) resulted in reduced GR binding and
GRE activation, a 30 methyl (13) was tolerated, albeit it showed
no improvement in GR binding selectively. Larger substituents
such as methoxy or chlorine at 40 or 50 (14–16) resulted in substan-
tially reduced E-selectin activity compared to 9. Compounds 14–
16 also exhibited a switch in their GRE activation profile from
agonist to antagonist. This agonist to antagonist switching is often
difficult to predict. It has been noted previously that slight struc-
tural changes in GR ligands are known to affect agonist/antagonist
activity.10a,11c Introduction of fluorine at 40 or 50 (17–19) resulted in

efficacious GRE activation agonists. The 40 fluorine analogs 17 and
19 showed improved GR selectivity (>40-fold) while maintaining
comparable E-selectin repression activity to 9. Introduction of a
60 methoxy yielded one of the most selective ligands, 20, appearing
efficacious in E-selectin and showing �1000-fold separation in its
binding affinity for GR over PR.


Indoles showing good activity in the E-selectin repression assay
were examined for cross-reactivity against a panel of nuclear hor-
mone receptors (Table 3). Whereas 9 showed only a modest GR
selectivity profile, indole 20 exhibited high GR binding affinity
(Ki = 1.5 nM) with good separation between PR (�1000-fold) and
AR (�1000-fold), with MR showing less separation (�100-fold).


In conclusion, we report our initial results of novel GR-selective
ligands based on 6-indole-1,2,3,4-tetrahydroquinolines. Through
SAR of the pendent C6 indole group, lead compound 4 was con-
verted into GR-selective indole 20 possessing good E-selectin
transrepression activity. These initial results suggest this bicyclic
template may hold potential opportunities to develop GR ligands
to aid in the treatment of inflammatory disorders. Further work
in this series will be reported in due course.
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As a commonly used structure-based approach for virtual screening, molecular design and lead optimi-
zation, molecular docking can search the preferred orientation and conformation of a ligand for its opti-
mal binding to a receptor or enzyme active site. In doing so, selecting an appropriate method to calculate
the electrostatic potentials is critical. In the current report, nine different semi-empirical and empirical
methods, including AM1, AM1-BCC, Del-Re, MMFF, Gasteiger, Hückel, Gasteiger–Hückel, Pullman and for-
mal charges were investigated for their performance on the prediction of docking poses using the
DOCK5.4 program. The results demonstrated that the AM1-BCC charges had the highest success rate.


� 2008 Elsevier Ltd. All rights reserved.

Computational chemistry is playing an increasing role in drug
design and discovery. Along this line, there has been a great deal
of effort directed toward developing efficient molecular docking
methods as tools for the identification of lead compounds.1–3


Molecular docking is the search for the most energetically favor-
able binding pose of a ligand to a receptor.1 During the last decade,
considerable progress has been made in using computation meth-
ods for the prediction of ligand-target binding modes and activi-
ties, and high-throughput virtual screening.4–8 Several docking
programs are readily available including AutoDock,9,10 GOLD,11,12


Glide,13,14 and FlexX.15,16 The DOCK algorithm uses molecular
shape descriptors to position a ligand molecule into a macromolec-
ular receptor and evaluates these poses to generate predicted bind-
ing modes for a ligand-receptor complex.17 The original DOCK
program17 implemented rigid body docking, which allowed users
to generate binding mode predictions of ligands. The subsequent
versions of the DOCK program have implemented molecular-
mechanics force field scoring (DOCK 3.0), energy minimization
(DOCK 3.5),18–20 and ligand conformational flexibility (DOCK
4.0).21 DOCK 5.4 was developed in a new C++ codebase to maxi-
mize the portability and modular nature of the DOCK algorithm.22


Each major component of the DOCK algorithm has been imple-
mented as a class with a documented interface, allowing these

ll rights reserved.


: +1 404 413 5543.
edu (B. Wang).

DOCK functions to be modified or replaced easily. DOCK 5.4 fea-
tures solvation scoring, rigid docking clustering analysis, new li-
gand conformational search methods, and new minimization
methods, and includes support for parallel computing using the
Message Passing Interface (MPI) standard. The latest release of
DOCK 6.2 is an extension of DOCK 5 but the electrostatic potential
in grid calculation is still the same.


Among the most important components of the energy-based
scores, such as the default DOCK energy scores, are the proper elec-
trostatic charges that are assigned to the atoms of the ligand. Sev-
eral charge calculation methods are available and the fundamental
differences in their algorithms can result in significant differences
in the electrostatic assignments for various atoms. It should be
noted that the charge models could have effect on not only the
DOCK energy scores, but also the docking conformations, and thus
could interfere with the accuracy in docking. So far there has not
been a comparative study of the various charge models as applied
in docking programs. Herein, we describe our studies of several
charge models for their success rate in finding the correct docking
conformations and orientations using a standard data set that were
derived from experimental results. When charging a small set of li-
gands, the most accurate ab initio method, such as RESP (Re-
strained ElectroStatic Potential),23 could be used. However, due
to the time-consuming nature of calculating these ab initio
charges, this method was not included in this comparative study.
Instead, we focused on nine different semi-empirical and empirical
methods, including AM1,24,25 AM1-BCC,26,27 Del-Re,28,29 MMFF,30–34
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Table 2
Average RMSD and success rate for docking calculation*


Charge Rigid docking Flexible docking


Average
RMSD (Å)


Success
rate (%)


Average
RMSD (Å)


Success
rate (%)


AM1-BCC 1.55 79.0 1.88 71.93
AM1 1.55 74.6 2.33 67.54
Del-Re 1.67 72.8 2.11 67.54
formal 1.87 69.3 2.40 61.40
Gasteiger 1.71 73.7 2.05 70.18
Gasteiger–Hückel 1.65 76.3 1.92 69.30
Hückel 1.63 75.4 2.20 61.40
MMFF 1.59 73.7 1.93 69.30
Pullman 1.52 77.2 2.09 67.54


* All values are averages over ten DOCK runs.
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Gasteiger,35,36 Hückel,37 Gasteiger–Hückel, Pullman38 and formal
charges because they are fast and are widely used.


Again, the proteins and ligands used for the study were ex-
tracted from the PDB files as test set reported in literature,22 which
were downloaded from the DOCK website (http://dock.compbio.
ucsf.edu/Test_Sets/index.htm, Table 1). The ligands were assigned
atom types and bond types manually, and hydrogens were added.
Empirical charges were calculated with the method of Del-Re, for-
mal, Gasteiger, Gasteiger–Hückel, Hückel, MMFF and Pullman in
the SYBYL 7.2 package.39 Semi-empirical assignments were per-
formed using the AM1 and AM1-BCC method by the QuACPAC
1.1 program.40 For proteins, all water molecules, covalently linked
sugars, sulfate, and halogens were removed. Co-factors, such as
HEME, ATP, and NADPH, were kept, and their atom types and bond
types were assigned manually, and Gasteiger–Hückel partial
charges were added. Hydrogens were added in protein residues
as well as AMBER partial charges and van der Waals parameters.
No additional optimization of the protein structures was carried
out at this point.


Unless otherwise noted, all studies described in this section in-
volved rigid docking of the ligand to the receptor, both of which
were derived from the complex crystal structure. For each case in
the test set, the heavy atom RMSD between the top-scoring docked
ligand pose and the complex crystal structure ligand pose was
evaluated. It should be noted that the RMSD values between the
crystal and predicted conformations are widely used as an indica-
tor of whether the correct docking pose is obtained by a program.41


Usually, an RMSD of 2 Å is considered as the cutoff of correct dock-
ing, probably because the resolution in an X-ray crystal structure
analysis is often about 2 Å, and higher precision than the resolution
of the analysis is not meaningful. Therefore, a DOCK 5 run was con-
sidered to be successful if the RMSD between for the top-scoring
ligand conformation and the crystal ligand conformation was less
than 2.0 Å.42


Using the optimized DOCK5 parameters described in litera-
ture,22 rigid and flexible docking experiments were then per-
formed ten times on the entire 114 test sets (Table 1) using
different charges. For these nine types of charges, their success
rates in prediction and average RMSD values are listed in Table 2.
Based on these data, in the case of flexible docking, the AM1-BCC
charge model gave the highest success rate (72%, average
RMSD = 1.88 Å) followed by Gasteiger–Hückel and MMFF charges.
For rigid docking, the AM1-BCC charge model still fared among
the lowest average RMSD (1.55 Å) and highest success rate (79%)

Table 1
Complexes used in the test set (total of 114 complexes)


Protein data bank identifier


1A28 1COM 1FLR 1OKL 1TYL 2MCP
1A6W 1COY 1HAK 1PBD 1UKZ 2PCP
1A9U 1CPS 1HDC 1PDZ 1ULB 2PHH
1ABE 1D3H 1HSL 1PHD 1WAP 2PK4
1ABF 1D4P 1HYT 1PHG 1XID 2TMN
1ACJ 1DBB 1IMB 1PTV 1XIE 2YPI
1ACM 1DBJ 1IVB 1QCF 1YDR 3CPA
1ACO 1DG5 1LAH 1QPE 2AAD 3ERD
1AI5 1DID 1LCP 1QPQ 2ACK 3GPB
1AOE 1DOG 1LDM 1RNT 2ADA 3HVT
1AQW 1DR1 1LST 1ROB 2AK3 4AAH
1AZM 1DWB 1LYL 1RT2 2CHT 4COX
1BYG 1EBG 1MDR 1SNC 2CMD 4CTS
1C5C 1ETT 1MLD 1SRJ 2CPP 4FBP
1C5X 1F0R 1MRG 1TDB 2CTC 4LBD
1C83 1F0S 1MRK 1TNG 2DBL 5ABP
1CBX 1F3D 1MUP 1TNH 2GBP 5CPP
1CIL 1FGI 1NGP 1TNI 2H4N 6RNT
1CKP 1FKI 1NIS 1TNL 2LGS 7TIM

together with AM1 and Pullman charges. It needs to be noted that
in all cases, the formal charge model gave the lowest success rate
and the highest average RMSD, presumably because of inaccurate
charge assignments.43


Figure 1 shows the cumulative percentage of complexes as a
function of the RMSD between the predicted conformation and
crystal structure results for each docking run. It is clear that for
both rigid and flexible dockings the AM1-BCC charges work the
best in reproducing the experimentally determined results with
the data set studied. No other programs did as well in both flexible
and rigid docking, though in each category there are other charge
models that gave similar success rates.
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Figure 1. Cumulative percentage of complexes as a function of RMSD in rigid do-
cking (A) and flexible docking (B). All curves are averages over 10 DOCK runs.
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Table 3
The correlation between docking energy scores and binding free energies


Charge Regression coefficient (R)


Rigid docking Flexible docking


AM1-BCC 0.523 0.551
AM1 0.370 0.341
Del-Re 0.130 0.148
formal 0.300 0.311
Gasteiger 0.348 0.382
Gasteiger–Hückel 0.248 0.253
Hückel 0.355 0.300
MMFF 0.318 0.312
Pullman 0.166 0.189
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The application of AM1-BCC charges improved success rates by
about 10% compared to formal charges both in rigid and in flexible
docking. Additionally, the success rates were also increased by
about 4.5% when compared to AM1 charges. For every charge mod-
els, their best prediction and worst prediction are listed in Figure 2.


Herein, we define the best prediction as RMSD < 1 Å, moderate
prediction as 1 Å < RMSD < 2 Å, and the worst prediction as
RMSD > 2 Å. It is obvious that in both flexible and rigid docking,
the AM1-BCC charge model is among the highest in the number
of best predictions and lowest in the number of worst predictions.


In order to validate the accuracy of those charges, their energy
scores after molecular docking were correlated with binding free
energy. DOCK energy scoring function is a classical force field en-
ergy function, which sums van der Waals and electrostatic interac-
tions.21 Among all 114 sets of PDB coordinates, 61 complexes with
known dissociation constants (Kd) were retrieved from AffinDB
(http://pc1664.pharmazie.uni-marburg.de/affinity/index.php).44


Their experimental binding free energies are calculated from Kd


using the following relationship: DGbinding = RT lnKd, where R is
ideal gas constant (1.987 cal/K mol), T is temperature in K (298 K
is used in this paper). After linear correlation, the regression results
are shown in Table 3.


Among all nine charge methods, AM1-BCC had the highest
regression constant (R) in both rigid and flexible docking. Such re-
sults are also in agreement with the finding by Shoichet and his co-
workers that AM1-BCC can increase the accuracy in the prediction
of binding free energies.45 However, all these correlation coeffi-
cients in Table 3 are considered low indicating difficulties in pre-
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Figure 2. Comparison of different charge methods in terms of docking numbers
obtained under 1.0, 1.0–2.0 and below 2.0 Å of RMSD in (A) rigid docking and (B)
flexible docking.

dicting binding free energy with high accuracy using any of the
charge models.


It should be noted that AM1-BCC charges quickly and efficiently
generates high-quality atomic charges for a variety of polar, non-
polar, and aromatic molecules. AM1-BCC charges start with partial
charges derived from the AM1 wave-function. In a second stage,
bond-charge corrections (BCC) are applied to the partial charges
on each atom to generate the final partial charges. The AM1-BCC
method is parameterized to reproduce the HF/6-31G* RESP results,
and offer a fast and high quality charge model for organic or bio-
logical molecules.26,27 Dill and collaborators highlighted that the
semi-empirical AM1-BCC method for computing charges works al-
most as well as any of the more computationally expensive ab ini-
tio methods for the prediction of small-molecule hydration free
energy.46 Using AM1-BCC charges, we also successfully identified
several Escherichia coli SecA inhibitors after virtual screening.47


Therefore, our studies and other available evidences demonstrate
that the AM1-BCC charges may offer advantages over the other
eight charge models in similar docking studies.
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High-throughput screening of a small-molecule compound library resulted in the identification of a series
of arylsulfonylpiperazines that are potent and selective inhibitors of human 11b-Hydroxysteroid Dehy-
drogenase Type 1 (11b-HSD1). Optimization of the initial lead resulted in the discovery of compound
(R)-45 (11b-HSD1 IC50 = 3 nM).


� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. Initial 11b-HSD1 inhibitor hit.

11b-hydroxysteroid dehydrogenase type 1 (11b-HSD1) is a key
enzyme that acts as an NADPH-dependent reductase capable of
converting the inactive 11b glucocorticoids such as cortisone into
their active form, (e.g., cortisol) in specific tissues, such as liver,
adipose, and brain tissues. Therefore, 11b-HSD1 regulates tissue-
specific glucocorticoid levels.1–4 Conversely, 11b-hydroxysteroid
dehydrogenase type 2 (11b-HSD2), a structurally related isoen-
zyme of 11b-HSD1, catalyzes the conversion of cortisol to cortisone
utilizing NAD as a cofactor. 11b-HSD2 is expressed in cells that
contain the mineralocorticoid receptor (MR) and protects the MR
by converting cortisol to the inactive form, cortisone.5


Aberrant glucocorticoid action in the liver and adipose tissue
has been linked to insulin resistance and dyslipidemia. Therefore,
selective inhibition of 11b-HSD1 over 11b-HSD2 is a promising
strategy to improve insulin sensitivity and treat type 2 diabetes,
and has attracted significant attention from the pharmaceutical re-
search community.6–12


We identified arylsulfonylpiperazine 1 (Fig. 1, human 11b-HSD1
IC50 = 16 nM) as a potent inhibitor of 11b-HSD1 by high-through-
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put screening of a small-molecule compound library utilizing a
purified recombinant human enzyme. Compound 1 did not signif-
icantly inhibit 11b-HSD2 under similar conditions (11b-HSD2
IC50 > 10 uM).


Analogs of 1 were synthesizd via the routes outlined in Schemes
1–3.13 Compounds 2–22 and 38–44 were prepared as outlined in
Scheme 1. Treatment of 2-chloro-3-trifloromethylpyridine with
excess piperazine produced pyridylpiperazine 47, which was then
coupled with benzoic acid in the presence of HBTU/HOBt to yield
amide 3. Reaction between 47 and phenyl isocyanate gave urea
4, while treatment of 47 with the appropriate benzenesulfonyl
chlorides in dichloromethane gave arylsulfonylpiperazines 2, 6–
22, and 38–44. Reductive amination of 47 with benzaldehyde
afforded the benzylpiperazine 5.


Compounds 23–27 were prepared by treatment of 4- meth-
ylbenenesulfonyl chloride with pyridylpiperazines 48, which could
be synthesized by nucleophilic displacement of the chlorine in
substituted 2-chloropyridines with piperazine (Scheme 2).
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Table 1
Inhibition of 11b-HSD1 by selected analogs: Sulfonamide replacements


N


N
CF3N


X


Compound X h-HSD1 IC50 (nM) h-293 IC50 (nM) m-HSD1 IC50 (nM)


2 –SO2– 45 724 122
3 –C(O)– 262 >1000 >1000
4 –NHC(O)– >1000 — —
5 –CH2– 550 1930 >1000
6 –CH2SO2– 20 574 47


Table 2
Sulfonamide aryl modification


N


N
CF3N


S
R


O O


Compound R h-HSD1 IC50


(nM)
h-293 IC50


(nM)
m-HSD1 IC50


(nM)


1 4-Me-Ph 16 461 32
7 4-Et-Ph 18 510 53
8 4-Pr-Ph 16 613 106
9 4-iPr-Ph 15 556 67


10 4-tBu-Ph 4 201 21
11 4-F-Ph 46 667 211
12 4-Cl-Ph 14 518 40
13 4-CF3-Ph 14 727 75
14 4-OMe-Ph 19 456 32
15 4-NO2-Ph 37 922 311
16 4-CN-Ph 50 978 546
17 4-Ph-Ph 74 603 >1000
18 2-


naphthyl
13 547 11


19 3-
naphthyl


13 329 80


20 3-Cl-Ph 55 >1000 58
21 3-CF3-Ph 64 >1000 53
22 2,4-diCl-


Ph
7 241 25


N


Cl
CF3


a N


N
CF3HN


b
N


N
CF3N


S
R
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N


N
CF3N
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47 1, 2, 6-22, 38-44
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Scheme 1. Reagents and conditions: (a) piperazine, 120 �C, 74%; (b) RSO2Cl, Et3N,
CH2Cl2, 51–90%; (c) benzoic acid, HBTU, HOBT, NMM, DMF, 63%; (d) phenyl isoc-
yanate, CHCl3, 82%; (e) benzaldehyde, NaBH(OAc)3, acetic acid, dichloroethane, 90%.
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Scheme 3. Reagents and conditions: (a) piperazine, 120 �C, (X = 2-CF3, 4-NO2, 2-
NO2), 60–78%; (b) Pd(OAc)2, tritolyphosphine, NaOtBu, toluene, 110 �C, 42–63%, (X
= 2-Me, 2-Cl, 2-F, 4-Me, 4-Cl, 4-F, 4-OMe); (c) 4-t-butylbenzenesulfonyl chloride,
Et3N, CH2Cl2, 80–95%.
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Scheme 2. Reagents and conditions: (a) piperazine, 120 �C, 78–91%; (b) 4-meth-
ylbenzenesulfonyl chloride, Et3N, CH2Cl2, 75–90%.
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In a similar fashion, compounds 28–37, 45, and 46 were ob-
tained simply by reaction of tert-butylbenzesulfonyl chloride and
arylpiperazines 49, which were synthesized by either direct nucle-
ophilic displacement or palladium mediated coupling reaction be-
tween the appropriate aryl halide and piperazine (Scheme 3).


Compounds were evaluated for inhibition of human and mouse
11b-HSD1 enzymes, as well as in cell-based assays. 11b-HSD1 en-
zyme activity was determined by measuring the conversion of
[3H]-cortisone to [3H]-cortisol. Product [3H]-cortisol, captured by
an anti-cortisol monoclonal antibody conjugated to scintillation
proximity assay (SPA) beads, was quantified with a microscintilla-
tion plate reader. Biochemical enzyme assays were performed with
Baculovirus-produced recombinant full-length human or mouse
11b-HSD1 as the enzyme source and NADPH as cofactor. Cell-based
enzyme assays (h-293) utilized HEK293 cells stably expressing re-
combinant human full-length 11b-HSD1 as the enzyme source
without supplementation of NADPH. IC50 values for enzyme inhibi-
tion were calculated with a dose response curve fitting algorithm
with at least duplicate sets of samples.


Initial optimization of 1 began with the replacement of the sul-
fonamide functionality (Table 1). Replacement of the sulfonamide

moiety with amide, urea, and methylene groups (3, 4, and 5) re-
sulted in a significant loss of potency in both human and mouse
enzymatic assays, as well as in the human cell-based assay as com-
pared to 2. However, insertion of a methylene between the sulfon-
amide and the phenyl ring (6) led to a 2-fold increase in human
potency, suggesting that the sulfonamide moiety is an important
feature for binding of this class of inhibitors to 11b-HSD1.


We then turned our attention to modification of the sulfon-
amide aryl ring (Table 2). Gradually increasing the alkyl substitu-
ent size at the para-position of the sulfonamide aryl ring led to
the tert-butyl analog 10, which had fourfold increase in human bio-
chemical potency and a twofold increase of cellular potency over 1,
respectively. These data suggest that lipophilicity in the 4-substi-
tuent is beneficial to 11b-HSD1 inhibition. However, incorporation
of a chloro, trifluoromethyl, or methoxy group (12–14) did not im-
prove potency, while fluoro, nitro, or cyano groups (11, 15, and 16)
led to approximately a threefold reduction of potency. Similarly,
introduction of a phenyl group at the para-position (17) brought
a slight decrease in potency, indicating a steric limit to substituents
in this position. Interestingly, the incorporation of an additional
fused benzene ring (18, 19) resulted in potency similar to com-
pound 10. Introduction of an additional chlorine atom at the 2-po-







Table 3
Pyridyl ring substitution


S
O


N
N


N


R


O


Compound R h-HSD1 IC50 (nM) h-293 IC50 (nM) m-HSD1 IC50 (nM)


1 CF3 16 461 32
23 H >1000 >1000 >1000
24 CH3 152 >1000 240
25 Cl 117 >1000 146
26 NO2 291 >1000 —
27 CN 628 >1000 —


Table 5
Piperazine modifications


N


N
CF3N


S
O O


Compound Ring h-HSD1 IC50


(nM)
h-293 IC50


(nM)
m-HSD1 IC50


(nM)


10
N


N
4 201 21


38
N


N 3 315 84


39 N
N


9 632 4


40 N
N


17 >1000 6


41 N
N


58 >1000 —


42 N
N


62 638 9
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sition (22) also led to a significant increase in potency, while sub-
stitution at the 3-position resulted in less active compounds (20
and 21) in comparison with 12 and 13. In general this set of ana-
logs showed a significant shift in potency in human biochemical
and cellular 11b-HSD1 assays.


We next turned to substituent modification and replacement of
the N-aryl ring (Tables 3 and 4). Replacing the trifluoromethyl
group in 1 by a variety of subtituents resulted in a substantial
reduction in activity (23–27). Removal of the 3-trifluoromethyl
group led to a significant reduction in potency, while substitution
at the 3-position with other groups (24–27) was more potent than
the unsubstituted analog 23, but they were less potent than parent
compound 1. Replacement of the trifluoromethylpyridyl moiety
with either meta or para-substituted phenyl groups decreased
HSD1 inhibition (28–37). In the best case, incorporation of a 4-
nitrophenyl group (33) showed a two-fold reduction in human bio-
chemical potency and a slight loss in cellular potency compared to
10. However, compound 33 displayed significant improvement in
in vitro metabolic stability as compared to 10 (90% vs. 61% remain-
ing in human liver microsomes @ 10 min). The rat in vivo PK profile
of 33 featured a moderate clearance, although oral bioavailability
was poor (CL = 1.0 L/h/Kg; %F = 7).


Our investigation into the 11b-HSD1 inhibition pharmacophore
then moved to limited modification of the piperazine ring, includ-
ing replacement by homopiperazine and a set of substituted piper-
azines (Table 5). Replacement of the piperazine ring with
homopiperazine (38) resulted in a slight increase in human bio-
chemical potency, while both 2-methyl and 2-ethyl piperazine

Table 4
N-Aryl replacements


Ar
N


N
S


O O


Compound Ar h-HSD1 IC50


(nM)
h-293 IC50


(nM)
m-HSD1 IC50


(nM)


10 3-CF3-2-
pyridyl


4 201 21


28 2-CF3-Ph 15 971 73
29 2-Me-Ph 32 702 204
30 2-Cl-Ph 95 >1000 184
31 (2-F)Ph 106 >1000 98
32 2-NO2-Ph 37 839 133
33 4-NO2-Ph 10 247 161
34 4-Cl-Ph 87 >1000 >1000
35 4-Me-Ph 390 >1000 >1000
36 4-F-Ph 42 >1000 186
37 4-OMe-Ph 234 >1000 —

(39 and 40) showed a small loss in human potency but improved
mouse potency relative to 10. However, further substitution to give
either the 2,6- or 2,2-dimethyl analog (41 and 42) was detrimental
for activity.


The stereochemistry of substituents at the 2-position in the
piprazine ring was also examined (Table 6). In the 3-trifluoro-2-
pyridyl series, very little difference was observed between enanti-
omers (43, 44), while in the 4-nitrophenyl series, the R enantiomer
had an 11b-HSD1 IC50 = 3 nM, about 10 times more potent than the
corresponding S isomer in both the biochemical and cellular assays
(45 vs. 46).


The structure of a representative arylsulfonylpiperazine inhibi-
tor bound to human 11b-HSD1 was determined by X-ray crystal-
lography (Fig. 2) to a resolution of 2.2 Å.14 The co-crystal
structure of compound 45 with human 11b-HSD1 reveals that

Table 6
Effect of stereochemistry at the 2-position of the piperazine ring


N
N


S
O O


Ar


Compound Config Ar h-HSD1 IC50


(nM)
h-293 IC50


(nM)
m-HSD1 IC50


(nM)


43 R 3-CF3-2-
pyridyl


11 762 4


44 S 3-CF3-2-
pyridyl


9 569 17


45 R 4-NO2-Ph 3 57 53
46 S 4-NO2-Ph 29 527 37







Figure 2. Co-crystal structure of compound 45 in human 11b-HSD1. The protein is
shown in both stick and molecular surface representations which are color coded
(red for oxygen atoms, blue for nitrogen, orange for sulfur, and slate for carbon). The
inhibitor and the cofactor NADP+ are shown in sticks and color coded grey for
carbon atoms in NADP+ and green for the inhibitor. The hydrogen bond is shown in
magenta dashed line.
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the inhibitor binds to the substrate site in a V-shape with its tert-
butyl phenyl group pointing toward the cofactor NADP+ side. The
central sulfonyl group makes a hydrogen bond from one of its oxy-
gen atom to the backbone amide of Ala172, as well as VDW con-
tacts with Ser170 in the catalytic site.


In conclusion, we have identified a series of novel and selective
arylsulfonylpiperazine inhibitors of 11b-HSD1 through screening
of a small-molecule library. SAR studies resulted in a significant
improvement of human biochemical and cellular potencies, and
established features of the pharmacophore for 11b-HSD1 inhibi-
tion in the series. The sulfonamide functionality was found to be
important for 11b-HSD1 inhibition, while modification of the sul-
fonamide aryl ring via substituent replacement resulted in a four-
fold increase of human biochemical potency and a twofold increase
of cellular potency. Most of potent arylsulfonylpiperazine inhibi-
tors of 11b-HSD1 showed little activity toward 11b-HSD2. Stereo-
chemical studies at the 2-position of the methylpiperazine showed
that R and S enantiomers can have a significant difference in prop-
erties, which may be important for future studies to optimize both

ADME and potency parameters. Replacement of the N-aryl moiety
by various substituted phenyl groups demonstrated that some
changes were allowed in this region. This finding encouraged us
to explore the replacement of the N-aryl moiety with non-aromatic
groups to improve water solubility and metabolic stability, as well
as cellular activity. These results will be reported in subsequent
publications.
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Hsp90 maintains the conformational stability of multiple proteins implicated in oncogenesis and has
emerged as a target for chemotherapy. We report here the discovery of a novel small molecule scaffold
that inhibits Hsp90. X-ray data show that the scaffold binds competitively at the ATP site on Hsp90. Cel-
lular proliferation and client assays demonstrate that members of the series are able to inhibit Hsp90 at
nanomolar concentrations.


� 2008 Elsevier Ltd. All rights reserved.

Heat shock protein 90 (Hsp90) has emerged as a promising tar-
get for the treatment of cancer and other diseases.1 The cellular
function of Hsp90 is to chaperone the folding and then maintain
the conformational integrity of multiple proteins. Hsp90’s pre-
ferred clients encompass a range of signaling proteins involved in
oncogenesis, including Her2, c-Kit, Met, Hif-1a, and androgen
receptor. Additionally, mutated proteins that are implicated in can-
cer are often sensitive clients and are generally more dependent on
Hsp90 chaperone function than their wild-type counterparts.2


Hsp90 is an ATPase and this function is essential to its chaperone
capability.3,4 Inhibition of the ATPase function results in client pro-
teins being ubiquinated and then degraded via proteosome path-
ways. The discoveries that the natural products geldanamycin
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and radicicol could competitively inhibit ATP binding to Hsp905,6


have prompted significant research into the discovery of small
molecule inhibitors of Hsp90.7,8 We report here the discovery of
a novel class of small molecule carbazol-4-one benzamides that
are unrelated to published ansamycins, resorcinols, or purine-
based inhibitors. They potently inhibit Hsp90 and demonstrate
nanomolar cellular inhibition of the target.


Screening of a focused library, designed to inhibit proteins with
purine binding sites, yielded a novel benzamide hit for Hsp90 (Fig.
1). Synthetic and modeling analyses of this chemical scaffold

Figure 1. Hsp90 benzamide screening hit and the 1,2,3,9-tetrahydro-4H-carbazol-
4-one analog 1.
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Table 1
Structures and activities for benzamide tetrahydro-4H-carbazol-4-one analogs


Compound R1 R2 R3 R4 Hsp90a Her2b


1 H Me Me H 0.75 >50


2 H H H H 1.8 >50


3 Br Me H H >10 ND


4 Br H H H >10 >10


5 H H H >10 >50


6 –OMe H H H >10 >50


7 –NH2 H H H 2.9 >10


8 Me Me H 0.35 0.61


9 Me H H 1.7 7.0


10 H H H 0.35 5.4


11 H H F 0.25 1.3
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prompted effort to combine the benzamide with a 1,2,3,9-tetrahy-
dro-4H-carbazol-4-one moiety. This carbazol-4-one functionality
has demonstrated favorable pharmacokinetic properties as it is
incorporated into ondansetron, a well tolerated anti-emetic
medicine.


The benzamides in this study were obtained in a straightfor-
ward manner and a representative synthesis is shown in Scheme
1. The 1,2,3,9-tetrahydro-4H-carbazol-4-one ring system was
established by means of combining 1,3-cyclohexanedione and phe-
nyl hydrazine via the Fischer indole synthesis in a Personal Chem-
istry microwave apparatus.9 Use of dimedone or the mono-methyl
reagent instead of 1,3-cyclohexanedione yielded the related ana-
logs described in the SAR. The purified tetrahydro-4H-carbazol-4-
one was then reacted with the desired 4-fluorobenzonitrile in the
presence of sodium hydride. For most analogs, the next step was
to incorporate the amine side chain of interest via a palladium cat-
alyzed aromatic amination utilizing Pd(OAc)2 and DPPF with
microwave irradiation.10 Hydrolysis of the nitrile to the carboxam-
ide gave the desired product.


The SAR for this series of compounds is reported in Table 1.
Shown are data for a non-enzymatic binding assay, previously de-
scribed,8 that allowed determination of binding affinity to mono-
meric Hsp90. An assay measuring effects on Her2 stability was
also established to evaluate cellular effects of the compound.11 It
is important to note that Hsp90 function is complex, involving
structural rearrangements as well as co-chaperone protein binding,
and so inhibition of monomeric Hsp90 is necessary but not suffi-
cient for cellular activity.4 Compound 1 showed promising sub-
micromolar Hsp90 binding although it lacked measurable cellular
activity. Investigation focused initially on the importance of the
gem-dimethyl group present in the hit. Removal of the methyl
groups was viewed as potentially desirable for solubility and
molecular weight reasons. Although compound 2 showed reduced
activity, it still retained moderate affinity. Addition of either a bro-
mo (3, 4) or cyano (5) group at the benzamide 2 position effectively
killed Hsp90 binding. The methoxy analog 6 was also inactive.


Compound 7 with an amino group showed reduced but still
measurable affinity, and binding models suggested room for addi-
tional substitution at this position. The affinities of cyclopropyl
analogs, 8, 9, and 10 were consistent with this observation, and
moreover, these compounds showed the first cellular activity ob-
served for the series. Compounds 9 and 10 demonstrated improved
binding relative to compound 1, and the gem-dimethyl analog 8
showed nanomolar cellular activity. Cylcopropyl methyl analogs

Scheme 1. Preparation of 16: (a) phenylhydrazine (1.2 equiv), TFA, microwave/
140 �C/600 s; (b) NaH (2 equiv), DMF, 2-bromo-4-fluorobenzonitrile (1.3 equiv); (c)
methoxyethylamine (5 equiv), Pd(OAc)2 (0.01 equiv), DPPF (0.01 equiv), NaOt-Bu
(2 equiv), toluene, microwave/110 �C/1200 s; (d) DMSO (cat.), EtOH, KOH (ca. 10
equiv), H2O2 (32%, XS), 60 �C, 2.5 h.


12 Me H H 2.9 6.9


13 H H H 0.27 1.3


14 Me Me H >10 ND


15 H H H 1.0 2.1


16 H H H 0.29 8.9


17 H H F 0.78 4.1


18 H H H 0.35 5.3
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Figure 2. X-ray structure of compound 16 bound to the N-terminal domain of
Hsp90. Fo–Fc map at 3r is shown at top right; entire protein structure is shown in
middle; close-up view of active site region is shown at bottom. Some of the active
site water molecules are shown as purple spheres and ligand hydrogen bonds are
indicated by cyan dashes.


Table 1 (continued)


Compound R1 R2 R3 R4 Hsp90a Her2b


19 H H F 0.25 5.4


20 H H H 0.31 6.8


21 H H H >10 >10


22 H H F 1.1 6.5


23 H H H 0.82 5.0


24 H H H >10 >10


25 H H F 1.2 34


26 H H F 1.1 2.8


27 H H H 1.9 31


28 H H F 0.27 1.6


29 H H H 0.90 1.2


30 H H H 0.41 0.56


a Values (lM) are estimated Kd’s derived from an 8 point non-enzymatic ATPase
assay as described in text and Ref. 13.


b Values (lM) are IC50 determinations from a Her2 ELISA in SKBR3 cells as
described in text and Ref. 11.
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12 and 13 were also well tolerated. An interesting observation was
that addition of a bulkier phenyl group, compounds 14 and 15, was
reasonably well tolerated when positions R2 and R3 were both
hydrogen but was completely inactive for the corresponding
gem-dimethyl substitution. The methyl ethyl ether analog, 16,
showed good Hsp90 binding, and at this point, X-ray crystallo-
graphic studies were undertaken for this compound to better
understand the Hsp90 binding mode for this series.12


Co-crystallization of 16 with the N-terminal binding domain of
Hsp90 proved successful, and a 1.74 Å high resolution structure
was obtained (Fig. 2). The ligand binding orientation was unambig-
uous from the Fo–Fc omit map. Previous models were in overall
good agreement with the structure, but the X-ray provided addi-
tional detailed information on the complex. As anticipated, the
benzamide acted as an adenine mimic with the amide group form-
ing hydrogen bonds with residues Asp 93, Thr 184, and a coordi-
nated water molecule. These residues were observed previously
to form a hydrogen bonding network in geldanamycin (GA) and
ADP X-ray structures.6,14 Sandwiching the benzamide ring were
residues Met 98 and Asn 51 with the interaction of the asparagine
involving pi stacking of the amide side chain moiety with the benz-

amide of 16. Multiple tightly bound structural waters were re-
solved in the binding site.


The tetrahydro-4H-carbazol-4-one group was observed to make
multiple hydrophobic interactions with Hsp90. More specifically, a
tight binding pocket was formed on three sides involving Leu 107,
Phe 138, and an edge to face interaction with Trp 162. Secondary
interactions involved Val 150 and Leu 103. Additionally, the car-
bonyl group made a water-mediated hydrogen bond with Tyr
109, and several additional water molecules were observed in







Figure 3. HCA images of AU565 cells showing effects of compound 30 inhibition at
10 lM on Her2 degradation and of A375 cells showing effects on pS6 and Hsp70
levels. Her2 and pS6 are colored red, Hsp70 is colored green, and DNA is colored
blue. pS6 and Hsp70 images are of the same cells for the individual treatments, but
pS6 is FITC exposure, Hsp70 is TRITC exposure. For each endpoint measured, length
of exposures was identical for direct comparison.
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the region of Tyr 109. Overall, the protein conformation resembled
that previously seen for PU24FCl and related scaffolds in which Leu
107 is also seen to be displaced by ligand binding.15 The methyl
ethyl ether side chain of compound 16 was most proximal to the
side chain of Met 98, forming favorable hydrophobic contacts with
that residue as well as Ala 55 and Ile 96. The observed gauche con-
formation allowed the ether oxygen to form an intramolecular
hydrogen bond with the amino hydrogen. The tight packing of
the side chain with Met 98, coupled with the close fit of the tetra-
hydro-4H-carbazol-4-one into its region of Hsp90, indicated that
longer range allosteric effects could be possible and may explain
the divergent SAR for the gem-dimethyl analogs versus all-hydro-
gen analogs at position 2 of the carbazol-4-one. Superimposition of
the X-ray structures of compound 16 and GA6,14 bound to Hsp90
showed that the scaffold was able to effectively mimic key phar-
macophore elements. The benzamide of 16 tightly overlayed the
carbamate of GA while the methyl ethyl ether and indole compo-
nents of 16 closely mapped to GA macrocycle atoms 8–11 and 2–
5, respectively.


It was apparent that there was additional sterically accessible
space that could be targeted in the region off the 2 position of
the benzamide and that became the primary focus for additional
analogs. Compounds 17–20 further explored the potential to make
hydrophobic interactions with Met 98 and all showed good Hsp90
binding and moderate cellular potency. The introduction of a fluoro
group at the 6 position (17, 19) of the carbazol-4-one appeared to
be well tolerated and this was observed for later analogs as well. It
was anticipated that the fluoro would possibly interact favorably
with the hydroxyl of Tyr 109 while potentially improving both
metabolic and solubility properties of the series. Benzyl and ani-
sole analogs 21 and 24 were inactive. One strategy was to target
a proximal residue, Lys 58, for additional hydrogen bonding and
this strategy was attempted via the pyridyl analogs 22 and 23.
Although much better than their benzyl counterparts, they were
still not improved relative to earlier analogs. The incorporation of
solubilizing groups was also attempted for a set of analogs, 25–
27; all showed reasonable Hsp90 binding, but only the less basic
morpholino analog 26 had moderate cellular potency.

Table 2
Cellular potencies for compound 30


Assay IC50
a (lM)


A375 proliferation 0.40 ± 0.17
HT29 proliferation 0.37 ± 0.10
LNCAP proliferation 0.70 ± 0.26
MCF-7 proliferation 0.29 ± 0.05
MDAMB231 proliferation 0.96 ± 0.13
NCI-H460 proliferation 0.90 ± 0.15
PC-3 proliferation 0.82 ± 0.20
SKMEL5 proliferation 0.34 ± 0.09
SW620 proliferation 0.26 ± 0.06
Her2 degradation, SKBR3b 0.56 ± 0.13
Hsp70 induction, A375b 0.23 ± 0.07
pErk inhibition, AU565b 0.59 ± 0.24
pS6 inhibition, A375b 0.07 ± 0.02


a Values are means of four experiments with standard deviation shown.
b Both cellular readout and cell line are indicated.

The final members of the series compounds, compounds 28, 29,
and 30 incorporated hydrophobic rings, coupled with hydrogen
bond acceptors, in an effort to target both Met 98 and Lys 58.
The improved potencies of these compounds, particularly com-
pound 30, supported this rationale. As a result, compound 30
was evaluated in multiple additional cellular assays.11 These assays
included cancer cell line proliferation as well as imaging assays for
signaling pathways impacted by Hsp90 inhibition. Also evaluated
was the induction of Hsp70 which is an expected result for
Hsp90 inhibition as a mechanism of action. The results of these as-
says are summarized in Table 2 and illustrated in Figure 3. As can
be seen, compound 30 potently inhibited cancer cell proliferation
with IC50’s below 400 nM in multiple cell lines. Potency was within
a factor of 5–10 of the geldanamycin analog, 17-AAG, used as a po-
sitive control (data not shown). Of note is that both MAPK and AKT
signaling pathways, as measured by phosphorylation of ERK and
S6, respectively, were also inhibited. Additionally, Hsp70 was in-
duced, fully supporting Hsp90 inhibition as a mechanism of action.


In conclusion, we have reported here a novel scaffold for com-
petitively inhibiting the ATP binding site of Hsp90. The binding
mode has been confirmed via X-ray crystallography. Syntheses of
multiple analogs allowed for discernment of key SAR trends and
led to potent Hsp90 inhibitors: 8, 13, 29, and 30. Detailed evalua-
tion of compound 30 showed it to be potent across a range of can-
cer cell lines and able to cause degradation of oncogenic Hsp90
clients. The promising data presented here have prompted further
evaluation of this scaffold and that work remains ongoing.
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Starting from D- or L-tryptophan, we have synthesized and characterized six compounds 2.29–2.31a and
b that belong to a class of nitrogen heterocycles: the carboline-based homodimers. Each individual
homodimer features a 1,3-trans relationship on each side of the central diketopiperazine core, but differs
in absolute stereochemistry and also in substitution on the 40 and 400 oxygens (–Bn, –CH3, or –H). The
in vitro cytotoxicity of the six compounds was evaluated by measuring the growth inhibition in NCI–
H520 and PC-3 human carcinoma cells. Phenol 2.30a inhibited cancer cell growth approximately three
times better than its enantiomer 2.30b and possessed a GI50 comparable to the clinically used agent eto-
poside in both cell lines. We have concluded that both the stereochemistry imparted by L-tryptophan and
the presence of hydroxy substituents at the 40 and 400 positions are necessary to generate cytotoxic prop-
erties in the homodimer class. We are now employing 2.30a as a new lead compound in our efforts to
discover improved indole-based cancer chemotherapeutics.


� 2008 Elsevier Ltd. All rights reserved.

Interest in the synthesis of novel indole-based heterocycles has
increased in recent years due to the prevalence of indoles in biolog-
ically-active natural products such as the fumitremorgin class1,2


and the significance of the indole moiety in clinical chemothera-
peutics like ellipticine.3,4 As Danishefsky,5 Corey,6 Boger,7 Cook,8


Joullié9 and others10 have independently demonstrated, indoles
can be easily incorporated into a complex target molecule by start-
ing from the amino acid tryptophan (Trp). While pursuing a pro-
gram to synthesize b-carboline derivatives from D- or L-Trp–OMe
using the Pictet–Spengler reaction,11 we serendipitously discov-
ered a new class of cytotoxic carboline analogs that are similar in
structure to ellipticine,3,12 azatoxin,13 gypsetin,5 the tryprosta-
tins,14 and other15 heterocycles. This group of bivalent, nitrogen-
rich heterocycles, which we identify as the carboline homodimer
class, contains several characteristic structural features: (1) seven
consecutive fused rings (2) a central diketopiperazine (DKP) core,
and (3) indole rings that cap each end (Fig. 1). Although each
homodimer retains a 1,3-trans relationship on each side of the cen-
tral DKP ring, the six homodimers also differ by their absolute con-
figuration at C7a/C15a and C14/C6, and by their substitution at the 40


and 400 phenol oxygen (Scheme 1).
We synthesized three enantiomeric pairs of the homodimers:


2.29a and b (R = –Bn); 2.30a and b (R = –H); or 2.31a and b

All rights reserved.


: +1 207 602 5926. Figure 1. Structures of carboline homodimers, etoposide, and structurally-related
nitrogen heterocycles.
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Scheme 1. Synthetic approach to synthesize carboline homodimers 2.29–2.31a and b.
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(R = –CH3) as indicated in Scheme 1.16 The key trans-1,3-disubsti-
tuted b-carboline synthons 2.5a, c, e, and g were accessed via a Pic-
tet–Spengler condensation in good yields,17 and were
subsequently saponified to their respective carboline-based car-
boxylic acids 2.6a, c, and d using LiOH in THF.11 Trans-carboline
acid 2.6a was then treated with N,O-dimethylhydroxylamine
hydrochloride, DCC, and TEA in CH2Cl2 with the goal of synthesiz-
ing the Weinreb amide.18 After this reaction was complete, the two
products observed on thin-layer chromatography (TLC) were iso-
lated using silica gel column chromatography in approximately a
1:1 ratio. Subsequent spectroscopic analysis revealed that the less
polar product (Rf = 0.69; 9:1:CHCl3/acetone) was in fact the DCC-
based carboline intermediate 2.27 (Scheme 2), while the more po-

Scheme 2. Proposed intermediates in the formation of the carboline homodimers.

lar spot (Rf = 0.58) was a 2,5-DKP-based dimer of our carboline core
2.29a. Although 2,5-DKPs are well-documented products of a-ami-
no acid coupling,15a,16a,19 we were surprised and intrigued by our
result; no DKP products were isolated when the reagent PyBop
was used to couple 2.6a with various amino acids during previous
experiments.11 Overall, and as detailed in Scheme 2, we think that
2.29a resulted from attack of a second carboline molecule on the
activated DCC intermediate 2.27 and that the ring closure was
facilitated by populating accessible conformations of the two ter-
tiary amides present in 2.28.20 Furthermore, to hasten the rate of
our reaction and improve the homodimer yield we added N,N-
dimethylaminopyridine (DMAP), a well known acylation catalyst.
This simple change promoted complete conversion of starting
material, improved our yield of sister compound 2.29b to 78%
and shortened our reaction time to 5 h.


With three pairs of homodimer enantiomers in hand, we next
evaluated the compounds’ abilities to inhibit the growth of lung
(NCI–H520) and prostate (PC-3) human cancer cells as a measure
of cytotoxicity. Two of the six dimers screened exhibited double-
digit micromolar cytotoxicity (Tables 1 and 2). Phenol 2.30a pos-
sessed a GI50 of 21.5 and 21.9 lM in lung and prostate lines,
respectively, which was in the same range as the GI50 for etoposide
and ds2–Tps B (Fig. 1; Tables 1 and 2).14c Enantiomer 2.30b was
approximately three times less active in the same cell line (Table
2). Because phenol 2.30a contains the same trans relationship
and absolute stereochemistry as the azatoxin and etoposide cores,
we were not surprised by its antiproliferative activity.

Table 1
In vitro GI50 data for homodimers 2.30a and b against human carcinomas


Compound NCI–H520a PC-3a


Etoposide 13.5 12.5
Ds2–Tps B 11.9 12.3
2.30a 21.5 (±1.1) 21.9 (±3.1)
2.30b 61.5 (±1.6) 55.3 (±1.0)


a GI50 is defined as the drug concentration required to inhibit 50% of cell growth.







Table 2
In vitro growth inhibition studies with carboline homodimers 2.29–2.31a and b to measure cytotoxicity in human carcinoma lines


Compound Percent cell survivala


NCI–H520 PC-3


10 lMa 50 lMa 100 lMa 10 lMa 50 lMa 100 lMa


Etoposide 78.6 (±3.3) 35.2 (±3.4) 21.3 (±2.7) 73.8 (±2.3) 41.2 (±4.2) 30.8 (±4.2)
2.29a 88.1 (±4.3) 81.3 (±3.2) 81.0 (±4.1) 98.2 (±5.4) 68.8 (±4.4) 54.5 (±0.6)
2.29b >100 >100 84.5 (±3.4) >100 92.7 (±2.3) 65.1 (±3.7)
2.30a 67.3 (±2.2) 16.5 (±1.6) 5.8 (±3.2) 80.7 (±2.4) 3.3 (±3.5) 1.6 (±4.8)
2.30b 88.7 (±4.4) 53.2 (±2.3) 26.8 (±1.7) >100 43.6 (±3.7) 15.7 (±4.9)
2.31a 90.3 (±5.2) 90.8 (±4.6) 86.7 (±6.6) 93.0 (±3.2) 80.5 (±4.4) 65.0 (±2.5)
2.31b 99.8 (±1.3) 98.9 (±1.8) 98.9 (±1.9) >100 >100 77.4 (±1.9)


Values are reported as the standard deviation of the mean.
a CellTiter 96 Aqueous nonradioactive cell proliferation assay (Promega) was used to determine growth inhibition. Percent inhibition values were calculated versus control


wells and were completed in quadruplicate. Control wells contained 0.2% DMSO.
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Upon further examination of the homodimer growth inhibition
data in Tables 1 and 2, it is also striking to note that only the phe-
nol-based enantiomers possessed growth inhibitory properties;
placing an ether at the 40 and 400 O generates homodimers devoid
of activity. Interestingly, our findings are in contrast to Ganesan
et al.’s research on phenol 2.11a and its methyl ether 2.11b; the
methyl ether possessed a notably lower GI50 than the correspond-
ing phenol (Fig. 1).2a Our lab has also independently synthesized
2.11a did not find that it possessed significant anti-proliferative
properties against human carcinoma lines.11 This suggests that
homodimer 2.30a (seven consecutive rings fused by a central
DKP) may function via a different mechanism than glycine-based
DKP ether 2.11b (4 fused rings and a terminal DKP). Although
mechanism was not explored here, we wonder if 2.30a could be
targeting topoisomerase II (like azatoxin and etoposide), tubulin,
or interacting with DNA via groove binding or intercalation. Inter-
calation, like that found in the ellipticines,21 is possible due to the
presence of the aromatic indole moiety, and the aromatic pendant
groups on C6 and C14, respectively. Molecular modeling of homodi-
mer 2.30a clearly shows the planarity of the terminal indole, but
also suggests that the molecule can adopt a cup-like conformation
that is controlled by the flexible DKP/carboline core (Fig. 2). What-
ever the discrete molecular target or mechanism, enantiospecifici-
ty with growth inhibition data in a series of related compounds can
be associated with a preferred binding conformation and/or site.


We were also particularly interested in the carboline homodi-
mers when considering the concept of bivalency in drug design.

Figure 2. One representative low energy cup-like conformation of homodimer 2.-
30a achieved after completing an energy minimization (Chem3D, MM2 Force Field).

Carlier et al. have recently shown that dimerization of a biologi-
cally inactive precursor to the natural product huperzine A pro-
duces a drug with twice its potency.22 From Carlier’s and
others23 research, it has become clear that bivalency is a useful
derivatization and diversification technique for a synthetic agent
or natural product in drug discovery. Remarkable enhancements
of dimer biological activity over the individual monomer units
have been observed, but it is important to note that the effective-
ness of this technique depends entirely upon the nature of the drug
target’s binding site(s). Although most of the current bivalency lit-
erature involves use of a tether to connect two identical halves, our
application of the concept to the aforementioned symmetrical
fused-ring homodimers is also relevant. To our knowledge, this
concept has not yet been formally extended to this class of cyto-
toxic indole-based homodimers.


In summary, we serendipitously discovered a new class of cyto-
toxic carboline analogs that are similar in structure to azatoxin and
the fumitremorgin class of natural products while pursuing a pro-
gram to synthesize carboline derivatives from D- or L-Trp. This
group of bivalent, nitrogen-rich heterocycles, the carboline
homodimer class, contains seven consecutive fused rings and is
characterized by a central DKP core and two terminal indoles that
cap each end of the molecule. We synthesized carboline homodi-
mers 2.29a and b–2.31aand b (Fig. 1) and evaluated their growth
inhibitory properties in PC-3 and NCI–H520 cell lines as a measure
of cytotoxicity. The enantiomeric pair of phenols 2.30a and b pos-
sessed GI50’s in both lung and prostate cell lines in the micromolar
range. Interestingly enantiomer 2.30a was twice as cytotoxic as
2.30b and possessed a GI50 comparable to that of etoposide and
ds2–Tps B14c in the cell lines investigated (Fig. 1). Considering
these data, we conclude that the stereochemistry around the DKP
ring junction is coupled to growth inhibition. Additionally, our data
suggest that the presence of the 4-hydroxy-3,5-dimethoxybenzene
pendant group was essential to elicit an inhibitory response. Over-
all for the homodimer class, –H� –Me � –Bn at the 40 and 400-posi-
tions, respectively. Because of 2.30a’s structural similarity to
etoposide and axatoxin, further biological testing is intended to
determine whether 2.30a may target topoisomerase II, tubulin, or
interact with DNA. Overall, we remain interested in structurally di-
verse indole-based heterocycles like the carboline homodimers.
and continue to explore the relationship between structure, activ-
ity, and mechanism in the carboline homodimer series and related
compounds.
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1-(2-Chloroethyl)-3-(4-cyclohexylphenyl)urea (cHCEU) has been shown to abrogate the presence of thi-
oredoxin-1 into the nucleus through its selective covalent alkylation. In the present letter we have eval-
uated the structure–activity relationships of the substituents at positions 3 and 4 of the phenyl ring of
cHCEU derivatives on cell cycle progression and thioredoxin-1 nuclear translocation. Active CEU deriva-
tives exhibited GI50 ranging from 1.9 to 49 lM on breast carcinoma MCF-7, skin melanoma M21, and
colon carcinoma HT-29 cells. On one hand, compounds 1, 2, 9c, 10c, 13, and 14 arrested the cell cycle
in G2/M phase while CEUs 3, 4, 5c, 6c, 11c, and 12c blocked the cell division in G0/G1 phase. On the other
hand, CEUs 2–4, 5c, 7c, 8c, 11c, and 12c abrogated the translocation of thioredoxin-1 while the other CEU
derivatives were inactive in that respect. Our results suggest that CEU substituted on the phenyl ring at
position 3 or 4 by lower cycloalkyl or cycloalkoxy groups arrest cell progression in G0/G1 phase through
mechanism of action different from their antimicrotubule counterparts, presumably via thioredoxin-1
alkylation and modulation of its activity. The mechanism of action of these new molecules is still unde-
termined. However, the significant accumulation of cells in G0/G1 phase suggests that these molecules
may act similarly to known chemopreventive agents against cancers. In addition, the inhibition of Trx-
1 nuclear localization also suggests the abrogation of an important chemoresistance mechanism towards
a variety of chemotherapeutic agents.


� 2008 Elsevier Ltd. All rights reserved.

In the past two decades, we have focused our research program cyclohexyl-[3-(2-chloroethyl)ureido]benzene (cHCEU, 4)7,13,14

on the development of new ‘soft’ alkylating agents designated as
aryl chloroethylureas (CEU).1–10 CEU derivatives such as 4-tert-bu-
tyl-3-[(2-chloroethyl)]ureido]benzene (tBCEU, 13) and its bioiso-
stere 4-iodo-3-[(2-chloroethyl)]ureido]benzene (ICEU, 14) were
shown to bind irreversibly to the colchicine-binding site (C-BS)
on bII-tubulin (Fig. 1).3–5 The covalent binding of tBCEU, ICEU,
and several other CEU derivatives to the C-BS led to the arrest of
the cell division in G2/M phase, cytoskeleton disruption, and apop-
tosis.3–5,10 Recently, ICEU was shown to be specifically biodistrib-
uted into the gastrointestinal tract and to inhibit efficiently
mouse colon carcinoma (CT-26) tumors grafted onto mice.11,12


Screening assays were performed to evaluate the antiproliferative
properties of closely related CEU derivatives and their effects on
cell division, and on C-BS alkylation. Our results showed that 4-

All rights reserved.
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inhibits the cell division in G0/G1 phase instead of G2/M phase
and that cHCEU does not bind covalently to bII-tubulin when tested
at concentrations inhibiting tumor cell growth by 50%.12,13 The use
of [14C-carbonyl]-cHCEU clearly showed that the drug was not
binding to C-BS13 but instead to a few other proteins, notably,
the mitochondrial voltage-dependent anion channel isoform-
1(VDAC-1),13 and more recently, the thioredoxin isoform-1 (Trx-
1).14 Noteworthy, cHCEU binding to Trx-1 was shown to inhibit
its presence into the cell nucleus.


Trx-1 is a 12 kDa protein located in the cytoplasm and trans-
located into the nucleus under a number of physiological and
stress conditions.15–17 Trx-1 is an electron donor for Trx peroxi-
dase, thioredoxin reductase, and ribonucleotide reductase.16,17


Through its unique redox-mediating properties, Trx-1 controls
the activity of several proteins such as AP-1 and NFjB, which
are essential for cell cycle progression.15–17 It was shown that
Trx-1 could control cell cycle movement through G1, S, and G2/
M phases in cells stimulated to exit quiescence and to enter
G1 phase. The intranuclear Trx-1 controls the activity of the
AP-1 c-fos/c-jun heterodimer by reducing the nuclear redox fac-
tor, Ref-1/Hap-1.14–20 AP-1 is important for the control of G0/G1



mailto:jessica.fortin.1@ulaval.ca

mailto:rene.c-gaudreault@ crsfa.ulaval.ca

mailto:rene.c-gaudreault@ crsfa.ulaval.ca

http://www.sciencedirect.com/science/journal/0960894X

http://www.elsevier.com/locate/bmcl





Figure 1. (A) Chemical structures of 1-(2-chloroethyl)-3-(4-cyclohexylphenyl)urea (cHCEU), 4-tert-butyl-[3-(2-chloroethyl)ureido]benzene (tBCEU) and 4-iodo-3-[(2-chlo-
roethyl)]ureido]benzene (ICEU). (B) Alkylation of tubulin isoform-bII, which was performed as reported earlier.3–5,13,14 The alkylated bII-tubulin by-product appears as a
higher molecular weight band reacting with the monoclonal anti-bII-tubulin antibody. A supplementary band indicates that tubulin isoform-bII is alkylated by the drug. (C)
Cell cycle progression was evaluated by flow cytometry using propidium iodide staining.3–5,13,14 (D) Intracellular localization of thioredoxin-1.
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transition involving AP-1-responsive cyclin D1 gene. In addition,
Trx-1 is also required to maintain the deoxyribonucleotide pool
during the S phase of the cell division.12,21 Of interest, Trx-1 is
overexpressed in cancers such as colon, pancreas, and breast
and correlates with poor prognosis.17–20 Increased Trx expression
protects cells from apoptosis induced by a variety of agents, such
as etoposide, doxorubicin, docetaxel, and cisplatin.21–24 Trx-1 is
therefore a recognized target for the development of new anti-
neoplastic and chemopreventive agents and in that context sev-
eral molecules derived from alkyl 2-amidazolyl disulfides,
quinols, napthoquinone spiroketals, and selenium derivatives
have been developed already.25–29 However, it seems that so
far only 1-methylpropyl 2-imidazolyl disulfide (PX-12�) is cur-
rently undergoing clinical trials.30


In the present study, we have studied the effect of various sub-
stituents of the aromatic ring of a series of cHCEU derivatives and
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Scheme 1. Synthesis of aryl chloroethylureas. Reagents: (a) NaOH, DMF, reflux; (b) SnC

their efficacy to block nuclear translocation of Trx-1, cell cycle pro-
gression, and tumor cell proliferation.


Scheme 1 illustrates the synthesis of CEU and EU derivatives
using the nucleophilic addition of either 2-chloroethylisocyanate
or ethylisocyanate to the corresponding anilines.6–10 Anilines
substituted by a cycloalkyloxy moiety were prepared using a Wil-
liamson-type reaction followed by the reduction of the aromatic
nitro group with SnCl2.11,31


Tumor cell growth inhibition activity of CEU derivatives and
antineoplastics such as PX-12, cisplatin, colchicine, and paclitaxel
was evaluated on three human cell lines, namely, MCF-7 breast
carcinoma, M21 skin melanoma, and HT-29 colon carcinoma cells.
Cell growth inhibition was assessed according to the NCI/NIH
Developmental Therapeutics Program.33 The results are summa-
rized in Table 1 and expressed as the concentration of drug inhib-
iting the cell growth by 50% (GI50).
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Table 1
Antiproliferative activity of compounds 1–4, 5–12c, and 13–15; PX-12; cisplatin; and paclitaxel was performed on MCF-7, M21, and HT-29 cells, flow cytometry analysis was
realized using MCF-7 cells, and immunocytochemistry was performed on M21 cells using a monoclonal anti-thioredoxin-1 antibody


R
N
H


N
H


O


Cl


Compound R GI50 (lM) FACS (%) MCF-7 Trx-1 location M21


HT-29 M21 MCF-7 G0/G1 S G2/M


16,7,10 3.6 8.0 14.1 31 29 40


26,7 1.9 4.1 5.6 17 38 45


3
10


19 27 22 63 29 8


4 (cHCEU)7 12.6 21 21 71 16 13


5c 31 38 49 72 19 9


6c 9.9 22 35 64 24 12


7c 23 36 45 57 29 14


8c 7.9 20 25 59 33 8


9c 2.4 5.2 9.1 15 20 65


10c 5.6 16 24 44 26 30


11c 12.5 18 19 75 19 6


(continued on next page)
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Table 1 (continued)


Compound R GI50 (lM) FACS (%) MCF-7 Trx-1 location M21


HT-29 M21 MCF-7 G0/G1 S G2/M


12c 10.7 20 21 72 22 6


136,7,10 (tBCEU) 2.3 4.3 6.2 17 24 58


146,7,10 (ICEU) 1.9 3.9 6.0 25 33 42


PX-12a 25 8.3 8.3 29 13 58


Cisplatin 10.1 12.9 6.4 53 27 20


Colchicine 0.004 0.015 0.009 19 19 62


Paclitaxel 0.015 0.037 0.054 9 11 80


15 n.e. n.e. n.e. 55 23 22


DMSO n.e. n.e. n.e. 59 22 19


For FACS and immunocytochemistry analysis, exponentially growing MCF-7 or M21 cells were incubated for 16 h, in absence or in presence of CEUs (1, 9c, 13, 14 at 25 lM; 2–
4, 5–8c, 10–12c, 15 at 50 lM), cisplatin (30 lM), colchicine (0.1 lM), paclitaxel (0.1 lM), PX-12 (25 lM). The concentration of DMSO was maintained at 0.1%.
a Prepared according to Kirkpatrick.32
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The results show that the antiproliferative activity of the new
compounds is related, notably, to the presence of an electrophilic
group on the urea moiety of the molecules.10 Accordingly, 4-
cyclohexyl-[3-(ethyl)ureido]benzene 15, an ethylurea derivative
that is devoid of electrophilicity did not inhibit the proliferation
of the cell lines tested in this study even at 100 lM. However,
CEU derivatives 1–4, 5–12c, tBCEU, and ICEU displayed signifi-
cant antiproliferative activity on all tumor cell lines tested,
exhibiting GI50 values ranging from 2 to 49 lM. It is of interest
to point out that the substitution at position 3 (6c, 8c, 12c) sig-
nificantly improved the antiproliferative activity when compared
to molecules substituted on position 4 (4, 5c, 7c, 11c).


Previous studies have shown that prototypical CEU deriva-
tives such as tBCEU and ICEU arrested the cell cycle in G2/M

phase; phenomenon most likely related to the covalent binding
of the drugs to the C-BS of bII-tubulin.3–5,10 Unexpectedly, the
prototypical compound 4 blocked the cell cycle in G0/G1 phase.14


In that context, we have evaluated using flow cytometry analysis
whether the new cHCEU derivatives inhibit the cell cycle in G0/
G1 or in G2/M phase. The experiments were conducted on MCF-7
cells using 50 lM for 2-times the GI50 of the drug for 24 h. Table
1 shows for each drug the percentage of the cell arrested in the
various phases of the cell cycle. As reported previously, tBCEU,
ICEU, and the Trx-1 thioalkylating agent PX-12 blocked the cell
cycle progression in G2/M phase (Table 1). Compounds 1, 2, 9c
and 10c also induce the accumulation of cells in G2/M phase.
All other CEU derivatives (3, 4, 5c, 6c, 11c, 12c) clearly arrested
the cell cycle in G0/G1 phase.







Figure 2. Effect of compounds 1 and 4 on cell cycle progression. Exponentially growing MCF-7 cells were incubated for 24 h in absence or presence at 1-, 2-, and 4-times their
respective GI50. The concentration of DMSO used as an excipient was maintained at 0.1%. The cell cycle was evaluated by flow cytometry using propidium iodide staining.
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Figure 3. Effect of compounds 4, 13, and cisplatin on cytosolic and nuclear fractions
of thioredoxin-1. M21 cells were treated for 24 h with 25 lM of cisplatin (cDDP) and
compound 13, or 50 lM of compound 4, prior to cell fractionation. The resulting
nuclear and cytoplasmic proteins extracts were next separated on SDS–PAGE 15%
and then analyzed by Western blot using a polyclonal anti-Trx-1. Results are rep-
resentative of two separate experiments.
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Figure 2 depicts the cell cycle analysis of compounds 1 and 4
that are targeting b-tubulin and Trx-1, respectively. The experi-
ments were performed on MCF-7 tumor cells using 1-, 2-, and 4-
times their respective GI50 for 24 h and they clearly show that 1
and 4 block the cell cycle progression in G2/M and G0/G1 phase,
respectively.


As shown in Table 1, compound 4 abrogated the presence of
Trx-1 into the nucleus in contrast to DMSO used as an excipient.
That unexpected and important pharmacological phenomena
prompted us to assess the effect of the new cHCEU derivatives
on the cellular location of Trx-1 using immunocytochemistry
analysis. The results shown in Table 1 illustrate that the oxophe-
nyl derivatives 9c, and 10c do not significantly affect the intra-
cellular location of Trx-1. In contrast, the alicyclic compounds
4, 5c, 7c, 11c, and 12c abrogated the presence of Trx-1 into
the nucleus. The naphthyl and the fluorenyl compounds 2 and
3, together with compounds 6c and 8c, and 14 exhibited a mit-
igated effect on nuclear Trx-1 and unexpectedly, compound 1
seems to increase the presence of Trx-1 into the nucleus as ob-
served with cisplatin, which is known to trigger such a phenom-
enon.21,34 Interestingly, alicyclic compounds substituted at
position 4 (e.g., 5c and 7c) were more potent to inhibit Trx-1 nu-
clear translocation than their 3-substituted counterparts (e.g., 6c
and 8c). Nuclear extraction and Western blot analysis (Fig. 3)
confirmed the results obtained using immunocytochemistry
analysis and clearly show that the Trx-1 nuclear translocation
is repressed by compound 4 but not by the antimicrotubule
compound 13. In contrast to DMSO, 1, cisplatin, and PX-12 in-
creased Trx-1 localization into the nucleus. Trx-1 translocation
into the nucleus is associated to stress following H2O2 exposi-
tion, UV radiation, cisplatin treatment, and hypoxia.16,21,28 Inter-
estingly, the extended nuclear translocation of Trx-1 following

cisplatin treatment is part of the mechanism of chemoresistance
to that drug, probably through p53, an anti-apoptotic gene, up-
regulation.21,35 Trx-1 confined into the nucleus compartment
has been shown to induce cell transcription and proliferation
to promote cell survival16,21,28 through a signaling pathway
involving the reduction of Ref-1 and the induction of AP-1 activ-
ity.15–17 The latter is a powerful transcription factor promoting
cell growth and survival and controlling also the G0/G1 transition
via the AP-1-responsive cyclin D1.15–17,35


This study was designed to assess, at least partly, the impor-
tance of the nature and the position of the substituting moieties
on the aromatic ring of cHCEU derivatives on cell cycle progres-
sion, the presence of Trx-1 into the nucleus, and cell prolifera-
tion. Interestingly, all new CEU derivatives of the prototypical
compound 4 synthesized in this study exhibited antiproliferative
activity between 2 and 49 lM. However, these results should be
interpreted cautiously since the arrest of the cell cycle in G0/G1


transition phase suggests that the cells are entering into a ‘qui-
escent-like’ state where the cells do not divide actively and are
partly protected against cytotoxic agents, while drug arresting
the cell cycle in G2/M phase may normally initiate the apoptotic
program.36–38 Of note, our study shows that alicyclic substitution
on position 4 of the aliphatic ring with cycloalkyl or a cyclo-
alkyloxy moiety increases the efficacy of CEUs to inhibit Trx-1
nuclear translocation. The present study expands the family of
CEU that inhibit the cell cycle in G0/G1 phase, a unique property
that has been observed so far only with compound 4. Similarly
to cHCEU, the new inhibitors of the cell cycle progression in
G0/G1 phase do not inhibit cell growth through alkylation of
the C-BS on bII-tubulin. The precise mechanisms of action under-
lying both the accumulation of the cells in G0/G1 phase and the
Trx-1 nuclear translocation inhibition in response to cHCEU and
several of its derivatives are still under investigation. However,
they suggest that these new compounds might act as modulators
of chemoresistance to a variety of anticancer drugs such as cis-
platin and 5,12 anthracyclinediones.
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Concise synthesis of BC-ring model compounds of 13E,17E-globostellatic acid X methyl ester, an anti-
angiogenic triterpene derivative from Indonesian marine sponge, was achieved through ynolate olefin-
ation and allylic oxidation as key steps. The model compound 5, which was synthesized within 10 reac-
tion steps from commercially available Hajos–Parrish ketone, showed anti-proliferative activity against
HUVECs with moderate selectivity.


� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. Globostellatic acid X methyl esters (1–4).

Angiogenesis, a formation of new blood capillaries from pre-
existing blood vessels, is critical for tumor growth and metasta-
sis. A growing tumor needs an extensive network of capillaries
to provide nutrients, oxygen, etc. In addition, the new blood ves-
sels provide a way for tumor cells to enter in the circulation and
to metastasize to another organ. Therefore, the substances that
inhibit angiogenesis have a considerable potential to be novel
therapeutic agents for the treatment of cancer.1


In the course of our study on the bioactive substances from
marine organisms, we focused on a search for selective inhibi-
tors of proliferation of human umbilical vein endothelial cells
(HUVECs) as anti-angiogenic substances, and isolated novel iso-
marabarican-type triterpenes named globostellatic acid X
methyl esters (1–4, Fig. 1) from the Indonesian marine sponge
Rhabdastrella globostellata.2 We found that these compounds
showed selective anti-proliferative activity against HUVECs
and also inhibited migration and tubular formation of HUVECs
induced by VEGF or bFGF. Structure–activity relationship stud-
ies of some isolated and chemically modified analogues sug-
gested that the unfunctionalized conjugated penta-ene side
chain with 13E-geometry would be important structural ele-
ment for the potent and selective anti-proliferative activity
against HUVECs, whereas the A-ring part had little contribution.
These results prompted us to synthesize structurally simplified
model compounds, in order to develop novel drug lead as anti-

All rights reserved.
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bayashi).

angiogenic agent. Here, we report the synthesis of the model
compounds of globostellatic acid X methyl ester having BC-ring
structure and conjugated penta-ene side chain, and the biolog-
ical evaluation of them.


Compound 5, shown in Figure 2, was designed for our target
model compound. Synthetic strategy is as follows. The core struc-
ture part (6) and the side chain part (7) could be connected by
Stille cross-coupling reaction. The trans-hydrindane skeleton of
the core structure would be accessible using commercially avail-
able Hajos–Parrish ketone (9)3 as a starting material. The key reac-
tion steps of our strategy are the introduction of tetrasubstituted
olefin and 5-membered keto-moiety.
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Firstly, synthesis of the core structure was examined
(Scheme 1). According to the literature,4 stereoselective conju-
gate reduction of Hajos–Parrish ketone (9) using tert-butylmag-
nesium chloride, diisobutylaluminum hydride (DIBAL-H), and
CuI in the presence of hexamethylphosphoramide (HMPA)
gave a trans-hydrindanedione 10 in moderate yield. Subsequent
protection of the less-hindered ketone gave an ethylene ketal
11.


Next, we tried to introduce tetrasubstituted olefin to the steri-
cally hindered carbonyl group in 11. Conventional olefination
methods, such as Wittig or Horner–Emmons reaction, did not give
fruitful results, and then we utilized the ynolate olefination reac-
tion developed by Shindo et al.5 As we expected, ynolate anion,
generated from a,a-dibromopropionate and t-BuLi, smoothly re-
acted with the hindered carbonyl group in 11 to afford a tetrasub-
stituted olefinic ester 8 as a single geometric isomer, after
quenching the reaction mixture with iodomethane and HMPA.
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Scheme 2. Reagents and conditions: (a) SeO2, 1,4-dioxane, 56%; (b) DIBAL-H, THF, (COCl)
to 14, 76% from 15 to 16; (d) CrO3, 3,5-dimethylpyrazole, CH2Cl2, 74%; (e) 80% AcOH aq

The stereochemistry of the product was ascertained by NOE
experiment.


Allylic oxidation of 8 by SeO2 gave an allylic alcohol 12 in
moderate yield. The ester moiety in 12 was reduced by DIBAL-
H, and oxidation of the resulting diol provided a keto-aldehyde
13. However, subsequent Takai olefination6 (CrCl2, CHI3 in THF)
did not proceed to give a desired vinyl iodide 14 at all. The reac-
tivity of the aldehyde moiety in 13 was probably diminished by
the conjugated keto-group. So, Takai olefination was executed
before introducing carbonyl group at the allylic position. After
reduction of the ester function in 8 and following Swern oxida-
tion, the resulting aldehyde 15 was subjected to Takai olefin-
ation to give a vinyl iodide 16 in good yield, without
stereoselectivity (E/Z = 1:1). It was known that the use of 1,4-
dioxane as a cosolvent enhances E-selectivity in Takai reaction,6b


but opposite selectivity was observed in this case. Successful
introduction of carbonyl group was achieved by oxidation using
CrO3/3,5-dimethylpyrazole7 leading to enone 14. Allylic oxidation
of 16 using SeO2 gave a disappointing result (elimination of io-
dine). Deprotection of the ketal with 80% AcOH afforded a de-
sired core structure fragment 6 (Scheme 2).
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Table 1
Growth inhibitory activity of synthetic model compounds


IC50 (lM) SIa


HUVEC KB3-1


5 2.6 17 6.5
23 13 20 1.5
24b 8.8 21 2.3


1c 0.09 14 156


a SI, selective index. IC50 against testing cells/IC50 against HUVEC.
b E/Z mixture at C-3 in the side chain.
c SI values for 2, 3, and 4 were 200, 48, and 25, respectively.
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(E,E,E)-Triene side chain fragment (7) was also prepared, as
shown in Scheme 3. Protection of the hydroxyl group of
E-vinyl iodide 17,8 prepared from diethyl methylmalonate, pro-
vided a TBS ether 18. Subsequent stannylation gave a E-vinylst-
annane 19 in moderate yield. Deprotection of the TBS group by
tetrabutylammonium fluoride (TBAF) and following Swern oxi-
dation of the alcohol 20 afforded an aldehyde 21. Wittig reac-
tion between 21 and tributylphosphonium salt 22 proceeded
with high E-selectivity to give a desired side chain fragment
(7).


Finally, Stille cross-coupling of both fragments 6 and 7 was
examined. The reaction was sluggish in the case of using Pd-
catalyst alone, while the combinatorial use of Pd(PPh3)4, CuI,
and TBAF worked well to give an objective BC-ring model com-
pound (5). The use of both copper (I) salt and fluoride ion was
critical in this coupling reaction.9 Geometric isomers were sep-
arated by reversed-phase HPLC (MeOH–H2O) to isolate all-trans
isomer. Two more analogues 23 and 2410 were also prepared
from 14 and 16, respectively, in the same way as that of 5
(Scheme 4).11


The anti-proliferative effect of the synthetic analogues
against endothelial cells (HUVECs) and KB3-1 cells was
evaluated (Table 1).12 It revealed that the model compound 5
showed moderate anti-proliferative activity against HUVEC
(IC50: 2.6 lg/mL) with 6.5-fold selectivity over KB 3-1
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Scheme 4.

cells (IC50: 17 lg/mL), whereas two other compounds 23 and
24 having ketal moiety showed only a little selectivity. The re-
sults imply that further functional manipulation on the core
structure would access to a promising anti-angiogenic drug
lead.


In summary, short-step synthesis of BC-ring model compound
of 13E,17E-globostellatic acid X methyl ester was achieved using
stereoselective ynolate olefination and allylic oxidation as key
steps. The model compound showed moderate anti-proliferative
activity against HUVECs.
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10. Compound 24 was obtained and evaluated as a E/Z mixture (1:1) at C-3 in the
side chain, because compound 24, lacking the carbonyl group conjugated to the
side chain, could not be subjected to HPLC separation due to its instability than
two other analogues.


11. 1H NMR data of analogues (500 MHz, CDCl3). 5: d 7.11 (dd, 1H, J = 11.5,
15.0 Hz), 6.69 (d, 1H, J = 15.0 Hz), 6.61 (dd, 1H, J = 11.5, 15.0 Hz), 6.24 (d, 1H,
J = 11.0 Hz), 5.95 (d, 1H, J = 11.0 Hz), 2.62–1.94 (m, 9H), 2.40 (s, 3H), 2.04 (s,
3H), 1.84 (br s, 6H), 1.28 (s, 3H). 23: d 7.01 (dd, 1H, J = 11.5, 15.0 Hz), 6.71 (d,
1H, J = 15.0 Hz), 6.55 (dd, 1H, J = 11.5, 15.0 Hz), 6.20 (d, 1H, J = 11.0 Hz), 6.20 (d,
1H, J = 15.0 Hz), 5.92 (d, 1H, J = 11.0 Hz), 3.96–3.91 (m, 4H), 2.32 (s, 3H), 2.19–
1.65 (m, 9H), 1.98 (s, 3H), 1.74 (br s, 6H), 1.12 (s, 3H). 24: d 6.45 (dd, 1H,

J = 11.0, 15.0 Hz), 6.25–6.13 (m, 4H), 5.91 (d, 1H, J = 11.0 Hz), 3.95–3.92 (m,
4H), 2.45–2.05 (m, 2H), 1.94–1.22 (m, 21H), 0.86 (s, 3H).


12. Growth inhibition assay method is as follows: each suspension of HUVECs or KB
3-1 cells in the culture medium (HuMedia-EG2 or RPMI 1640, respectively) with
growth supplements was plated into each well of 96-well plate (2 � 103 cells/
well/100 ll). After 24 h, test compounds were added, and then the plates were
incubated for an additional 72 h in a humidified atmosphere of 5% CO2 at 37 �C.
The cell proliferation was detected by WST-8 colorimetric reagent. The IC50


value was determined by linear interpolation from the growth inhibition curve.
We assessed selectivity of anti-proliferative activity [selective index (SI)] from
the differences of IC50 values against HUVECs and KB 3-1 cells.
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Ring-fused 2-pyridones, termed pilicides, are small synthetic compounds that inhibit pilus assembly in
uropathogenic Escherichia coli. Their biological activity is clearly dependent upon a carboxylic acid func-
tionality. Here, we present the synthesis and biological evaluation of carboxylic acid isosteres, including,
for example, tetrazoles, acyl sulfonamides, and hydroxamic acids of two lead 2-pyridones. Two indepen-
dent biological evaluations show that acyl sulfonamides and tetrazoles significantly improve pilicide
activity against uropathogenic E. coli.


� 2008 Elsevier Ltd. All rights reserved.

A vast number of pathogenic microbes assemble virulence
factors in the form of rod-like surface organelles via the chaper-
one-usher pathway.1,2 Due to its common abundance and high
conservation, the chaperone-usher pathway constitutes an attrac-
tive target in the development of new strategies directed against
Gram-negative infectious diseases, which are reemerging as a glo-
bal health problem.


The infectious ability of uropathogenic Escherichia coli (UPEC)
depends on adhesive surface organelles called pili/fimbriae. These
virulence factors comprise both type 1 and P pili, which allow bac-
terial adherence and colonization of the bladder3,4 and kidney,5,6


respectively. In addition to being important in the initial stages
of urinary tract infections, type 1 pili are also involved in the for-
mation of intracellular bacterial communities (IBCs), where bacte-
ria enter a biofilm-like state and thus evade innate defenses and
traditional antibiotic treatment.5,7–9


We have used UPEC as a model pathogen to design10 small syn-
thetic compounds, pilicides, which regulate pilus assembly.11,12


These substituted 2-pyridones bind to periplasmic chaperones
(PapD/FimC) responsible for the folding13 and transport of pilus
subunits to the outer membrane, and thus interfere with the essen-
tial chaperone function in the assembly mechanism. Thereby, pili-
cides can either partially inhibit or completely block pilus

All rights reserved.


+46 90138885.
Almqvist).

formation. Importantly, the targeted chaperones have a high level
of structural preservation among pathogens utilizing this assem-
bly/secretion machinery.2 Thus, pilicides have the potential of
wide-range activity and, indeed, inhibit the formation of both
types of UPEC pili, that is, type 1 and P pili encoded by the pap
and the fim gene clusters, respectively.


Based on their mode of action, the applicability of pilicides is
anticipated to be versatile. First, they can be directly applied to
down-regulate pilus assembly and thus, potentially function as
chemical tools to study the role of pili in important disease pro-
cesses.14,15 Secondly, the utility of these molecules to gain insight
into molecular details of the chaperone-usher pathway has been
recognized.11 Furthermore, considering the problems encountered
with UPEC being persistent to antibiotics and innate defenses, an
appealing therapeutic strategy would be a synergistic use of pili-
cides and traditional antibacterial agents. Altogether, the utility
of pilicides ranges from gaining insight into the chaperone-usher
pathway at a molecular level to potential future therapeutic appli-
cations as novel antibacterial agents that target bacterial
virulence.16,17


We have previously demonstrated that a carboxylic acid func-
tionality on the 2-pyridone framework is important for chaperone
affinity and essential for the ability to prevent pilus assembly in E.
coli.11,18,19 In this paper we further investigate the role of the car-
boxylic acid functionality using functional group isosterism. This
strategy is commonly applied in the development of lead com-
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pounds to address, for example, affinity, target specificity, and
pharmacokinetic properties.20,21 Two active pilicides have been
transformed into a total of twelve derivatives, including well-
known carboxylic acid isosteres such as tetrazoles,22 acyl sulfona-
mides,23–25 and hydroxamic acids.20 The generated set of potential
pilicides has been evaluated for chaperone (PapD) affinity and the
ability to disrupt P pilus biogenesis in E. coli.


Twelve derivatives of two active pilicides (1 and 2, Fig. 1A) have
been synthesized and evaluated. Replacement of the carboxylic
acid functionality has been performed, generating a set of eight
isosteres comprising tetrazoles, acyl sulfonamides, and hydroxa-
mic acids (Fig. 1B). Since primary amides served as precursors in
the synthetic route to the tetrazoles, these derivatives were also in-
cluded in the biological evaluation.


In addition, ring-opened derivatives were synthesized to estab-
lish SARs regarding the rigidity of the scaffold and the flexibility of
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Figure 1. (A) Ring-fused 2-pyridones substituted with a carboxylic acid (1 and 2) inhibit
and amides have been synthesized and evaluated as isosteres of 1 and 2. Ring-opened
carboxylate functionality.
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the carboxylic acid. Furthermore, a tolerance for the ring-opened
analogues would encourage screening of pilicide activity among
more simple generic structures. In addition, such 2-pyridone deriv-
atives could be synthesized via complementary synthetic
pathways.


The ring-fused 2-pyridone methyl esters 3 and 4 were first syn-
thesized according to published procedures that had previously
been developed in our laboratories.26,27 From 3 and 4, the synthesis
of the hydroxamic acids 5 and 6 was straightforward and pro-
ceeded in quantitative yields using hydroxylamine in H2O/MeOH
(Scheme 1).


The acyl sulfonamides 9–12 were obtained from the carboxylic
acids 7 and 8, which were first synthesized from 3 and 4 using
alkaline hydrolysis (Scheme 1). Activation of the carboxylic acids
7 and 8 was performed using N,N0-carbonyldiimidazole (CDI),24


which after addition of benzene- or methyl sulfonamide and
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Table 1
Ranking of affinities for chaperone PapD using relaxation-edited 1H NMR spectros-
copy (relative PapD affinity) and evaluation of inhibitory activity of P pilus biogenesis
in HB101/pPAP5 at a concentration of 1.8 mM compound (HA-titer)


N


S


O R


R1


n


Entry Compound R1 R n Relative
PapD
affinity (%)a


HA-
titerd


1 1 Phenyl –CO2Li 1 —b —e


2 2 Cyclopropyl –CO2Li 1 71 8
3 11 Phenyl –CONHSO2Ph 1 —b 4g


4 12 Cyclopropyl –CONHSO2Ph 1 100 4
5 9 Phenyl –CONHSO2Me 1 —b 4
6 10 Cyclopropyl –CONHSO2Me 1 62c 2
7 15 Phenyl –Tetrazole 1 —b 2g


8 16 Cyclopropyl –Tetrazole 1 67 4
9 5 Phenyl –CONHOH 1 —b 128f


10 6 Cyclopropyl –CONHOH 1 52 64,f,g


11 13 Phenyl –CONH2 1 —b 64f


12 14 Cyclopropyl –CONH2 1 40 64f


13 19 Phenyl –CO2Hh 0 —b 32
14 20 Cyclopropyl –CO2Li 0 33c 32
15 None 64


a Pilicide:PapD, 25:95 lM. 6% RSD as determined from triplicates with compound
2.


b Only the R1-cyclopropyl derivatives were evaluated for PapD binding affinity.
c The reduced intensity was dependent on observed proton; 62 or 78% for 10 and


33 or 52% for 20. The tabulated value originates from protons with identical posi-
tioning on the naphthyl unit.


d Representative HA-titers (the highest dilutions that still provide hemaggluti-
nation) for duplicate runs.


e Not evaluated.
f
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microwave (MW) induced heating at 80 �C for 8 h, rendered the
four acyl sulfonamides 9–12 in 60–90% yields (Scheme 1). How-
ever, the reaction time was long and the yield of compound 10
was modest (60%), therefore an attempt to increase the yield and
shorten the reaction time was performed. Fortunately, increasing
the temperature to 150 �C rendered compound 10 in excellent
95% yield after 55 min of microwave heating.


The synthesis of the tetrazoles was undertaken from methyl
esters 3 and 4 via the amide intermediates 13 and 14 (Scheme
2). The amides were then transformed to tetrazoles 15 and 16
using SiCl4 and NaN3 in refluxing acetonitrile according to a pub-
lished procedure.28 A number of unidentified byproducts were also
formed under these reaction conditions, which resulted in poor
yields of the tetrazoles. However, the obtained amounts of 15
and 16 were sufficient to allow screening and, thus, determination
of their potential value as bioisosteres.


Desulfurization into the ring-opened derivatives 17 and 18 was
accomplished using Raney-Nickel� in refluxing MeOH (Scheme 3).
Portion-wise addition of Raney-Nickel� was needed for complete
conversion of the starting material and the reaction was carefully
monitored by LC–MS to avoid any undesired over-reduction of
the 2-pyridone ring. The lithium carboxylates 19 and 20 were ob-
tained after alkaline hydrolysis of 17 and 18 (Scheme 3).


The synthesized set of isosteres (5, 6, 9–16, 19, and 20) and their
parent lead compounds (1 and 2) were evaluated as pilicides. More
specifically, both their ability to bind to the chaperone PapD in
vitro and their ability to inhibit pilus biogenesis in E. coli were eval-
uated. The cyclopropyl series of derivatives was first ranked for
chaperone (PapD) binding affinity using relaxation-edited 1H
NMR spectroscopy (Table 1, Relative PapD affinity). Ranking of
binding affinity for small molecules that bind to a large protein
can be performed using relaxation-edited 1H NMR spectros-
copy.29,30 The methodology relies on the fact that a signal originat-
ing from a small molecule decreases in intensity when the
molecule binds to the protein (given that an appropriate spin-lock
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Scheme 3. Reagents and conditions: (a) Raney-Nickel� in MeOH, reflux (74–80%);
(b) 0.1 M LiOH (aq) in MeOH/THF (4:1), rt (quant.).


Precipitated.
g Possible growth defect.
h Previous studies have shown that there are no significant differences in bio-


logical effect between the carboxylic acid and the corresponding lithium
carboxylate.31

filter is applied). The observed reduction in signal intensity (as
compared to a non-binding reference) reflects the binding strength
and thus allows ranking of affinities. However, the reduced inten-
sity can vary between protons situated at different positions on a
molecule (as a result of varying flexibility or differences in specific
protein interactions). Thus, ranking is only valid when it is based
on a signal that originates from a proton being represented in all
compounds. As for most screening techniques, the assumption of
a common binding site for the compounds is a prerequisite for
affinity ranking. We have previously described and applied
relaxation-edited 1H NMR spectroscopy when ranking series of







Figure 2. Compounds 10 and 16 were evaluated in a biofilm assay where they
showed a dose-dependent pattern with an estimated IC50 around 30–40 lM for
compound 10 and 65–75 lM for 16. The corresponding carboxylic acid substituted
pilicide 2 displayed a 45% inhibition at 400 lM. The figure shows the average in-
hibition of duplicate runs and the standard deviations are shown in error bars.
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compounds for chaperone binding10,18,19 and this technique was
now used also for the cyclopropyl-series of isosteres (Table 1).


Binding data clearly showed that the affinity of the lead com-
pound 2 for the chaperone PapD could be retained or even
improved after isosteric replacement of the carboxylic acid. The
benzene sulfonamide 12 was the best binder (entry 4, 100% rela-
tive PapD affinity) resulting in a completely abolished signal from
the compound. The methyl sulfonamide 10 and the tetrazole 16
displayed comparable affinities to 2 (entries 6 and 8 vs entry 2).
Decreased affinities were seen for the hydroxamic acid 6, amide
14 and also for the ring-opened analogue 20 (entries 10, 12 and
14). In addition, the reduced binding of 20 compared to the parent,
bicyclic lead 2 was central since it demonstrated the importance of
having the carboxylate positioned on the rigid scaffold. Interest-
ingly, an increased line-width was observed for one of the naphthyl
protons on compounds 10 and 20. This could indicate a different
binding mode or site for these compounds. However, considering
the potency of 10 (see below), a different binding site seems unli-
kely for this compound. Altogether, although a reduced binding
affinity was observed for some isosteres, all compounds bound to
PapD in a range that from previous studies was known to be ade-
quate for inhibitory activity on pilus biogenesis.


Next, all compounds were evaluated in a hemagglutination
(HA)-assay for their ability to inhibit P pilus biogenesis in E. coli
(Table 1, HA-titer).11 P pili expressing E. coli (HB101/pPAP5) were
cultured in the presence of 1.8 mM compound and the degree of
piliation could subsequently be assessed by the ability of pili-
cide-treated bacteria to agglutinate erythrocytes (Table 1, HA-ti-
ter). The reported HA-titer is the highest dilution of bacteria that
still provides hemagglutination and, thus, a high HA-titer denotes
a high abundance of pili on the bacterial surface. Rewardingly,
the HA-data clearly demonstrated an improved ability to block P
pili formation for the tetrazoles 15 and 16 and the acyl sulfona-
mides 9–12 (entries 3–8 vs entry 1 and 2, HA-titer). Neither the
hydroxamic acids 5 and 6 nor the primary amides 13 or 14 were
active (entries 9–12). A slight effect was seen for the ring-opened
derivatives 19 and 20 (entries 13 and 14), but there was an evident
loss in activity compared to the bicyclic lead 2 (entry 2).


Finally, the best compounds from the HA-titers and NMR-stud-
ies were further evaluated in a biofilm assay11 not only to confirm
their biological effect but also to be able to see if they behave in a
dose-dependent manner (Fig. 2). The results show that the com-
pounds could be suspended to a concentration as low as 22 lM,
with a dose-dependent behavior, and still displaying significant
biofilm inhibition.


Overall, the reduced activity seen for the ring-opened com-
pounds 19 and 20 shows that there is an apparent central role of
the ring-fused 2-pyridone scaffold, which inspires to continued
investigations of this entity. Furthermore, sterically demanding
isosteres appear to be accepted, which encourage further fine-tun-
ing of this position, for example with various, substituted acyl sul-
fonamides. Even though activity in whole cell-based assays is often
difficult to relate to direct binding affinity, a correlation can be
seen for the evaluated isosteres. The fact that the hydroxamic acids
5 and 6 and primary amides 13 and 14 were inactive may be attrib-
uted to their poor solubility in the HA-assay.


In conclusion, the importance of a rigid, ring-fused scaffold has
been clearly demonstrated for carboxylic acid-functionalized 2-
pyridones that inhibit pilus biogenesis in E. coli. Furthermore, tet-
razoles and acyl sulfonamides have been shown to be potent bio-
isosteres of carboxylic acids for 2-pyridone based pilicides.
Compared to a parent carboxylic acid-functionalized lead com-
pound, the tetrazole and acyl sulfonamides displayed improved
or retained binding affinity for the chaperone PapD. In addition,
their ability to block P pilus assembly in E. coli was significantly
enhanced as determined by hemagglutination and their ability to

inhibit pili-dependent biofilm formation. The increased potencies,
particularly for the sterically more demanding isosteres, open up
possibilities to further investigate this position from a medicinal
chemistry perspective.
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The T box transcription antitermination system is a riboswitch found primarily in Gram-positive bacteria
which monitors the aminoacylation of the cognate tRNA and regulates a variety of amino acid-related
genes. Novel 4,5-disubstituted oxazolidinones were identified as high affinity RNA molecular effectors
that modulate the transcription antitermination function of the T box riboswitch.


� 2008 Elsevier Ltd. All rights reserved.

Figure 1. Schematic of tRNA (blue) binding to T box leader RNA. The tRNA antic-
odon loop base pairs with the Specifier Sequence in Stem I while the tRNA acceptor
end base pairs with nucleotides in the antiterminator (red).1

Identifying RNA ligands that modulate transcription regulation
is an important area for drug discovery that has been only mini-
mally explored to date. One potential therapeutic target is the T
box transcription antitermination mechanism. This mechanism
regulates many amino acid-related genes, including aminoacyl-
tRNA synthetase genes, and is found predominantly in Gram-posi-
tive bacteria.1 The T box RNAs are members of the ‘riboswitch’
family in which nascent RNAs directly sense effector molecules
to control gene expression.2–4 The T box genes contain a complex
set of structural elements within the 50 untranslated region of their
mRNAs (the ‘leader region’). These elements include a transcription
termination signal that abrogates synthesis of the full-length
mRNA and a competing antiterminator element. Read-through of
the terminator, and expression of the downstream gene, is depen-
dent on binding of a specific uncharged tRNA to the nascent RNA
transcript; each gene in the T box family responds independently
to the cognate uncharged tRNA.5 The T box antitermination mech-
anism can function in the absence of additional cellular factors,6


and the antiterminator RNA element is a critical component of
the mechanism.5 The leader RNA–tRNA interaction stabilizes the
antiterminator element, thereby preventing formation of the com-
peting terminator element (Fig. 1). The antiterminator element is
highly conserved and has been extensively characterized by genet-
ic, biochemical, and structural biology approaches.7–9

ll rights reserved.


: +1 740 593 0148.

A significant challenge in rational ligand design for RNA struc-
ture-specific binding is to achieve both high affinity and excellent
tertiary structure specificity. Aminoglycosides, the most widely
studied RNA ligands, bind primarily in divalent cation binding
sites.10–12 The electrostatic attraction between the multiple pro-
tonated amino groups and the negatively charged RNA phosphate
backbone leads to very high affinities. However, due to the ubiqui-
tous presence of divalent cation binding sites in RNA, primarily for
tertiary fold stabilization,13 the aminoglycosides readily bind many
RNAs14 thus reducing their utility for RNA structure-specific ligand
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Scheme 1. Synthesis of amine substituted oxazolidinones 2a–2f.


Table 1
Oxazolidinone affinity for antiterminator model RNAa


Compound AM1A Kd C11U Kd


1b 9 (±4.5) 125 (±9)
2a 61 (±15) 122 (±18)
2b 6.6 (±1.7) 4.1 (±1.1)
2c 13 (±4) 100 (±30)
2d 0.9 (±0.4) <1c


2e 114 (±31) NT
2f 42 (±6) NT


a Kd values (lM) determined using FRET-derived binding assay with 100 nM
labeled RNA.22 All R2 values > 0.9 unless otherwise noted. NT, not tested.


b Data from Ref. 22.
c Poor fit for single- and two-site binding; Kd below detection limits of assay.
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design. A variety of other RNA ligands have been investigated,15–21


but few have met the challenge of achieving high specificity for un-
ique RNA structures and high affinity without relying on significant
electrostatic interactions. A preliminary investigation of 4,5-disub-
stituted oxazolidinones22 demonstrated that these ligands may
have the potential for specific structural recognition of T box anti-
terminator RNA.


Functionally relevant models of the T box antiterminator ele-
ment have been developed.8 AM1A is a model of the wild-type
antiterminator and is fully functional in vivo in the context of
the full-length leader sequence.7 C11U is a reduced function vari-
ant; the corresponding C to U change in the full T box leader se-
quence results in a significant decrease in antitermination
efficiency in vivo23 and in vitro (N.G. and T.H., unpublished). The
C11U model RNA exhibits reduced affinity for tRNA in vitro, indi-
cating a strong correlation between structural recognition in the
tRNA complex in vitro and antitermination efficiency.8,24 The
reduction in activity and affinity along with evidence for structural
differences compared to AM1A9 make C11U an excellent specificity
control.


We recently reported a novel class of 4,5-disubstituted oxazo-
lidinones (1, Fig. 2)25 that bind RNA without extensive reliance
on electrostatic interactions.22 These compounds exhibited good
binding specificity and affinity for AM1A compared to C11U, but
they have relatively poor water solubility. We sought a method
to improve water solubility and retain the affinity and specificity
previously observed. Our solution was to link a series of alkyl/aryl
groups to the oxazolidinone ring via a basic amine (e.g., 2). We pre-
dicted that this could be accomplished via the reaction of aziridine
3 with an appropriate amine (Scheme 1). Reaction of aziridine 325


with a secondary amine provided oxazolidinones 4a–4d in good
yields. A small group of amines was initially chosen. As our initial
lead compound had a simple phenyl ring in place of the NR2 group,
we wanted to include aromatic rings on the amine. This group of
amines includes N-methyl aniline, N-methyl phenethyl amine, N-
phenyl piperazine, and a single non-aryl substituted amine, mor-
pholine. Reaction of 4 with an excess of an acid chloride provided
compounds 2a, 2b, 2c, 2e, and 2f directly.26 For the majority of
these compounds we chose R0 = PhCH2 as this was the optimal es-
ter in our previous lead compound. We chose two other R0 groups,
and one R0 = nC7H15 was linked to the N-methyl aniline derivative
2c to provide another direct analog of 1. We also included a carba-
mate in place of the ester to improve water solubility and poten-
tially provide additional sites for non-covalent contacts with the
RNA target. This compound (2d) was readily prepared by treat-
ment of 4b with TFA, followed by neutralization and reaction with
4-acetylphenylisocyanate. All compounds were converted to their
hydrochloride salts prior to biological evaluation.


These compounds differ significantly in substitution pattern
from other known oxazolidinone RNA ligands (e.g., 3,5-disubsti-
tuted oxazolidinones such as the antibiotic linezolid).27–29 While
there have been structure–activity relationship studies of the anti-
bacterial activity of linezolid analogs,30–34 little has been reported
regarding RNA recognition.


RNAs 30-Fl-18-Rh-AM1A and 30-Fl-18-Rh-C11U were prepared
and a fluorescence resonance energy transfer (FRET) binding as-

O NH
O


O


R
R'


O
1, R = Ph, R' = CH2Ph


O NH
O


O


NR2


R'


O 2


Figure 2. Previously prepared oxazolidinone RNA binding agents 1, and proposed
new analogs 2.

say22,35 was performed (Table 1). Compounds 2a and 2b are the
closest structurally to 1 with only an amine inserted between the
oxazolidinone and the phenyl ring. These two compounds differ
at the ester substitution, with 2a retaining the phenyl acetate ester
of 1 and 2b having an octanoate ester. Compound 2a shows similar
affinity to C11U as 1 while showing somewhat worse affinity to
AM1A. Compound 2b shows excellent and roughly equal affinity
to both AM1A and C11U. The phenylpiperazine substituted oxazo-
lidinones (2c, 2d) both show excellent affinity to AM1A. Oxazolid-
inones 2b, 2c, and 2d bound T box antiterminator model RNA with
low micromolar to nanomolar Kd values. These Kd values rival
those of the aminoglycosides for binding to AM1A (neomycin
Kd = 8 lM).35 This high affinity without extensive reliance on elec-
trostatic attraction (only two protonatable amines vs. six for neo-
mycin) points to the importance of non-electrostatic interactions
in the binding of oxazolidinones to RNA. Compound 2c bound to
AM1A with 8-fold greater affinity than C11U, while 2d bound to
both model RNAs with roughly similar affinity. While structural
differences between 2c and 2d are minimal, the carbamate moiety
of 2d may provide both additional hydrogen bonding capabilities
and restricted rotation around the C–N bond relative to 2c. Com-
pound 2e in which the ring of the N-substitution is an N-methyl
phenethyl amine can be viewed as a conformationally less con-
strained N-phenyl piperazine. This compound showed substan-
tially less affinity to AM1A relative to either 2c or 2d. Compound
2f in which the aromatic ring on the amine is completely gone
shows reasonable affinity to AM1A. Given the good affinity and
selectivity of 2c and the good affinity and poor selectivity of 2d,
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Figure 3. Summary of enzymatic probing assays of AM1A in the presence of 2c and
2d with RNase T1 (�) and RNase A (circle) indicating enhanced (red) or reduced
(blue) cleavage in the presence of the ligand.


R. Anupam et al. / Bioorg. Med. Chem. Lett. 18 (2008) 3541–3544 3543

we chose to further examine both of these compounds in further
studies. These two molecules differ only in the acyl substitution
suggesting that significant non-covalent contacts are mediated
through this substituent.


With the FRET-labeled antiterminator RNA used in the binding
studies, the maximal change in relative fluorescence (Frel) corre-
lates with structure-specific conformational changes in the RNA in-
duced upon ligand binding.35 There was a significant difference in
the maximal Frel for 2c binding to AM1A (max Frel = 0.2) compared
to 2d (max Frel = 0.3), strongly indicating that the two oxazolidi-
nones bind AM1A in different manners.


Further evidence for different binding modes was observed in
enzymatic cleavage assay patterns (Fig. 3). No significant change
in the RNase A cleavage of AM1A was observed in the presence
of oxazolidinone 2c. However, in the presence of 2d the relative
band intensities decreased for positions 6 (37%), 7 (69%), and 8
(47%). With RNase T1 cleavage of AM1A in the presence of 2c, there
was enhanced cleavage at position 15 (70%) and reduced cleavage
in several locations, most notably positions 7 (44%), 8 (41%), and 9
(57%). With 2d, however, there was an overall decrease in RNase T1
enzymatic cleavage. The differential enzymatic cleavage patterns
of 2c compared to 2d may be due to different RNA binding modes.


The effect of 2c and 2d on antiterminator RNA function was
tested using an in vitro transcription antitermination system. Tran-
scription of the Bacillus subtilis glyQS T box gene with B. subtilis RNA
polymerase in the absence of tRNA resulted in efficient termination
(Fig. 4); addition of uncharged tRNAGly resulted in a 20-fold in-
crease in read-through of the termination site, as previously re-
ported.6 Addition of 2c (1.3 mM) caused a 40% reduction in the
efficiency of tRNAGly-dependent antitermination, but had no effect
on transcription of a non-T box DNA template (data not shown).
The reduction in antitermination is likely to be due to competitive
inhibition since the affinity of 2c for binding to AM1A decreased 5-
fold in the presence of cognate tRNA (1.25 lM) to a Kd of

Figure 4. Effect of 2c and 2d on B. subtilis glyQS antitermination activity in vitro
(n = 3).

64 ± 16 lM (R2 = 0.9). In contrast, 2d (0.8 mM) resulted in in-
creased antitermination in the presence or absence of tRNA, sug-
gesting that this compound stabilizes the antiterminator
element, obviating the requirement for tRNA binding. The different
effects of 2c and 2d on antitermination are consistent with differ-
ent modes of interaction with the antiterminator model RNAs. The
relatively high concentration of 2c required to compete with the
acceptor end of tRNA for binding the antiterminator and to inhibit
antitermination is reasonable given the strong tRNA-model anti-
terminator RNA affinity (Kd = 0.02 lM)24 and given that the tRNA
can pre-bind the leader at the Specifier Sequence before the anti-
terminator is transcribed,36 thus likely further enhancing affinity
in the context of the in vitro transcription antitermination assay.


In this report, we have identified 4,5-disubstituted oxazolidi-
nones that both bind to the T box antiterminator RNA element
and directly affect antitermination. These compounds are amine
substituted analogs of previously reported oxazolidinones. The
inclusion of the basic amine in the compound significantly en-
hances the affinity. The affinity and structural specificity was suf-
ficiently high that 2c acted as an inhibitory molecular effector
and disrupted in vitro antitermination. Compound 2d acted as an
enhancing molecular effector leading to tRNA-independent anti-
termination in vitro. The differing binding modes of 2c and 2d with
antiterminator RNA provides strong evidence that rational drug
design strategies can be used to selectively develop high affinity li-
gands (rivaling the nM affinity observed with 2d) that retain the
antitermination inhibitory activity of 2c.
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Several series of substituted dehydropiperidine and piperidine-4-carboxylic acid analogs have been
designed and synthesized as novel, potent dual PPARa/c agonists. The SAR of these series of analogs is
discussed. A rare double bond migration occurred during the basic hydrolysis of the a,b-unsaturated
dehydropiperidine esters 12, and the structures of the migration products were confirmed through a ser-
ies of 2D NMR experiments.
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Peroxisome proliferator-activated receptors (PPARs) belong to a been designed and synthesized.9 From this effort, a series of 3-ben-


nuclear hormone receptor superfamily which act as transcription
factors in the regulation of genes involved in glucose and lipid
homeostasis.1 Three PPAR subtypes have been identified: PPARa,
PPARc and PPARd. PPARa is highly expressed in liver, but is also
present in heart, kidney, and muscle, and regulates the transcrip-
tion of numerous genes encoding proteins involved in lipid metab-
olism.2 Currently marketed PPARa agonists are the fibrate class of
drugs (including fenofibrate3 and gemfibrozil4), which elevate HDL
levels and lower triglyceride and LDL levels. PPARc is predomi-
nantly expressed in adipose tissue and regulates insulin sensitivity,
glucose and fatty acid utilization as well as adipocyte differentia-
tion.5 Currently marketed drugs targeting PPARc are rosiglitazone6


and pioglitazone,7 both for the treatment of type 2 diabetes. We
have recently reported the design and synthesis of Muraglitazar
(1, Fig. 1), a dual PPARa/c agonist which has shown excellent effi-
cacy in animal models of type 2 diabetes and the associated dysl-
ipidemia as well as in human clinical trial.8 Starting from the
oxybenzyl-glycine template exemplified by 1, several series of po-
tent, conformationally constrained dual PPARa/c agonists have

ll rights reserved.


: +1 609 818 3460.
Ye), peter.t.cheng@bms.com

zyl-4-carboxy-pyrrolidines, exemplified by compound 2, was iden-
tified which has good activity both in vitro and in vivo.10 To further
explore the scope of the SAR of this pyrrolidine acid series, we
decided to investigate the effect of expanding the pyrrolidine ring
of 2 into the corresponding piperidine acids (Fig. 2). This paper fo-
cuses on the design, synthesis, and SAR of various piperidine/dehy-
dropiperidine carboxylic acid analogs as dual PPARa/c agonists.


Chemistry. Based on results from the pyrrolidine acid series and
preliminary modeling studies, we focused our initial efforts on the
dehydropiperidine acid analogs 3 (with both 1,4- and 1,3-oxyben-
zyl substituents). These compounds should be readily derived from
dehydropiperidine intermediates 4 (Scheme 1). Our initial efforts
to synthesize 4 (especially where m = 1) were unsuccessful. For in-
stance, in one approach, the enolate of N-Boc-4-oxopiperidine was
successfully alkylated with 4-methoxybenzyl bromide; however,
subsequent attempts to convert the carbonyl group into the C-4
carboxylic acid (via carbonylation of the enol triflate of the ketone)
were unsuccessful. Recently, Bellina11 reported that vinyl nona-
flates (derived from b-keto esters) act as excellent electrophiles
in palladium-catalyzed cross-coupling reactions using a variety of
organozinc halides. This report encouraged us to apply this
approach to the successful synthesis of 4 outlined in Scheme 1.
Vinyl nonaflate 6 was easily obtained from N-benzyl-3-oxopiperi-
dine-4-carboxylate by treatment with base (NaH or KHMDS),
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Figure 1. Structure of Muraglitazar (1) and the related pyrrolidine-acid analog 2.
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followed by nonafluoro-1-butanesulfonyl fluoride (Nf-F). Without
further purification, nonaflate 6 was reacted with zinc halides 5
in the presence of catalytic Pd(dba)2/dppf to afford 4 in 70–80%
yield in two steps. This convergent approach allowed us to quickly
access the desired intermediates 4 in both the 1,3- and 1,4-oxyphe-

NBn CO2Et


ONf


7 8


TBSOa


N
H


11


CO2Et
ROc d or e RO


13
N
R1


CO2H
RO


Scheme 2. The synthesis of 1,3-oxybenzyl dehydropiperidine analogs 13. Reagents and co
65 �C, 12 h, 75%; (b) (i) a-chloroethyl chloroformate, 50 �C, 1 h; then MeOH; (ii) Boc2O, TH
methanesulfonate (10), K2CO3, CH3CN, 90 �C, 12 h, 90%; (ii) 4 N HCl in dioxane, MeO
(e) 2-chloropyrimidine, i-Pr2NEt, toluene, 100 �C, 3 h, 85–90%; (f) 15% HCl in HOAc, seal

nyl series (bearing a variety of carbon linkages where m = 0, 1 or 2)
by simply altering the organozinc halides 5. Organozinc reagents 5
which were not commercially available were prepared either: (1)
in situ via the exchange of the Grignard reagent or organolithium
with ZnCl2 or (2) from reaction of the alkyl or aryl halide with acti-
vated zinc.


To illustrate the versatility of this synthetic route, the synthesis
of the 1,3-oxybenzylpiperidine acid analogs 13 is shown in Scheme
2. The Pd-catalyzed cross-coupling reaction of vinyl nonaflate 711


and 3-(tert-butyldimethylsilyloxy)benzylzinc chloride12 afforded
8 in 75% yield. Deprotection of the N-benzyl group with a-chloro-
ethyl chloroformate13 was achieved with concomitant desilylation
of the phenol. N-Boc reprotection of the piperidine afforded phenol
9, which was alkylated with mesylate 10 and then deprotected to
give the key intermediate secondary amine 11, which enabled us to
quickly explore SAR at the dehydropiperidine nitrogen. Intermedi-
ates 11 were treated with alkyl/aryl chloroformates to give carba-
mates, or with substituted 2-chloropyrimidines to form N-
pyrimidines. The desired carboxylic acid analogs 13 were obtained
via acid-mediated ester hydrolysis.
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ed tube, 100 �C, 8 h, 70–80%.
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Analogs with different linkers to the dehydropiperidine ring
(e.g. 1,4-oxyphenethyl [14], 1,4-oxyphenyl [15], 1,3-oxyphenyl
[16] and 1,4-oxybenzyl [17]) were also readily synthesized using
this general route, as various organozinc chlorides could readily
be substituted for the exemplified 3-(tert-butyldimethylsiloxy)
benzylzinc chloride shown in Scheme 2. In all cases, the syntheses
worked well and multiple analogs from each of these series (N-
benzyl, N-alkoxycarbonyl, N-pyrimidinyl) were prepared (Fig. 3).


We then explored the synthesis of the corresponding piperidine
acid analogs. This was unexpectedly problematic, as hydrogenation
of C@C bond of the fully elaborated tetrasubstituted a,b-unsatu-
rated esters (i.e. 12) was accompanied by varying degrees of reduc-
tion of the phenyloxazole moiety (to the cyclohexyloxazole).
Therefore, we needed to address the reduction of the C@C bond
prior to the coupling with the phenyloxazole ‘left-hand-side’. The
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successful alternative synthesis for these piperidine acid analogs
is shown in Scheme 3, and is exemplified for the 1,3-oxyphenyl
series; analogs 22–25 were also synthesized using this general
route.14


Based on previous experience in the pyrrolidine acid series,
increasing the distance between the piperidine ring and the car-
boxylic acid might improve both PPAR binding affinity and func-
tional activity. Therefore, the homologated dehydropiperidine
carboxylic acid analogs 31 and their corresponding piperidine ana-
logs 32 were synthesized as shown in Scheme 4.15 The key se-
quence is the conversion of 27 to 28, which involves the
palladium-catalyzed CO carbonylation of the allylic bromide de-
rived from 27.16 The rest of the synthetic route is identical to
Scheme 1. Piperidine analogs 32 were also synthesized using a
combination of the chemistry shown in Schemes 2 and 3.
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In previous schemes, the final step of analog synthesis was acid-
mediated ester hydrolysis. Under these conditions, the C@C bond
of the a,b-unsaturated acid did not undergo migration (Scheme
2). However, due to the need for milder conditions required by
more sensitive functionalities, we explored base-mediated hydro-
lysis (LiOH, THF–H2O, rt) of the penultimate ethyl ester intermedi-
ate with analogs from the 1,3-oxybenzyl series 12. Due to the
sluggishness of the basic hydrolysis, three drops of methanol were
added to accelerate the reaction, which then proceeded smoothly
to completion. Surprisingly, the desired a,b-unsaturated acid 13
was isolated only as the minor product. The major product had
the same molecular weight as 13, but its 1H NMR spectrum con-
tained a new vinyl proton (d 6.73); the possible structures were
thus the C@C migration products 33 or 34 (both of which bear a vi-
nyl proton). The ratio of the C@C migration product versus 13 var-
ied from 4:1 to 6:1, depending on the structure of R1.


A set of 2D NMR experiments were carried out on the C@C
migration product from the hydrolysis of 12a (R = -CO2-iBu). These
studies enabled us to unequivocally assign each proton and carbon
in this compound (Fig. 4)17 and to unambiguously demonstrate
that its structure corresponded to 33a rather than 34 (R1 = i-Bu–
O–C(O)�). In particular, the 1H–13C Heteronuclear Multiple Bond
Connectivity (HMBC) analysis proved to be very useful in this
structure determination. The most important correlations (as
shown in Fig. 4) are: (1) the vinyl proton H-24 with the carbonyl
C-29 and, (2) the benzylic H-22 with C-20, C-18, C-24, and C-28.


This unexpected base-mediated C@C bond migration from the
a,b-unsaturated acid to the b,c-unsaturated acid is rare. However,
this result is in agreement with the previous work of Jacobsen,18


in which a similar C@C migration occurred upon treatment of a
dehydropiperidine 4-ester with benzylamine. Several analogs
bearing the general structure 33 have been synthesized according
to Scheme 5.


Results and discussion. Following the versatile synthetic schemes
outlined above, we were able to quickly generate analogs which
explored the optimal linker length between the phenyloxazole
moiety and the dehydropiperidine/piperidine ring (m = 0–2), as
well as the optimal substitution of the central oxyphenyl ring
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Scheme 5. Double bond migration in base-catalyzed ester hydrolysis. Reagent

(1,3- vs 1,4-). The SAR at the piperidine ring was explored primarily
by modification of substituents at the piperidine nitrogen, e.g. N-
benzyl, N-alkoxycarbonyl, N-phenoxycarbonyl and N-pyrimidinyl.
The PPARa and c binding affinity as well as the transactivation
(functional) data of these novel piperidine analogs are shown in
Table 1.


In the 1,4-oxyaryldehydropiperidine acid series, the linker be-
tween the oxyaryl and the dehydropiperidine moieties clearly
had a significant effect upon PPAR activity. Both PPARc and a po-
tency increased with increasing linker length m, e.g. the isobutyl
carbamates 15a (oxyphenyl linker; m = 0) versus 17a (oxybenzyl
linker; m = 1). With the oxyphenethyl analog 14a (m = 2; aEC50


56 nM; cEC50 74 nM), the PPARc potency was increased by an-
other 15-fold relative to 17a while PPARa potency was main-
tained, resulting in equivalent, potent agonist activity at PPARa
and c. The phenethyl linker may offer more flexibility (versus
the benzyl or phenyl linkers) allowing these analogs to bind in
the ligand-binding domains (LBDs) of both PPARa and c. How-
ever, in the piperidine acid series, both the 1,3-oxybenzyl analog
25a and 1,4-oxybenzyl analog 24a (m = 1) show significantly less
activity at PPAR.c than at PPARa. Changing the linker length as
in the dehydropiperidine series [e.g. for the 1,3-oxyphenyl ana-
log 21a (m = 0) and the 1,4-oxyphenethyl analog 22a (m = 2)]
did not result in compounds with equipotent activity at PPARa
and c. An alternative way to modulate PPARa/c functional activ-
ity is to introduce flexibility to the location of the carboxylic
acid. For instance, the 1,3-oxyphenyl dehydropiperidinyl acetic
acid analogs 31a and 31b (where the 1,3-oxyphenyl group is di-
rectly attached to the dehydropiperidine ring, [i.e. m = 0] but the
carboxymethyl group has flexibility of movement), are potent
dual PPARa/c agonists. The analogous piperidines 32a and 32b
are much less active at both PPARa and c. In the 1,3-oxybenzyl
series, the dehydropiperidine 13b (and to a lesser extent 13a)
shows good binding affinity but poor functional activity. Finally
(and perhaps most significantly) the serendipitously discovered
b, c-unsaturated acid analogs (33a–d) generally showed excel-
lent binding and functional activity at both PPARa and c. Com-
pounds 33a–d are significantly more potent at PPARc than the
corresponding a, b-unsaturated acid analogs 13a–d, and in the
cases of 33a and 33c, also show significantly more potent PPARa
activity.


Overall, the SAR from these series of piperidine and dehydropi-
peridine analogs shows that PPARa/c binding affinity and func-
tional activity can be modulated by: (a) varying the oxyphenyl
substitution (1,3 vs 1,4 series); (b) the linker between the oxyphe-
nyl and the piperidine ring (m = 0–2), (c) dehydropiperidine versus
piperidines, and (d) the linker between the piperidine and the car-
boxylic acid. From the SAR exploration of various piperidine and
dehydropiperidine series, analogs from the 1,3- oxyphenyl dehyd-
ropiperidines (31a, b), the 1,4- oxyphenethyl dehydropiperidines
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Table 1
In vitro activities of selected analogs at human PPARc and a
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22 (m = 2, n = 0, 4'-OR)
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32 (m = 0, n = 1, 3'-OR)


CO2H
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O


N
PhR =


15 (m = 0, n = 0, 4'-OR)
16 (m = 0, n = 0, 3'-OR)


24 (m = 1, n = 0, 3'-OR)


Compound R1 PPARc binding
IC50(lM)a


HEK PPARc EC50(lM)
(% activity @ 1 lM)b


PPARa binding
IC50 (lM)a


HEK human PPARa EC50 (lM)
(% activity @ 1 lM)b


1 Muraglitazar 0.19 0.04 (139%) 0.25 1.41 (107%)
15a i-BuO-C(O)- 7.4 4.65 (6%) >27.3 5.57 (2%)
17a i-BuO-C(O)- 3.036 1.12 (52%) 1.17 0.028 (104%)
14a i-BuO-C(O)- 0.11 0.074 (95%) 0.255 0.056 (95%)
16a Benzyl >27.5 >7.5 >27.5 >7.5
13a i-BuO-C(O)- 4.51 3.86 (37%) 2.56 0.235 (66%)
25a (±) i-BuO-C(O)- 1.25 0.257 (82%) 0.215 0.005 (115%)
22a (±) i-BuO-C(O)- 0.45 0.263 (79%) 0.711 0.044 (101%)
21a (±) i-BuO-C(O)- >27.3 >7.5 7.62 0.209 (67%)
24a (±) i-BuO-C(O)- 6.03 1.07 (58%) 1.37 0.018 (101%)
31a i-BuO-C(O)- 0.049 0.018 (116%) 0.13 0.006 (82%)
31b PhO-C(O)- 0.034 0.046 (110%) 0.016 0.004 (87%)
32a (±) i-BuO-C(O)- 3.089 0.49 (75%) >15 0.58 (48%)
32b (±) PhO-C(O)- 7.692 1.29 (29%) 8.12 0.17 (62%)
13b 4-Trifluoromethyl-2-


pyrimidinyl
1.384 0.644 (65%) 1.328 0.089 (37%)


13c PhCH2O-C(O)- 4.73 >3.5 >15 4.92 (23%)
13d n-PrO-C(O)- 1.32 0.18 (87%) 0.97 0.04 (85%)
33a (±) i-BuO-C(O)- 0.13 0.009 (132%) 0.861 0.01 (114%)
33b (±) 4-Trifluoromethyl-2-


pyrimidinyl
0.287 0.014 (100%) 1.078 0.023 (85%)


33c (±) PhCH2O-C(O)- 0.133 0.024 (118%) 0.654 0.016 (125%)
33d (±) n-PrO-C(O)- 0.088 0.008 (150%) 0.499 0.008 (109%)


a Ref. 19.
b Ref. 20.
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(14a), and the 1,3-oxybenzyl b, c-unsaturated acids (33a–d) show
potent functional activity at both PPARa and c.


Conclusions. We have devised efficient and flexible synthetic
routes (using as the key step the palladium-catalyzed cross-cou-
pling of nonaflates with organozinc halides) to several series of
piperidine and dehydropiperidine carboxylic acids. Analogs from
several of these series were identified which show potent agonist
activity at both PPARa and c (e.g. 31b, 33a, b). One of the dehydro-
piperidine series (33) resulted from a C@C bond migration during
base-mediated hydrolysis of the penultimate a, b-unsaturated es-
ter intermediate. The structure of 33 was confirmed through a ser-
ies of 2D NMR experiments. In the course of these SAR studies, we
also identified PPARa-selective agonists (e.g. 17a and 25a). These
different varieties of analogs should serve as useful leads in our
continuing effort to explore the utility of dual PPARa/c agonists.
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An immobilized Staurosporine aglycone isostere where one of the indole nitrogen atoms was replaced by
carbon has been sequentially functionalized to generate compounds inhibiting TrkA kinase. In the first
phase, initial screening of a library of C13-hydroxymethyl-7-oxo-indenopyrrolocarbazoles resulted in
several potent compounds, one of which was further optimized to generate the corresponding carba-
mates on solid phase. Some of the major carbamate diastereomers were found to be several-fold more
potent than their alcohol parents. Synthesis, SAR analysis, kinase selectivity, and anti-tumor properties
of a TrkA inhibitor (12a) are discussed.


� 2008 Elsevier Ltd. All rights reserved.

Much is known regarding the aberrant expression of nerve
growth factor (NGF) and its high affinity receptor TrkA in various
tumor cells, which have been suggested to be linked to progres-
sion of different human cancers such as prostate,1 pancreatic,2


ovarian,3 thyroid,4 breast,5 and lung adenocarcinomas.6 The TrkA
family consists of three receptor kinases—TrkA, TrkB, and TrkC
which can be activated by different neurotrophine class of pro-
teins including NGF.7 Activation of the TrkA signal transduction
pathway by the prototypical neurotrophic factor, NGF, involves
receptor oligomerization followed by a distinct intracellular sig-
naling cascade leading to phosphorylation of signaling compo-
nents such as PI3, PLC-c, ras, and raf/MEK/Erk1.8 This abnormal
stimulation of NGF-TrkA contributes both to survival and prolifer-
ation of different human cancers.7 Therefore, small molecule-
based inhibitors of TrkA could disrupt the TrkA signaling pathway
and find therapeutic utility against those diseases.


Unlike other protein kinase research areas,9 the design of TrkA
inhibitors is relatively less well studied. Only a few classes of inhib-
itors are reported in the literature.10 The indolocarbazole-based
natural products belonging to the Staurosporine (1) subclass are
well known ATP competitive kinase inhibitors.11 TrkA kinase inhib-
itors from this group of natural products include K-252a (2).1b


More importantly its modified analog CEP-701 (3) has shown
promise against prostate and pancreatic cancers12 and is in clinical
trials.13 The principal structural difference between the Stauro-
sporine class and other indolocarbazoles is that the former class
bears an atypical bridging of both indole nitrogens in the aglycone
1a by a single glycosyl moiety. This molecular architecture in con-

ll rights reserved.


: +1 610 738 6558.
y).

junction with the distal lactam unit, which is known to interact in
the kinase hinge region,11c may make these compounds more
biased toward inhibiting a wide range of kinases. In a program to
design scaffolds with greater selectivity,11d we reported14a the
immobilization of an isosteric aglycone (4a,14b,c Fig. 1) of the natu-
ral product K-252a and subsequent library building strategy to cre-
ate structurally diverse molecules.


In this letter, we report the chemical manipulation of the mod-
ified and immobilized aglycone 4b (7-oxo-indenopyrrolocarbaz-
ole) to determine the structural requirements for the generation
of highly potent TrkA kinase inhibitors. Kinase selectivity data
and anti-tumor properties are also discussed for a compound se-
lected for in vivo proof of concept studies.


Carbanion formation from indene 4b was utilized in a paral-
lel synthetic strategy to prepare compounds of types 5–6 (Fig.
1) using aldehydes, ketones, and epoxides as electrophiles.14a


Since the lactam unit in the natural products is important for
maintaining a hydrogen bond donor–acceptor network in the
hinge region of the ATP binding pocket,11c the essential lactam
NH of 4a was therefore protected as a part of the resin
attachment site (4b) in our library building strategy. Table 1
summarizes the SAR for TrkA inhibition of substituted C13-
hydroxymethyl indenopyrrolocarbazoles (5, the aldehyde/ketone
adducts of 4a) prepared by this method.15a,b Where the TrkA
IC50 values were <50 nM, the cellular inhibition scores15c were
subsequently determined (Table 1). To facilitate rapid identifica-
tion of the structural elements responsible for potent TrkA inhi-
bition in this library, diastereomer mixtures were tested directly
without further separation.16 From this library, acetaldehyde ad-
duct 5a (R1 = methyl, R2 = H) was found to be a potent TrkA
inhibitor (IC50 = 33 nM) with a cell score of 4 for inhibition of
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NGF-stimulated Trk phosphorylation. This result was intriguing
since 5a was �5-fold more potent than the parent compound
(4a, Fig. 1) and supported our design concept that replacement
of the sugar moiety in the indolocarbazole-based kinase inhibi-
tors with new structural elements could result in potent kinase
inhibitors. Increasing the size of the R1 group beyond methyl
did not provide an additional increase in kinase inhibitory po-
tency (5b–f, Table 1); heteroatom substituted alkyl chains were
also not successful (5g–i). Grafting aromatic or unsaturated R1-
groups (5j–k) were also detrimental for potency indicating that
bulkier R1 groups were not tolerated. Ketone adducts (5l–u)
were also investigated. The deuterated acetone adduct 5l (pre-
pared for mechanistic studies to assess effects of basicity and
nucleophilicity) was also found to be active, indicating a toler-
ance for additional steric bulk in that region, but showed re-
duced cellular potency compared to acetaldehyde adduct 5a.
The SAR trend with the other ketone adducts (5m–s), where
the size of the R1 group was limited to a methyl group, also
resulted in potent inhibitors such as 5m and 5n, but without
enhancement in cellular potency. Constrained cyclic ketone ad-
ducts (5t–v) were tolerated to some degree, particularly the six-
membered ring analog, 5u (IC50 = 72 nM).


Out of this focused chemical library, 5a emerged as a preferred
compound and was selected for further study. Like CEP-701 (3), K-
252a (2), and its (30S)-epi-K-252a analog, 5a contains one hydroxyl
group in the sugar region, which is believed critical for potency
through hydrogen bonding interaction with the kinase.17 Com-
pound 6a with a homologated carbon chain between the indene
and the hydroxyl group (Fig. 2) was prepared but was found to
be less potent than 5a for TrkA inhibition. Separation of the diaste-
reomers of 5a by reverse phase HPLC provided the major (7, RR/SS)
and minor (8, RS/SR) compounds, respectively,18 and both com-
pounds were found to be equipotent for inhibition of TrkA kinase.

With the objective to further improve kinase potency and to
achieve kinase selectivity, conversion of the hydroxyl group of 5a
to the corresponding carbamate derivatives was pursued. This mod-
ification would allow chain elongation19 with preservation of a







Table 1
Structure–activity relationship (SAR) of C13-hydroxymethyl indenopyrrolocarbazole
derivatives (5)


N
H


N O


H


R2
OH


H


R1


5


Compounda R1 R2 TrkA IC50


(nMb)
Cell
scorec


5a H CH3 33 4
5b H Isopropyl 120 —
5c H Cyclopropyl 187 —
5d H Isobutyl 366 —
5e H tert-Butyl 90 —
5f H Bn 199 —
5g H –CH2–S–CH3 209 —
5h H –CH2–CH2–S–CH3 271 —
5i H –CH2OCH2–OBn 250 —
5j H Ph >300 —
5k H Ethynyl 324 —
5l CD3 CD3 52 3
5m CH3 –CH2–OH 57 3
5n CH3 –CH2–OCH3 25 3
5o CH3 –CH2–F 84 —
5p CH3 –CH2–Cl 89 —
5qd CH3 –CH2–NEt2 182 —
5r CH3 –(CH2)3CN 114 —
5s CH3 –COOCH3 103 —
5t –CH2–CH2–CH2– >300 —
5u –CH2–CH2–O–CH2–CH2– 72 —
5v –CH2–CH2–N(CH3)–CH2–CH2– 182 —


a Tested as mixture of diastereomers with purity ranging from 70% to 95%. See
Ref. 16.


b For the enzyme assay see Ref. 15b.
c Tested at 1 lM, for the cellular assay and definition of cell scores see Ref. 15c


and 15d.
d Tested as a TFA salt.


Table 2
Representative examples of SAR of the carbamates 12 and 13 against TrkA kinase


Compounda R IC50 in nMb Cell scorec


12a Ethyl 8 4
13a Ethyl 133 4
12b Allyl 9 4
13b Allyl 33 3
12c –CH2–CH2–CH2–Cl 14 4
13c –CH2–CH2–CH2–Cl 129 —
12d –CH2–COOEt 49 4
13d –CH2–COOEt 43 4
12e Ph >300 —
13e Ph >300 —
12f Bn 52 4
13f Bn 231 —


a Tested as single diastereomers with >95% purity.
b For the enzyme assay see Ref. 15b.
c Tested at 1 lM, for the cellular assay and definition of cell scores see Ref. 15c


and 15d.
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Table 3
The kinase selectivity profile for 12a


Kinase assay % Inhibition (IC50 in nM)


PKC 4077
TrkA 8
FGFR 4% at 1 lM
VEGFR-2 28% at 300 nM
IRK CDK5 8% at 1 lM 4329
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hydrogen bond donating group (NH). As shown in Scheme 1, the re-
sin bound indenocarbazole (4b) was treated with an excess of ethyl
magnesium bromide followed by trapping of the resulting carban-
ion with acetaldehyde to afford the immobilized compound 9. Heat-
ing 9 with an excess of various isocyanates in toluene gave 10,

which upon facile deprotection with 1% TFA in dichloromethane re-
sulted in a mixture of diastereomeric carbamates 11. It is notewor-
thy to mention that the use of triethylamine base in tetrahydrofuran
provided several side products including urea formation involving
the indole nitrogen. In the absence of a base, the reaction proceeded
cleanly with minimal byproduct formation. Separation of mixture
11 by reverse phase HPLC provided the pure diastereoisomers 12
(major, RR/SS) and 13 (minor, RS/SR). This solid phase procedure is
very efficient and has been utilized successfully to make hundred
milligram quantities of selected compounds.


Table 2 records the TrkA kinase inhibitory activities for a range
of indenocarbazole carbamates 12 and 13. It was very illuminating
to find that the carbamate 12a showed single digit nanomolar
activity against TrkA which was �4- and �20-fold more potent
than the parent alcohols 7 and 4a, respectively. Interestingly, in
contrast to the trend observed for the alcohols 7 and 8, carbamate
13a was several-fold less active than the corresponding major dia-
stereomer 12a. This trend in potency difference was noticed for the
majority of the carbamates (Table 2). Except for carbamates bear-
ing aryl groups (12e and 13e), the major diastereomers (listed in
Table 1) preserved kinase potency with acceptable cell potencies.
It is also intriguing to note that although larger groups (R1 and
R2) are not tolerated in 5, the carbamates (12) can accommodate
bigger groups. This could be due to the fact that during binding
the R group in the carbamates is pointed to a different region of
the TrkA protein.


Experimental data suggest that the NH group of the carbamate
12a is critical for the enhanced binding affinity observed. The cor-
responding carbonate derivative (NH replaced with O) as the dia-
stereomeric mixture (�2:1) 14 was found to be much less active
(146 nM, Fig. 3) than 12a, providing evidence for the importance
of a key hydrogen bond donating group. Although the diastereo-
mers of 14 could not be further separated, its major component
displayed relative stereochemistry (RR/SS) similar to that of 12a
suggesting that the estimated IC50 value should be several-fold less
potent than 12a.


Compound 12a also demonstrated excellent cellular potency
(IC50 = 18 nM, Fig. 3). It showed a logP value of 4.47 and had poor
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aqueous solubility (0.06 mg/mL). The kinase selectivity profile of
the 12a is shown in Table 3. Among a limited number kinases
tested, 12a was found to be TrkA selective.


Compound 12a was selected as a proof of concept molecule, and
tested for anti-tumor efficacy on the growth of Dunning AT-2 tu-
mors12c in adult male Copenhagan rats. The compound was dosed
subcutaneously (sc) at 10 mg/kg/day for 11 days. Significant inhibi-
tion in tumor growth was observed on day 11 (50% inhibition,
p < 0.05) relative to vehicle treated controls. Compound 12a was
well tolerated by the animals, and there was no mortality or signif-
icant body weight loss observed.


In conclusion, we have identified structural features responsible
for conferring potent TrkA inhibition in compounds derived from a
chemical library based on the modified Staurosporine aglycone 4a
as the core structure. Acetaldehyde adduct 5a was found to be the
most potent and cell permeable compound identified in a library of
compounds generated through solid phase immobilization and
subsequent indene carbanion chemistry. Further derivatization of
5a in the solid phase with different isocyanates produced very
potent TrkA inhibitors (12a is �4-fold more potent than 5a and
�20-fold more potent than 4a). Carbamate 12a was found to be
selective for TrkA among a short panel of kinases. Compound 12a
also displayed anti-tumor efficacy on the growth of Dunning AT-
2 tumors in adult male Copenhagan rats after sc administration
(10 mg/kg/day).
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In the course of our research aimed at the discovery of metabolic stable pleuromutilin derivatives with
more potent antibacterial activity against Gram-positive pathogens than previous analogues, a series
of compounds bearing a purine ring were prepared and evaluated. From SAR studies, we identified
two promising compounds 85 and 87, which have excellent in vitro activity against a number of
Gram-positive pathogens, including existing drug-resistant strains, and potent in vivo efficacy.


� 2008 Elsevier Ltd. All rights reserved.

The increasing use of antibacterial agents for infectious dis-
eases has resulted in the emergence of resistant pathogens, espe-
cially Gram-positive bacteria including methicillin-resistant
Staphylococcus aureus (MRSA), penicillin-resistant Streptococcus
pneumoniae (PRSP), and vancomycin-resistant enterococci
(VRE).1–3 To combat such drug-resistant bacterial strains, there
is an increasing need to discover and develop novel classes of
antibiotics, particularly agents with new mechanisms of action
and consequently no cross-resistance to marketed antibacterial
agents. In our search for promising lead structures that can be
used as new antibiotics, we have focused our attention on the
natural product pleuromutilin4–7 (1), which has good antibacte-
rial activity but insufficient in vivo potency.


The fused 5-6-8 tricyclic diterpenoid 1 was first isolated in 1951
from two basidiomycete species and was characterized as a crys-
talline antibiotic with modest in vitro activity against Gram-posi-
tive bacteria and mycoplasmas.8 The antibiotic 1 selectively
inhibits bacterial protein synthesis through interaction with pro-

All rights reserved.


: +81 6 6337 6010.
jp (H. Kinoshita).
University, 3-11-1 Nishikiori-

karyotic ribosomes, but has no effect on eukaryotic protein synthe-
sis and does not bind to mammalian ribosomes.9 A Sandoz group
prepared a number of semisynthetic pleuromutilin derivatives
and reported initial SAR studies that focused on variations in the
C14 glycolic acid side chain.10–12 As a result, tiamulin (2) and val-
unemulin (3) were successfully developed as therapeutic agent for
veterinary use.13 Further chemical modifications of 1 aimed at pro-
ducing an agent for human use that has sufficient antibacterial effi-
cacy and is less prone to metabolic degradation than 1. These
efforts resulted in the 1980s in the development of azamulin
(4).14 Although 4 showed good in vitro antibacterial activity, its
oral bioavailability was severely limited by atrocious solubility in
water. Thus, 4 entered phase I clinical studies in volunteers but
did not progress further. Recently, researchers at GlaxoSmithKline
identified the novel pleuromutilin analogue retapamulin (5),15


which shows excellent in vitro antibacterial activity and was there-
fore approved in 2007 as a topical antimicrobial agent for treat-
ment of human skin infections. From previous SAR studies on 1,
analogues in which the hydroxyl of the C14 glycolic ester group
in 1 was replaced with a substituent containing the sulfide linkage,
show potent in vitro activity but suffer from being rapidly and
extensively metabolized in vivo because of their strong hydropho-
bic nature. Quite recently, we reported the excellent in vitro and in
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vivo antibacterial activity of the structurally novel pleuromutilin
analogue 6 having a purine ring as a polar and water solubilizing
group.16 The excellent in vivo efficacy of 6 showing good solubility
in water may reflect good metabolic stability. In this communica-
tion we describe the synthesis and in vitro and in vivo antibacterial
activities of these pleuromutilin derivatives having 4-piperidin-
ethio moiety (see Fig. 1).


The purine-carboxylic esters 8a–11a, 12b, 13c–16c, 17d, 18e,
19–37, and 46–53 were prepared as shown in Scheme 1. Reaction
of purine (7a) and 2-aminopurine (7c) with tert-butyl bromoace-
tate, tert-butyl 3-bromopropionate or tert-butyl acrylate, and
tert-butyl propiolate gave a mixture of the corresponding 9- and
7-substituted purine esters 8a, 10a, 14c and 9a, 11a, 15c, respec-
tively. After separation of the mixture by silica gel column chroma-
tography, the less polar 9-substituted purine esters 8a (51%), 10a
(19%), and 14c (57%) and the more polar 7-substituted purine es-
ters 9a (32%), 11a (4%), and 15c (23%) were obtained.17 Treatment
of 6-amino-, 2-amino-, and 2,6-diaminopurine (7b–d) with tert-
butyl 3-bromopropionate or tert-butyl acrylate and tert-butyl 4-
bromobutyrate regioselectively furnished the 9-substituted purine
esters 12b, 13c, 16c, and 17d. The 3-(2-amino-6-substituted purin-
9-yl)propionic esters 19–26 were prepared by treatment of 18e,
which was obtained by reaction of 2-amino-6-chloropurine (7e)
with tert-butyl acrylate, with methylamine, dimethylamine, and
nitrogen-containing heteroalicycles, such as pyrrolidine, morpho-
line, piperazine, and piperidine rings. On the other hand, the 3-
(2-amino-6-substituted purin-9-yl)propionic ethyl esters 28–37
having N-Boc substituent in the nitrogen-containing heteroalicy-
cles were obtained by reaction of the corresponding ethyl ester
27, which was prepared from 7e and ethyl acrylate, with
nitrogen-containing heteroalicycles bearing N-Boc substituent.

Me


Me


R-CH2CO


Me


R1


O


Me


OH


Pleuromutilin (1); R = OH, R1 = CH=CH2


Tiamulin (2); R = -SCH2CH2NEt2, R1 = CH=CH2


Valunemulin (3); R = -S
N
H


Me
Me Me


O


NH2


Me


R1 = CH=CH2


Azamulin (4); N
H


NN


-S NH2
R1 = Et


Retapamulin (5); -S
N


Me


14


R =


R = R1 = CH=CH2


54; R =


O


NH-S


N


-S


O


N
N


N


N N
NH


6;


H2N


HClR =
R1 = CH=CH2


R1 = CH=CH2


Figure 1. Structure of pleuromutilin derivatives.

The 3-(6-substituted purin-9-yl)propionic ethyl esters 46–53 were
prepared by the reverse method described for synthesis of 28–37,
that is, reaction of 7f with nitrogen-containing heteroalicycles
bearing N-Boc substituent, followed by alkylation of the resultants
38–45 with ethyl acrylate gave the desired esters 46–53.


The pleuromutilin derivatives 55–89 shown in Tables 1–3 were
prepared as illustrated in Scheme 2. Acid hydrolysis of the resul-
tant tert-butyl esters 8a, 10a, 11a, 12b, 13c, 14c, 16c, 17d, and
19–26 using trifluoroacetic acid (TFA) afforded the corresponding
(purin-7- or -9-yl)carboxylic acids. The 3-(purin-9-yl)propionic
acids having N-Boc substituent in nitrogen-containing heteroalicy-
cles were obtained by alkaline hydrolysis of the corresponding
ethyl esters 28–37 and 46–53. Condensation of the (purin-7- or
-9-yl)carboxylic acids with 5410,11 in the presence of benzotria-
zole-1-yloxytris(pyrrolidino)phosphonium hexafluorophosphate
as a coupling agent, and in the case of compounds having N-Boc
substituent, successive acid hydrolysis gave 55–89 as a free base
or a hydrochloride in moderate to good yields. The free base com-
pounds 68, 69, 76, and 83 having a basic nitrogen were treated
with HCl in AcOEt to prepare the corresponding hydrochlorides.
The chemical structures of all pleuromutilin derivatives obtained
were confirmed by 1H NMR and mass spectra and the purity was
demonstrated by HPLC analysis. The pleuromutilin derivatives ob-
tained as hydrochlorides showed good solubility in water
(�50 mg/mL).


Initial screening for antibacterial activity18 led to identification
of the 3-(purin-9-yl)propionamide 55, which showed potent in vi-
tro activity against methicillin-susceptible S. aureus Smith (MSSA),
S. aureus KMP9 (MRSA), penicillin-susceptible S. pneumoniae I
(PSSP), and Enterococcus faecium KU1778 (VRE). Although 55 dis-
played similar activity against both susceptible (MSSA, PSSP) and
resistant (MRSA, VRE) strains regardless of their susceptibility to
other classes of antibiotics, its in vivo efficacy was characterized
by a higher ED50 value (>3.13 mg/kg) against S. aureus Smith sys-
temic infection model in mice. We therefore set out to investigate
the influence of changes in the position and substituent, such as
the amino group of the purine ring or the ethylene chain on the
in vitro and in vivo antibacterial activities, while keeping the muti-
lin framework with its 4-piperidinylthio moiety as a spacer intact
(Table 1). The 3-(purin-7-yl)propionamide 56 as a regioisomer of
lead compound 55 showed slightly decreased in vitro activity.
Shortening of the ethylene chain in 55 (giving 57) caused a signif-
icant decrease in activity against all strains. Introduction of an ami-
no group into the 6-position at the purine ring as in 58 led to
poorer MIC values. On the other hand, the regioisomer 59 of 58,
that is, 3-(2-aminopurin-9-yl)propionamide was essentially equi-
potent to 55. Quite surprisingly, 59 exhibited dramatic improve-
ment of in vivo efficacy (ED50 = <3.13 mg/kg) compared with 55,
56, and 58. Extension of the ethylene chain (giving 60) and inser-
tion of double bond (giving 61) in the ethylene chain of 59 had
no favorable influence on the in vitro or in vivo activity.


Influence of a change in the substituent at the 6-position in the
2-aminopurine ring of 59 was next examined (Table 2). Introduc-
tion of an amino group as in 62 substantially retained the in vitro
activity against all strains compared with that of 59, but the in vivo
efficacy was not improved. Substitution by a methylamino or a
dimethylamino group, or by a pyrrolidine or a morpholine ring
(giving 63–66, respectively) provided no favorable effect on the
in vitro or in vivo activity. On the other hand, introduction of a
piperazine ring (yielding 6) improves in vivo efficacy.


In addition to MSSA, MRSA, PSSP, and VRE shown in Tables 1
and 2, MIC values of the pleuromutilin analogues 59, 6, and 67–
89 against S. pneumoniae KT2524 (PRSP), Streptococcus pyogenes,
Moraxella catarrhalis, and Haemophilus influenzae, all of which are
common serious respiratory tract pathogen and their in vivo effi-
cacy in mice are illustrated in Table 3, which also includes the
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Table 1
In vitro and in vivo antibacterial activities of 55–61


X1


X2


X3 X4


N


N
X


Me


Me


O


Me


O


Me


OH


N


O


S


CH2


O


Compound X1 X2 X3 X4 X MICa (lg/mL) MSSAb


MSSAa MRSAc PSSPd VREe ED50
f (mg/kg, iv)


55 CH N CH N (CH2)2 0.05 0.05 0.1 0.05 >3.13
56 N CH N CH (CH2)2 0.1 0.1 0.1 0.1 >3.13
57 CH N CH N CH2 0.2 0.2 1.56 0.2 NTg


58 C-NH2 N CH N (CH2)2 0.2 0.39 0.78 0.39 >3.13
59 CH N C-NH2 N (CH2)2 0.05 0.05 0.05 0.05 <3.13
60 CH N C-NH2 N (CH2)3 0.1 0.2 0.78 0.1 >3.13
61 CH N C-NH2 N CH@CH 0.1 0.2 0.39 0.2 >3.13


a Minimum inhibitory concentration (MIC): lowest concentration of compound that inhibits visible growth of the organism.
b MSSA, methicillin-susceptible S. aureus Smith.
c MRSA, S. aureus KMP9.
d PSSP, penicillin- susceptible S. pneumoniae I.
e VRE, E. faecium KU1778.
f The efficacy criterion, ED50, was calculated as the dose at which mice survival rate was 50%. Mice were inoculated with each organism intraperitoneally. Medication was


given intravenously once, 1 h after inoculation.
g NT, not tested.
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activity of the earlier pleuromutilin analogue 4 and the marketed
antibacterial agent vancomycin (VCM) for comparison. Compound
59, which showed potent in vitro activity displayed strong in vivo

efficacy with an ED50 value of 2.89 mg/kg. This value was much
lower than that of 4 but approximately threefold higher than that
of VCM. All compounds with the nitrogen-containing heteroalicy-







Table 2
In vitro and in vivo antibacterial activities of 6, 59, and 62–66


N


N Me


Me


O


Me


O


Me


OH


N


O


S


CH2


O


N N


H2N


R2


Compound R2 MICa (lg/mL) MSSAb


MSSAb MRSAc PSSPd VREe ED50
f (mg/kg, iv)


59 H 0.05 0.05 0.05 0.05 <3.13
62 NH2 0.05 0.1 0.025 0.05 >3.13
63 NHMe 0.1 0.2 0.025 0.1 >3.13
64 NMe2 0.1 0.1 0.05 0.1 >3.13


65 N 0.39 0.39 0.2 0.39 >3.13


66 N O 0.2 0.2 0.1 0.2 NTg


6 N NH 0.25 0.5 0.063 0.25 <3.13


a–gSee Table 1.


Table 3
In vitro and in vivo antibacterial activities of 6, 59, and 67–89
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N Me


Me


O


Me


O


Me


OH


N


O


S


CH2


O


N N


3


R


R


2


HCl


Compound R2 R3 MICa (lg/mL) MSSAb


MSSAb MRSAc PSSPd PRSPe S. p.f VREg M. c.h H. i.i ED50
j (mg/kg, iv)


59 H NH2 0.05 0.05 0.125 0.063 0.063 0.05 0.25 2 2.89


6 N NH NH2 0.25 0.5 0.063 0.063 0.032 0.125 0.25 1 1.86 (1.51)k


67 N NH H 0.063 0.063 0.032 0.032 0.016 0.032 0.032 1 2.94


68 N N Me NH2 0.125 0.125 0.125 0.063 0.063 0.125 0.063 2 8.83


69
N NH


Me


NH2 0.25 0.25 0.063 0.063 0.032 0.125 0.063 2 2.21


70 N NH2 NH2 0.25 1 0.063 0.125 0.063 0.25 0.125 2 1.86


71 N NH2 H 0.125 0.25 0.016 0.032 0.016 0.063 0.063 4 1.50


72
N


NH2


NH2 0.25 1 0.063 0.063 0.032 0.25 0.125 2 2.21


73
N


NH2


H 0.125 0.125 0.016 0.032 0.016 0.032 0.032 1 2.21


74 N NHMe NH2 0.5 2 0.125 0.25 0.063 0.5 0.25 2 1.41


75 N NHMe H 0.125 0.25 0.063 0.063 0.032 0.063 0.125 2 2.21


76 N NMe2 NH2 0.25 0.25 0.063 0.063 0.032 0.125 0.063 2 1.72


(continued on next page)
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Table 3 (continued)


Compound R2 R3 MICa (lg/mL) MSSAb


MSSAb MRSAc PSSPd PRSPe S. p.f VREg M. c.h H. i.i ED50
j (mg/kg, iv)


77
N


NH2


NH2 0.5 1 0.125 0.125 0.063 0.125 0.25 1 3.05


78
N


NH2


H 0.063 0.125 0.016 0.032 0.016 0.032 0.032 1 1.47


79
N


NH2


H 0.125 0.5 0.032 0.032 0.016 0.125 0.125 2 1.30


80
N


NH2


H 0.063 0.25 0.016 0.016 0.008 0.063 0.063 1 1.01


81
N


NHMe


NH2 0.25 1 0.063 0.063 0.032 0.25 0.125 1 1.72


82
N


NHMe


H 0.063 0.25 0.016 0.032 0.016 0.032 0.063 2 1.61


83
N


NMe2


NH2 0.25 0.25 0.063 0.063 0.063 0.125 0.125 2 3.00


84 N
NH2 NH2 0.5 2 0.063 0.125 0.032 0.5 0.125 4 2.84


85 N
NH2 H 0.125 0.5 0.016 0.032 0.008 0.125 0.063 1 0.59


86 N
NHMe NH2 0.5 4 0.125 0.25 0.032 0.5 0.25 4 1.01


87 N
NHMe H 0.25 0.5 0.063 0.063 0.016 0.125 0.125 2 0.76


88 N NH2 NH2 0.5 1 0.063 0.125 0.063 0.25 0.25 1 3.04


89 N NHMe NH2 0.5 1 0.063 0.125 0.125 0.5 0.25 2 3.97


4 0.5 2 0.5 0.5 0.25 0.25 0.032 0.5 (6.88)k


VCM 1 0.5 0.25 0.5 0.5 >128 64 >128 0.88
a–c, g, j See Table 1a–c, e, f.
d S. pneumoniae ATCC49619.
e S. pneumoniae KT2524.
f S. pyogenes ATCC12344.


h M. catarrhalis K1209.
i H. influenzae TH13.
k Mice were inoculated with each organism and medication was given intravenously twice, 1 and 4 h after inoculation.
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Scheme 2. Reagents and conditions: (i) TFA, CH2Cl2, rt, 2 h or 2 N NaOH/MeOH, reflux, 2 h; (ii) 54, benzotriazole-1-yloxytris(pyrrolidino)phosphonium hexafluorophosphate,
Et3N, DMF, rt, 2 h; (iii) 30% HCl/EtOH, rt, 2 h or 4 M HCl/AcOEt.
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cles at the 6-position in the purine ring were found to possess good
to excellent in vitro activity against all strains compared with VCM.
Furthermore, their in vivo efficacy was clearly superior to that of 4.


As the 2-amino-6-piperazinylpurine analogue 6 shown in Table
2 displayed more potent in vivo efficacy than 59, we decided to
prepare its related piperazine derivatives. Removal of the 2-amino
group from 6 (giving 67) exhibited a higher in vitro activity against
all strains, but the in vivo efficacy was less than that of 6. Introduc-

tion of a methyl group into the piperazine ring of 6 (yielding 68 and
69) did not improve the in vitro or in vivo activity. Replacement of
the piperazine ring in 6 and 67 with a 4-aminopiperidine ring (giv-
ing 70 and 71, respectively) generally had no favorable influence
on the in vitro activity. However, 70 showed an in vivo efficacy
comparable to that of 6 and the in vivo efficacy of 71 was almost
twofold more potent than that of 67. The 3-aminopiperidine deriv-
atives 72 and 73 had an in vitro activity comparable to that of 70
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and 71, respectively, but reduced in vivo efficacy. Introduction of a
methyl group into the amino group on the 4-aminopiperidine ring
of 70 and 71 (yielding 74, 76, and 75, respectively) caused a slight
decrease or increase in in vitro activity, while the in vivo efficacy of
74 was more potent than that of 70. The in vivo efficacy of 75 and
76 did not improve. Furthermore, replacement of the piperazine
ring in 6 with racemic 3-aminopyrrolidine (giving 77) or 3-ami-
nomethylpyrrolidine (giving 84) ring led to a decrease in both
the in vitro and in vivo antibacterial activities. On the other hand,
the (±)-6-(3-aminopyrrolidin-1-yl)purine 78 and the (±)-6-(3-ami-
nomethylpyrrolidine)purine 85 displayed excellent in vivo efficacy
compared with 67 although their in vitro activity was comparable
to that of 67. In particular, 85 conferred the highest in vivo activity
with an efficacy more potent than that of VCM (ED50 = 0.59 mg/kg).
Next, the stereochemistry at the 3-position of the pyrrolidine ring
of 78 was examined. Both compounds 79 and 80 with R and S con-
figurations, respectively, as well as the racemic compound 78
showed excellent in vitro and in vivo activities. Introduction of a
methyl group at the amino group of 77, 78, 84, and 85 (giving
81, 82, 86, and 87, respectively) provided favorable influence on
the in vivo efficacy, thus retaining (as in 82 and 87) or slightly
increasing the activity (as in 81 and 86). Compound 87 showed
excellent in vitro and in vivo antibacterial activities and was essen-
tially equipotent to 85. By contrast, the in vivo efficacy of the 3-
dimethylaminopyrrolidine analogue 83 did not improve compared
to that of 77. Replacement of the piperidine ring of 6 by 3-amino-
and 3-methylaminoazetizine rings (giving 88 and 89, respectively)
resulted in a significant decrease in in vivo efficacy.


As part of our research to develop novel pleuromutilin deriva-
tives for human use, the polar and water solubilizing purine ring
was introduced into the pleuromutilin C14 side chain. From SAR
studies, we found that compounds 85 and 87 show not only excel-
lent in vitro antibacterial activity against MRSA, PRSP, VRE, S. pyog-
enes, M. catarrhalis, and H. influenzae but also potent in vivo efficacy

when compared to azamulin (4) and VCM. The excellent in vivo
efficacy of these compounds, which also have good solubility in
water, reflects good pharmacokinetics and ADME properties (data
not shown). It is therefore believed that compounds 85 and 87
have potential as novel antibacterial agents for use in human. A
more comprehensive study directed at optimization of these com-
pounds will be reported in due course.
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The synthesis and biological evaluation of a series of substituted dipiperidine alcohols are described.
Structure–activity relationship studies led to the discovery of potent CCR2 antagonists displaying IC50


values in the nanomolar or subnanomolar range. The cinnamoyl compounds had higher binding affinities
than the corresponding urea analogs.
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Table 1
Functional group effect on CCR2 binding affinity


N
N


O
R


F


F F


N
H


Compound R CCR2 IC50 (nM)


1a CH2NMe2 4800
1b CO2Me 3300
1c CH2NHCONHEt 2400
1d CONH2 1800
1e H 470
1f CH2NHCOMe 80

Chemokines (chemotactic cytokines) are small molecular
weight proteins that play an important role in leukocyte migration
and activation.1 Chemokine receptors are mediators of inflamma-
tory and immunoregulatory disorders and diseases including rheu-
matoid arthritis, asthma, and allergic diseases. Monocyte
chemoattractant protein-1 (MCP-1) is a major chemoattractant
for monocytes and memory T cells through binding to its specific
cell-surface receptor, CC-chemokine receptor-2 (CCR2). CCR2 be-
longs to the G-protein-coupled seven-transmembrane receptor
superfamily. MCP-1 and CCR2 knockout (KO) mice have demon-
strated a phenotype of significantly decreased monocyte infiltra-
tion into inflammatory lesions.2,3 In addition, such knockout mice
are resistant to the development of experimental allergic enceph-
alomyelitis, cockroach allergen-induced asthma, atherosclerosis,
and uveitis. Many studies have implicated the importance of
MCP-1 and CCR2 in a variety of inflammatory diseases. Rheuma-
toid arthritis and Crohn’s disease patients have demonstrated a
reduction in symptoms during the treatment with TNF-a antago-
nists at dose levels that correlate with decreases in MCP-1 expres-
sion and the number of infiltrating macrophages.4 The therapeutic
potential of CCR2 antagonists in preventing, treating, or ameliorat-
ing a CCR2-mediated inflammatory syndrome or disease has at-
tracted considerable interest.5–19


In earlier reports,20,21 we described both the phenyl piperidinyl
derivatives as CCR2 antagonists with submicromolar binding affin-
ity and the more potent carboxylic acid analogs with IC50 in the
nanomolar range. The systematic structure–activity relationship
studies on the CH2 linker between the two piperidine moieties re-

All rights reserved.


: +1 609 655 6930.
@hotmail.com (M. Xia).

vealed that alcohol 1i had much higher affinity for the human CCR2
receptor than the amine, ester, amide, and unsubstituted analogs
(Table 1). We now report the identification of additional substi-
tuted dipiperidine alcohols as potent CCR2 antagonists and present
details of our structure–activity relationship (SAR) studies.


The synthesis of compound 1i and its analogs 6a–w is outlined
in Scheme 1.


Boc-protected piperidin-4-yl-acetic acid ethyl ester 2 was con-
verted to a-bromoester 3 through bromination (LHMDS/TMSCl,

1g CH2OCOMe 20
1h CO2H 5 ± 2
1i CH2OH 4 ± 2
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Scheme 1. Synthesis of alcohol analogs. Reagents and conditions: (i) LiHMDS,
TMSCl, �78 �C, then Br2 82%; (ii) substituted 4-(indol-3-yl)piperidine, CH3CN, N(i-
Pr)2Et, reflux, 49–80%; (iii) LAH, 0 �C 80–90%; (iv) (a) TFA; (b) ArCH@CHCOCl or
ArNCO, 21–82%.


Table 3
CCR2 binding affinities of the different enantiomers


N N
O


F


F
FN


H


R1 R2


Compound R1 R2 CCR2 IC50 (nM)


7a H CH2OH 2.4 ± 2.0
7b CH2OH H 10


M. Xia et al. / Bioorg. Med. Chem. Lett. 18 (2008) 3562–3564 3563

Br2). Then compound 3 was refluxed with the desired substituted
4-(indol-3-yl)piperidine in acetonitrile to give ester 4, which was
reduced to alcohol 5 with LAH. Alcohol 5 was converted to the tar-
get compounds 1i and 6a–w through deprotection of the Boc group
with TFA, and acylation with appropriate acid chloride or
isocyanate.


Table 2 lists the CCR2 binding affinities for the alcohol analogs
6a–w. Halogen or trifluoromethyl substitution on the 3, 4, or 5-po-

Table 2
CCR2 binding affinities of alcohol analogs


N
N


X


O
HOH2C


N
H


R1


R2


Compound R1 Xa R2 CCR2 IC50 (nM)


6a H CH@CH 3-CF3 10
6b H CH@CH 3-Br 9 ± 2
6c H CH@CH 3,4-diF 6 ± 2
6d H CH@CH 3-Br-4-F 2 ± 1
6e H CH@CH 3,5-diF 0.6 ± 0.3
6f H CH@CH 3,4-diCl 0.2 ± 0.2
6g 6-CH3O CH@CH 3,4-diCl 30
6h 5-F CH@CH 3,4-diCl 20
6i 5-CH3O CH@CH 3,4-diCl 7 ± 3
6j 5-CH3SO2NH CH@CH 3,4-diCl 0.6 ± 0.1
6k 6-CH3O CH@CH 3,4,5-triF 50
6l 5-F CH@CH 3,4,5-triF 40
6m 5-CO2CH3 CH@CH 3,4,5-triF 20
6n 7-CH3O CH@CH 3,4,5-triF 10
6o 5-CH3O CH@CH 3,4,5-triF 6 ± 1
6p 5-CH3CONH CH@CH 3,4,5-triF 2 ± 2
6q 5-OH CH@CH 3,4,5-triF 1 ± 1
6r 5-CH3SO2NH CH@CH 3,4,5-triF 1 ± 1
6s 5-NH2 CH@CH 3,4,5-triF 1 ± 1
6t H NH 3,5-diF 40
6u H NH 3,4-diCl 9 ± 5
6v 5-CO2H NH 3,4-diCl 10
6w 5-CO2CH3 NH 3,4-diCl 50


a All CH@CH are trans.

sition of the cinnamoyl phenyl ring was preferred (less active 2-po-
sition substituted analogs were not listed). Substitution on the 5, 6,
or 7-position of the indole ring was tolerated. Compounds with a 5-
methoxy (6o) or a 7-methoxy group (6n) had higher affinity than
the analog with a 6-methoxy group (6k). The urea analogs (6t,
6u) had much lower affinity (67- and 45-fold, respectively) than
the corresponding cinnamoyl compounds (6e, 6f). Compounds
6e, 6f, and 6j had subnanomolar binding affinities.


Compounds 1i and 6a–w had one chiral center. The enantio-
mers were prepared from the known chiral intermediate through
the same synthetic route outlined in Scheme 1. The biological
data indicated that (S)-enantiomer was more potent than (R)-
enantiomer. For example, compound 7a had higher binding affin-
ity than compound 7b (Table 3). In a chemotaxis assay using the
THP-1 cell line, compound 7a effectively antagonized the MCP-1-
induced effect with an IC50 of 3.5 nM. The IC50 was 0.38 nM when
the MCP-1-induced flux of Ca2+ ions was measured instead of
chemotaxis.


In summary, substituted dipiperidine alcohols have been syn-
thesized and identified as potent CCR2 antagonists with IC50 values
in the nanomolar or subnanomolar range. Alcohol 1i had much
higher affinity for the human CCR2 receptor than the amine 1a, es-
ter 1b, amide 1d, and unsubstituted analog 1e. The cinnamoyl
compounds had higher binding affinity than corresponding urea
analogs and three analogs (6e, 6f, and 6j) had IC50 values below
1 nM. Further pharmacology studies on this series will be reported
in due course.
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Enoyl-ACP reductase (ENR), the product of the FabI gene, from Bacillus anthracis (BaENR) is responsible for
catalyzing the final step of bacterial fatty acid biosynthesis. A number of novel 2-pyridone derivatives
were synthesized and shown to be potent inhibitors of BaENR.


� 2008 Elsevier Ltd. All rights reserved.

Fatty acids are an essential source of energy for organisms from In addition, triclosan-like diphenyl ethers are fairly lipophilic mol-


all taxa. Fatty acid synthesis in mammals is substantially different
from that in bacteria. In mammals, the fatty acid synthesis involves
a single multifunctional enzyme–acyl carrier protein (ACP) com-
plex. In bacteria, the synthesis utilizes several small monofunction-
al enzymes that operate in conjunction with ACP-associated
substrates.1 Thus, it is possible to selectively target key enzymes
in the bacterial fatty acid biosynthesis.2


The final and rate-determining step of chain elongation in the
bacterial fatty acid biosynthesis is the reduction of enoyl-ACP to
an acyl-ACP, which is catalyzed by the enzyme–enoyl–acyl carrier
protein reductase. Considerable research over the past few years
has shown that ENR is the target of a number of known antibacte-
rial agents, including isoniazid,3 diazaboranes,4 and triclosan.5 Tar-
geting ENR is an attractive approach for the development of novel
antibacterials, which has been validated by the recent discovery of
several other small molecule inhibitors,6 including those that exhi-
bit potent in vitro activity against clinical isolates of methicillin-
resistant Staphylococcus epidermidis and Staphylococcus aureus.7


As part of an on-going program to develop novel therapeutics
for anthrax, we recently reported that the diphenyl ether-triclosan
and a number of its aryl ether derivatives inhibit BaENR.8 Although
triclosan is a potent inhibitor of BaENR (IC50 = 0.5 lM, MIC = 3.1 lg/
mL),9 a major caveat in developing triclosan or its derivatives as
drugs is the metabolic liability of the phenolic hydroxyl group.10
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ecules and pose serious solubility problems. In order to overcome
these structural drawbacks, it is important to design compounds
in which the phenolic group of ring A of triclosan is replaced by
a more metabolically stable functionality. We report herein our ef-
forts toward addressing these issues by developing novel scaffolds
that replace the phenolic ring of triclosan with other heterocyclic
rings that retain the essential structural features of triclosan re-
quired for interaction with ENR, such as p-stacking of the aromatic
ring with NAD+, hydrogen bonding of the phenolic OH group with
the ribose, as well as optimal flexibility of the two rings in order to
allow complementary interactions with the active site.9


Our structure optimization studies were based on predicted
binding interactions of 2-pyridones with the enzyme active site.
Triclosan and synthesized pyridones were docked into the BaENR
crystal structure9 using the GOLD-docking program.11 It was ob-
served that the 2-pyridones dock to BaENR in the same binding
pocket as that of triclosan, and maintain similar H-bonding inter-
actions with the residues in the active site. Figure 1 shows the sim-
ilarities in the binding geometry of triclosan and a representative
2-pyridone, 2. Figure 2 shows the crystal structure of triclosan
bound to BaENR and the GOLD docking conformations of com-
pounds 2 and 35 in the active site. The X-ray structure of triclosan
bound to BaENR shows that the phenolic hydroxyl group on ring A
is involved in two hydrogen bonds, one with Tyr157 (OH) and the
other to the 20-hydroxyl group of nicotinamide ribose (shown in
Fig. 2A).9 These interactions appear to be preserved in the GOLD-
docking conformation of the pyridones as well, and show that
the oxygen on the carbonyl group of ring A is involved in a hydro-
gen bonding interaction with Tyr157 (OH) and the NAD+ (shown in
Fig. 2B and C). As seen in Figure 1, the ring A pocket of the
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Figure 1. Schematic representation of residues in the binding pockets of rings A and B of (A) triclosan and (B) compound 2.


Figure 2. (A) Crystal structure of triclosan bound to BaENR. ENR atoms are colored by atom type, NAD+ is green, and triclosan is magenta. (B) GOLD-docking conformation of 2
against the crystal structure of BaENR. ENR atoms are colored by atom type, NAD+ is green, and 2 is cyan. Distances between atoms that are close enough to be within
hydrogen bonding range are shown in green. (C) GOLD-docking conformation of 35 against the crystal structure of BaENR. ENR atoms are colored by atom type, NAD+ is green,
and 35 is coral.
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pyridones is surrounded by Val 154, Val 201, Ile 207, and Phe 204,
and thus appears to be dominated by a high amount of
hydrophobicity.


The synthesis of compounds 1–3, 5, and 9 involved selective N-
alkylation of the commercially available 4-benzyloxy-2(1H)-pyri-
done with the corresponding benzyl halides according to the pro-
cedure described by Conreaux et al. (Scheme 1).12 Reduction of 3
gave the amino compound 4, which was further converted to the
acetamide 8. While alkaline hydrolysis of the benzonitrile 5 re-
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BnO
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R2


1, R1 = R2 = H
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Scheme 1. Reagents and conditions: (a) KOtBu, TBAI, THF, ArCH2X, 0–25 �C, 16 h;
(b) NaBH4, Cu(OAc)2, THF, 0 �C, 40 min; (c) 25% NaOH, EtOH, reflux, 20 h; (d) 35%
H2O2, 3 N NaOH, EtOH, 30 �C, 20 h; (e) Ac2O, DMAP, Et3N, CH2Cl2, 0–25 �C, 3 h; (f)
KOtBu, TBAI, THF, propargyl bromide, 0–25 �C, 16 h; (g) ethyl chlorooximidoacetate,
Et3N, rt, 5 h; (h) Pd/C, H2, MeOH, rt, 10–15 min; (i) BBr3, CH2Cl2, �78 �C to rt, 12 h.

sulted in the carboxylic acid 6, hydrolysis in the presence of hydro-
gen peroxide gave the carboxamide 7. Isoxazole 10 was prepared
by treating 9 with ethyl chlorooximidoacetate in the presence of
a base.13 Rapid and selective O-debenzylation of 4-benzyloxy-
2(1H)-pyridone derivatives occurred when treated with Pd/C un-
der atmospheric pressure of hydrogen to give compounds 11 and
12. Compound 13 was obtained by treatment of 12 with BBr3.


The above 4-hydroxy-pyridones were elaborated into a number
of derivatives via a series of alkylation reactions (Scheme 2). Com-
pound 14 was prepared by benzylation of 4-hydroxy-pyridone
with 4-cyanobenzyl bromide. Naphthyl derivatives 15 and 16 were
obtained by using a similar procedure. The common synthetic
intermediates 17 were prepared by alkylating the 4-hydroxy-pyri-
dones with 1,3-dibromopropane. Compounds 18–20 were pre-
pared in turn by N-alkylation of carbazole with these
intermediates. Compounds 21–23 were synthesized using a similar
protocol.


The synthesis of the 3-substituted 2-pyridones and N-oxide
derivatives is shown in Scheme 3. Pyridones 33–35 were synthe-
sized by acetic anhydride mediated rearrangement of the corre-
sponding N-oxides, followed by acidic hydrolysis.14 The N-oxides
were synthesized from the corresponding pyridines by m-CPBA
oxidation. While the ethers 27 and 28 were prepared by standard
coupling reactions, intermediate 29 was obtained by treating 2-
benzoyloxy-5-bromopyridine with benzyltrimethyltin under Stille
reaction conditions.


The compounds synthesized were evaluated for their BaENR
inhibitory and anitibacterial activities.15 Inhibitor 2 appears to be
the best compound in this series and was considered as a lead.
As expected from the interactions of hydrophobic residues located
around the 3-position of the pyridone ring in the active site, replac-
ing the benzyloxy group at this position with a more polar hydroxy
group led to a substantial decrease in the ENR inhibitory activity
(Table 1. compounds 11–13). A four–fold improvement in the en-
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zyme inhibitory activity was observed when a chlorine atom is
present at the 20-position on the aromatic ring B (cf. 1 vs 2). A sim-
ilar improvement in the binding affinity of triclosan derivatives to
the BaENR active site was recently observed by us.8 Attachment of
an electron withdrawing cyano group to the aromatic ring of the
benzyloxy moiety resulted in 14, which showed an ENR inhibitory
activity lower than the lead compound. Thus, we explored the
activities of compounds with other hydrophobic substitutents at
the 3-position of the pyridone ring. Introduction of 1- and 2-naph-
thyl groups resulted in compounds 15 and 16 whose enzymatic
activity was comparable to the lead compound. Introduction of a
bulkier carbazole unit, tethered with a three-carbon chain on the
other hand, decreased the BaENR inhibitory activity (Table 1, com-
pounds 18–20). Again, the importance of having a chlorine atom at
the 20-position on ring B to improve the inhibitory activity of these
compounds is evident by comparing the activities of 18 and 20.
Replacing the carbazole unit with a smaller indole moiety resulted
in twofold improvement in the ENR inhibitory activity (compound
21), while a benzotriazolyl substitution resulted in the compound
(22) with an ENR inhibitory activity comparable to that of the lead
compound. Introduction of an imidazolyl unit did not improve the
activity.


We explored the SAR of the 2-pyridones by functionalizing ring B.
From the docking conformations of the lead compound into the
BaENR X-ray crystal structure (Fig. 2B), we anticipated that hydro-
gen bond donors/acceptors at the 40-position would be ideally posi-
tioned to interact with either Ala 97 or Arg 99. Hence, we synthesized

compounds 3–8 with various functional groups at the 40-position of
the ring B. Compound 4, bearing an amino group at the 40-position
turned out to be the best compound with an IC50 of 0.8 lM. Conver-
sion of the amino functionality into an acetamide (compound 8) re-
duced the BaENR inhibitory activity by half. Thus, it appears that the
presence of an electron-donating group at the 40-position is able to
enhance the interaction of ligands with the enzyme active site. At-
tempts to replace the aromatic ring B of these 2-pyridones with an
acetylene (compound 9) or an isoxazole (compound 10) were not
successful in improving the activity (Table 2).


We briefly explored the activities of C-substituted 2-pyridones
that are structurally similar to the N-substituted 2-pyridones dis-
cussed above (compounds 33–35). These C-substituted pyridones
are capable of existing in their enol form as hydroxypyridines, and
thus closely mimic triclosan in structure. The activities of these com-
pounds are shown in Table 2. It is gratifying to note that the novel C-
substituted 2-pyridone, 35 showed a 10-fold improvement in ENR
inhibitory activity over its N-substituted analog 1. The GOLD-dock-
ing conformation of 35 inFigure 2C suggests a nearly identical orien-
tation of the C-substituted 2-pyridones compared to the N-
substituted pyridones. Although the origin of improved activity of
compound 35 is not completely clear at this stage, the pyridone
NH and the nicotinamide ring are about 3.6 Å apart and thus ligand
binding stabilization from an N–H� � �p interaction cannot be ruled
out.16 Moderate ENR inhibition was observed by the 3-phenoxy-2-
pyridones 33 and 34. Among the pyridine N-oxides, compound 37
exhibited modest ENR inhibition, while compound 30 was inactive.







Table 1
BaENR inhibitory activities of compounds


N


O


R1


R2


R3


Compound R1 R2 R3 IC50 (lM)


11 OH H H >100a


12 OH H OMe >100a


13 OH H OH >100a


1 BnO H H 6.8 ± 0.8
2b BnO Cl H 1.5 ± 0.1
14 4-CN-PhCH2O Cl H 2.7 ± 0.4


15


O


Cl H 1.5 ± 0.8


16


O


Cl H 1.1 ± 0.1


18
N O


Cl H >6c


19
N O


H OMe >3d


20
N O


H H >100a


21 ON Cl H 0.8 ± 0.2


22 ON


N N


Cl H 1.6 ± 0.3


23
ON


N
Cl H 28.0 ± 6.2


5 BnO Cl CN 7.0 ± 1.1
7 BnO Cl CONH2 3.6 ± 0.3
6b BnO Cl COOH 23.8 ± 2.5
3 BnO Cl NO2 3.7 ± 1.1
4 BnO Cl NH2 0.8 ± 0.1
8 BnO Cl NHAc 1.8 ± 0.5


a BaENR inhibition was less than 30% at 100 lM.
b MIC values against DANR B. anthracis15 for compound 2: 16 lg/mL, for com-


pound 6: 74 lg/mL. MICs for all other compounds in the table are >80 lg/mL.
c The inhibitor precipitated at concentrations >6 lM.
d The inhibitor precipitated at concentrations >3 lM.


Table 2
BaENR inhibitory activities of compounds


Compounda Structure IC50 (lM)
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BnO
O N


OEt
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35 HN
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O


0.7 ± 0.4


33 HN


MeO


O
ClO


18.8 ± 4.2


34 HN


MeO
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ClO


Cl


23.7 ± 11.7


30 N


MeO


O


Cl


O
>100b


37
N


Cl


O
ClO


Cl


21.4 ± 7.7


a MIC values against DANR B. anthracis were >100 lg/mL.
b BaENR inhibition was less than 30% at 100 lM.
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In conclusion, we have identified certain 2-pyridone derivatives
as novel, small-molecule inhibitors of bacterial enoyl-ACP reduc-
tase (ENR) from B. anthracis. Compound 2 showed good ENR-inhib-
itory activity as well as reasonable antibacterial activity, thus
providing a lead compound for further development. Compounds
4 and 21 show nearly a twofold improvement in ENR inhibitory
activity over compound 2. Compound 35, a ‘reversed’ pyridone, is
also an encouraging lead for the development of a new class of
ENR inhibitors. Current efforts focus on further improvement of

BaENR inhibition and improving antibacterial activities of these
compounds.
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Several new TOP1-targeting agents were prepared using as intermediates the N,N,N-trimethyl quaternary
ammonium salts of either ARC-111 or its 12-aza analog (ARC-31), 3 and 4, respectively. Direct displace-
ment of the quaternary ammonium group with water, imidazole, alkylethylenediamines, or polyhydroxy-
lated alkylamines provides a convenient means for furthering the structure–activity relationships
associated with these non-camptothecin TOP1-targeting agents.


� 2008 Elsevier Ltd. All rights reserved.
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Topoisomerases are enzymes that control the topology of DNA,
which is critical for replication and transcription. The two major
subtypes, topoisomerase I (TOP1) and topoisomerase II (TOP2)
are distinguished based upon differences in their primary sequence
and initial mechanisms, wherein either a single- or double-
stranded DNA break is involved.1,2 Topoisomerase-targeting agents
that stabilize the cleavable complex formed between the enzyme
and DNA have proven to be effective in the treatment of cancer.3,4


Such agents in effect convert these enzymes into cellular poisons.
Camptothecin (CPT) (Fig. 1) was the first molecule identified as a
TOP1-targeting agent.5 Since this discovery, two clinical agents,
topotecan (Hycamtin�) and irinotecan (CPT-11/Camptosar�) have
been developed. The improved water-solubility of topotecan and
irinotecan relative to CPT was critical to their development into
the clinic. Both of these compounds incorporate the camptothecin
ring system, which has within its structure a d-lactone. Hydrolysis
of this lactone results in an inactive derivative that can possess
high affinity for human serum albumin.6–8 In addition, both topo-

All rights reserved.


e).

tecan and irinotecan are substrates for efflux transporters associ-
ated with multidrug resistance.9–12 In view of these observations,
non-camptothecin TOP1-targeting agents have been investigated
for their potential to overcome these obstacles, which could limit
the effective drug concentration as well as the ability to accumu-
late within certain tumor cells.


Dibenzo[c,h][1,6]naphthyridin-6-one derivatives have proven
to be a particularly promising family of non-camptothecin TOP1-
targeting agents.13–16 5H-2,3-Dimethoxy-8,9-methylenedioxy-5-
[(2-dimethylamino)ethyl]dibenzo[c,h][1,6]naphthyridin-6-one
(1, ARC-111) represents one of the more extensively investigated

Camptothecin, CPT
N
CH3


3


1, ARC-111;  X = CH
2, ARC-31;    X = N


Figure 1. Structure of camptothecin, ARC-111, and ARC-31.
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members of this group of compounds.15 Studies have demon-
strated that its mechanism of cell-killing is mediated through
TOP1 and in vivo efficacy studies with tumor-bearing athymic
nude mice have shown that it is both potent and efficacious when
administered either parenterally or orally. Similar results were ob-
served for the 12-aza analogs of ARC-111, 11H-Isoquino[4,3-
c]cinnolin-12-ones.13,17


Improved pharmacologic properties have been reported for
camptothecin derivatives, which have incorporated within their
structure polyhydroxylated alkylamino substituents.18 Of special
note was the favorable biological properties of the 7-tri-
hydroxymethylaminomethyl analog of 10,11-methylenedioxycam-
ptothecin. This analog was associated with remarkable ternary
complex stability in the presence of TOP1 and DNA with a half-life
an order of magnitude greater than observed previously in studies
on various camptothecin analogs.18 These data prompted our ef-
forts to develop a convenient synthetic approach for preparing
derivatives of ARC-111 that would incorporate such functionalities.
The synthetic methodology developed for the preparation of 1 or 2
is not readily amenable to the preparation of analogs of ARC-111
with polyhydroxylated alkylamine substituents or aromatic het-
erocycles at the 2-position of the 5-ethyl substituent. As 1 can be
readily prepared in overall yields that exceed 58% from 4-hydro-
xy-6,7-methylenedioxyquinoline, we investigated the utility of
employing the N,N,N-trimethylammonium derivatives of 1 and 2
for the preparation of end-products that would be otherwise prob-
lematic. Direct displacement of the quaternary ammonium group
with water, imidazole, N,N,N0-trimethylethylenediamine, or
tris(hydroxymethyl)amino-methane was explored as a convenient
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2, ARC-31


3, X =  CH
4, X =  N
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a


Scheme 1. Reagents and conditions: (a) methylene chloride: methanol (4:1), CH3I, rt,
thylaminomethane, DMSO, 150 �C, 2 h for 9 and 4 h for 10; (d) N,N,N0-trimethylethylene

means for furthering insight into the structure–activity relation-
ships within this series of non-camptothecin TOP1-targeting
agents.


The trimethylammonium iodide salt of both ARC-111 (1) and
ARC-31 (2) was readily prepared by addition of methyl iodide to
a solution of either 1 or 2 in 20% methanol in methylene chloride
(Scheme 1). The excess methyl iodide and solvent were removed
under reduced pressure and the resulting trimethylammonium
salt, either 3 or 4, was used without further purification. While
not extensively exploited, quaternary ammonium salts have been
known to act as leaving groups in substitution reactions.19 Gener-
ally, trimethylammonium salt 3 or 4 was reacted with nucleophile
in DMSO to provide the desired product in moderate yield. The
reaction was carried out in a sealed tube by heating to 100–
150 �C in an oil bath. After allowing the reaction to cool to room
temperature, the solvent was removed under reduced pressure
and the residue was purified by column chromatography using
1–5% methanol in dichloromethane. In all cases, 2-hydroxyethyl
derivative (7 or 8) (yields 6–24%) was isolated due to trace
amounts of water contained in the commercial reagents. Starting
tertiary amine (1 or 2) (yields 8–20%) was also obtained as a by-
product. The reaction worked smoothly for various nucleophiles,
such as imidazole, tris(hydroxymethyl)aminomethane or N,N,N0-
trimethylethylenediamine. Treatment of the quaternary ammo-
nium salts 3 or 4 with imidazole in anhydrous DMSO provided
either 5 or 6, respectively in yields that ranged from 23% to 29%.
Physical and spectral data are provided for these derivatives.20 In
the case of 3, approximately a 10% yield of the 2-hydroxyethyl
derivative 7 was obtained from this reaction. Similar amounts of
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16 h; (b) imidazole, DMSO, 150 �C, 3 h for 5 and 4 h for 6 ; (c) tris(hydroxyme-
diamine, DMSO, 150 �C, 3 h for 11 and 1 h for 12.







Table 1
TOP1-targeting activity and cytotoxicity of 5–12 relative to 1 and 2


Compound (lM) TOP1a Cytotoxicity IC50
b


RPMI- 8420 CPT-K5 P388 P388/CPT45


CPT 0.2 0.004 >10 0.004 >10
1 0.3 0.002 0.90 0.001 0.23
2 0.3 0.002 0.74 0.002 0.23
5 2.3 0.21 >10 0.2 >10
6 0.1 0.4 >10 0.19 >10
7 4.7 0.03 >10 0.03 0.9
8 0.3 0.013 1.3 0.012 0.7
9 2.0 0.33 7 0.33 3.5


10 0.2 0.065 5.7 0.04 3.0
11 0.7 0.045 2.2 0.035 0.07
12 0.4 0.033 2.2 0.019 0.3


a Topoisomerase I cleavage values are reported as REC, Relative Effective Con-
centration, these are concentrations relative to topotecan, whose value is arbitrarily
assumed as 1, that are able to produce 10% cleavage of the plasmid DNA in the
presence of human topoisomerase I.14


b The origins of cell lines used in this study and the methods used to assess
cytotoxicity have been detailed elsewhere.15
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8 were obtained when 4 was used as the substrate. Both 3 and 4
were converted to their 2-[tris(hydroxymethyl)methyl-ami-
no]ethyl derivatives 9 and 10 by reacting with tris(hydroxy-
methyl)aminomethane in yields of 25% and 11%, respectively.
Reaction of 3 or 4 with N,N,N0-trimethylethylenediamine provided
access to the polyamine derivatives 11 and 12 in yields of 8–10%.


The TOP1-targeting activity and cytotoxicity of the hydrophilic
derivatives of 1 and 2 synthesized via their quaternary ammonium
iodide intermediates are provided in Table 1. While the imidazole
derivative 5 was significantly less active as TOP1-targeting agent
than 6 and either1 or 2, both 5 and 6 were over 100-fold less
cytotoxic than 1 and 2, respectively. The 2-hydroxyethyl derivative
7 was also less active as TOP1-targeting agent than its 12-aza
analog 8 based upon the DNA cleavage observed in the presence
of the purified enzyme. Both 7 and 8, however, did have significant
cytotoxic activity toward both RPMI8402 and P388 cells with IC50


values that ranged from 12 to 30 nM. While the 2-[tris(hydroxy-
methyl)methylamino]ethyl derivative 9 formed from 3 was much
less potent than 1, its 12-aza derivative 10 did retain comparable
TOP1-targeting activity to both camptothecin and ARC-31. Com-
pound 10, however, was less cytotoxic in RPMI8402 and P388 cells
than ARC-31. The polyamine derivatives 11 and 12, formed from 3
and 4, respectively, did have comparable TOP1-targeting activity
and cytotoxicity to each other. Both of these compounds were less
cytotoxic than either 1 or 2 toward RPMI8403 and P388 cells.


CPK-K5 and P388/CPT45 are camptothecin-resistant variant cell
lines of RPMI8402 and P388, respectively. The cytotoxicity data ob-
served in these cell lines does suggest that TOP1 is the target asso-
ciated with the cytotoxicity of compounds evaluated in this study.
The relatively weak resistance observed for 11 in P388/CPT45 does
suggest that an alternative mechanism may substantially contrib-
ute to its cytotoxic activity.

The synthetic methodology used in this study allows for rapid
access to several new ARC-111 analogs. Sufficient amounts of these
compounds can be prepared to assess their in vivo efficacy in athy-
mic nude mice with human tumor xenografts. Should these data
generate further interest in one or more specific compounds, high-
er yielding methods to specifically synthesize larger quantities of
specific agents can be developed in future studies to broaden their
pharmacological assessment.
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To develop a small molecule-based tracer for in vivo apoptosis imaging, dansylhydrazone (DFNSH) was
synthesized in 93% yield in less than 30 min. The biological evaluation showed that DFNSH selectively
binds to paclitaxel-induced apoptotic cancer cells. The high magnification fluorescent images demon-
strate that DFNSH is localized within the cytoplasm of cells that bound Alexa� 488 labeled annexin V
on the plasma membrane. [18F]-DFNSH ([18F]-3) was synthesized and isolated in 50–60% radiochemical
yields, based on [K/K222]18F, with a synthesis time of 50 min (EOB). The straightforward preparation of
fluorine-18 labeled 3 makes it a promising tracer for PET imaging of apoptosis.


� 2008 Elsevier Ltd. All rights reserved.

Apoptosis is an important process involved in the etiology, ined as alternatives to annexin V. Among the small molecules


pathogenesis, and response to therapy of a variety of diseases.
Imaging apoptosis in vivo is a potentially powerful tool for the
early diagnoses of strokes,1–3 myocardial infarctions,4 and a range
of neurodegenerative disorders.5,6 In addition, imaging apoptosis
in patients could also be valuable for the early evaluation of organ
transplant rejection7,8 and cancer treatment response.9,10 Applica-
tions of annexin V, a 35.8-kDa protein, to imaging apoptosis have a
long history.11–15 These studies generally involve the incorporation
of a probe, either a fluorochrome for fluorescence detection or a
radiolabeled linker for nuclear imaging studies. Annexin V binds
to externalized phosphatidylserine (PS) on the outer membrane
of apoptotic cells.16 However, this cell surface binding is not com-
pletely specific, as annexin V also binds to a small percentage of
normal cells.17 In addition, annexin V accumulates in human
healthy organs such as the kidney, bladder, liver, and spleen, which
limits its application in imaging studies focused on diseases in the
abdominal.18 The non-specific biodistribution profile, poor target/
background contrast ratio, slow clearance from the blood, along
with its cost, hinder the use of annexin V derivatives as imaging
agents for apoptosis in the clinic. Because of this, a number of small
molecules,19–23 peptides,24,25 and nanoparticles17 have been exam-

ll rights reserved.
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investigated, compounds containing a fluorescent dansyl core21,22


have demonstrated great promise.
In vitro and ex vivo studies have demonstrated that dansyl


compounds bearing amino acid moieties [N0,N0-didansyl-L-cystine
(DDC), 1 and 5-(dimethylamino)-1-naphthalene-sulfonyl-a-ethyl-
fluoroalanine (NST-732), 2] are selectively bound to apoptotic
cells.19–22 Confocal fluorescent imaging studies suggest that the
dansyl compounds accumulate within the cytoplasm of the apop-
totic cell. Generally speaking, intracellular uptake results in im-
proved target to background contrast ratios. The preparation of
fluorine-18 labeled NST-732 was recently reported26 for potential
use in positron emission tomographic (PET)27 studies. However,
the poor radiolabeling efficiency limits its clinical application.
Herein we report the preparation and preliminary evaluation of a
dansylhydrazone (DFNSH, 3) that demonstrates great selectivity
toward apoptotic cells. The straightforward, highly efficient syn-
thesis of the fluorine-18 analog of 3 makes it potentially valuable
for PET imaging studies when compared to NST-732 (Fig. 1).


Compound 3 was prepared by condensation of dansylhydrazine
with 4-fluorobenzaldehyde (Scheme 1). After a detailed evaluation
of reaction parameters (solvent and temperature), it was found
that 3 can be isolated in 93% yield in less than 30 min by carrying
out the reaction in refluxing methanol. These reaction conditions
are quite amenable to the preparation of the fluorine-18 labeled
analogue, [18F]-3.
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Figure 1. Structure of N0 ,N0-didansyl-L-cystine (DDC), NST-732, and 3.


F


N
H
N S
O


O
NH2N


H
N S
O


O
N


F


O


H
MeOH


+


4 5 3


Scheme 1. Synthesis of compound DFNSH (3).
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A series of experiments were performed to evaluate the effi-
cacy of compound 3 in detecting apoptosis in breast cancer MCF-
7 cells by comparing 3 to Alexa� 488 labeled annexin V. Images
were obtained using Applied Spectral Imaging (ASI, Migdal Ha’E-
mek, Israel) microscopy. The apoptosis of MCF-7 cells was in-
duced by exposing the cells to 50 nM paclitaxel at 37 �C for
16 h. The paclitaxel-treated and untreated MCF-7 cells were du-
ally stained with Alexa� 488 labeled annexin V and compound 3
(50 lM in HEPES buffer, 2.5 mM CaCl2, pH 7.4) using a standard
protocol.22 Actively growing (approximately 80% confluent)
MCF7 cells were not stained by compound 3 and Alexa� 488 la-
beled annexin V (Fig. 2). Paclitaxel treatment (Fig. 3A), induced
approximately 30–40% of the cells to adopt a rounded morphol-
ogy, which was indicative of the induction of apoptosis [arrows
a and b identify apoptotic cells, and c and d identify actively
growing (spreading and dendritic morphology) cells]. The apop-
totic MCF-7 cells, which were dually stained with Alexa� 488 la-
beled annexin V and compound 3, were observed using Applied
Spectral Imaging microscope. The corresponding filters with
excitation at 300–400 nm and emission at 445–480 nm were
employed for the detection of compound 3 (Fig. 3B), where the
filters with excitation at 480–505 nm and emission at 510–
550 nm were used for Alexa� 488 detection (Fig. 3C). Figure 3B
illustrates that compound 3 was taken up and accumulated in
the cytoplasm of the apoptotic cells. By comparison with Figure
3C obtained using Alexa� 488 labeled annexin V, it was con-
firmed that the cells detected by compound 3 were apoptotic
cancer cells. The minimal nonspecific-binding of annexin V can

Figure 2. Images in the same field of view of untreated MCF-7 cells dually stained with a
(C) Alexa� 488 labeled annexin V in red. Total magnification (100�).

be seen in Figure 3C, where a few normal cells were also stained
(arrow d). Colocalization,of the two probes, performed using
AutoDeblur� (Silver Spring, MD), occurred on the periphery of
the apoptotic cells (Fig. 3D). Staining of apoptotic cells by com-
pound 3 was stable and was not reduced by additional washing,
suggesting that the uptake is irreversible.


The high magnification images demonstrate that compound 3
was taken up by the cytoplasm (Fig. 4B and D) while annexin V bound
to the outside membrane of the apoptotic cells (Fig. 4C and D). The
three dimensional imaging analysis (Fig. 5) confirmed the intracellu-
lar uptake of compound 3. Dansylhydrazone analogues 7–10 (Fig. 6)
were also synthesized and subjected to evaluation. It was found that
these dansylhydrazone derivatives were also taken up by the cyto-
plasm in apoptotic cells. There is an argument that annexin V is
not specific for apoptosis since it images PS externalized on cells
undergoing necrosis, autophagy, and apoptosis,18 suggesting that
dansyl derivatives may also detect these modes of cell death. Fur-
thermore, these dansylhydrazones can also detect imatinib-induced
cell death in K562 leukemia cells and HT-29 colon carcinomas
(unpublished data). The ability to detect multiple pathways leading
to cell death may be advantageous in the evaluation of cancer treat-
ment response since necrosis, autophagy and apoptosis are all indic-
ative of a positive therapeutic outcome.18


Results from the biological evaluation encouraged us to prepare
the F-18 labeled analogue of 3 ([18F]-3) for the potential use in PET
imaging. The radiosynthetic approach to [18F]-3 is outlined in
Scheme 2. Fluorine-18 labeled fluorobenzaldehyde ([18F]-5) was
prepared from 4-formyl-N,N,N-trimethylanilinium triflate as previ-

nnexin V labeled with Alexa� 488, and DFNSH. (A) DIC image; (B) DFNSH in green;







Figure 3. Images in the same field of view of MCF-7 cells dually stained with annexin V labeled with Alexa� 488, and DFNSH. (A) DIC image; (B) DFNSH in green; (C) Alexa�
488 labeled Annexin V in red; (D) composite image of (A), (B), and (C). Total magnification (100�).


Figure 4. High magnification images in the same field of view of MCF-7 cell dually stained with annexin V labeled with Alexa� 488, and DFNSH. (A) DIC image showed a
round-shaped apoptotic cell (arrow b) beside a normal cell (arrow a); (B) the apoptotic cell was specifically stained by DFNSH in green; (C) the apoptotic cell was also stained
by Alexa� 488 labeled annexin V in red; (D) composite image of (A), (B), and (C). Total magnification (600�).
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Figure 5. 3D representation of 4.8 mm thick MCF-7 cell dually stained with annexin V labeled with Alexa� 488, and DFNSH, comprising five optical slices captured at 1.2 mm
intervals. (A) Composite image of all slices; (B) bottom slice at 0 mm; (C) slice at 1.2 mm; (D) slice at 2.4 mm; (E) slice at 3.6 mm; (F) top slice at 4.8 mm. Total magnification
(600�).
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ously reported.28 After purification using a semi preparative silica
Sep-Pak, compound [18F]-5 was allowed to react with dansylhydr-
azine at 100 �C for 30 min. [18F]-DFNSH ([18F]-3) was isolated in
50–60% radiochemical yields, based on [K/K222]18F, with a synthe-
sis time of 50 min (EOB). The [18F]-DFNSH was purified by HPLC in
a radiochemical purity greater than 99%. PET imaging studies of tu-
mor apoptosis in rodent models are currently underway.


In summary, we have found that dansylhydrazone derivatives
selectively bind to paclitaxel-induced apoptotic cancer cells. 3D
image analysis demonstrates that compound 3 exhibits intracellu-
lar uptake and accumulation in apoptotic cells. The straightforward
preparation of fluorine-18 labeled 3 makes it a promising tracer for
PET imaging of apoptosis. The evaluation of related dansyl deriva-
tives is currently underway.
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The discovery of two classes of pyrimidine-based inhibitors of GSK-3 is described. Optimization of these
series led to inhibitors with IC50 < 10 nM and >100-fold selectivity over Aurora A kinase. A proposed bind-
ing mode of 21b is presented. One compound (33) of the pyrimidine series showed promising pharma-
cokinetic parameters.


� 2008 Elsevier Ltd. All rights reserved.

Glycogen synthase kinase-3 (GSK-3) is a serine/threonine ki-
nase which was first discovered for its role in phosphorylation-
mediated deactivation of glycogen synthase, the rate-limiting
enzyme in glycogen biosynthesis. Subsequently, GSK-3 has been
found to be ubiquitously distributed throughout the body and to
play a central role in many cellular and physiological events,
including Wnt and Hedgehog signaling, transcription, insulin ac-
tion, neuronal function and many others.1 As a result, inhibition
of GSK-3 has emerged as a potential therapeutic approach for a
number of pathologies including Alzheimer’s disease, bipolar dis-
orders, and type II diabetes.2 GSK-3 exists in two forms, a and b,
which share 85% homology (95% in the catalytic domain), but
which have shown distinct pharmacology.1,3 We here report the

All rights reserved.

identification and SAR evolution of two classes of molecules which
are potent GSK-3 inhibitors and show good selectivity against
other targets.


We obtained our initial hit 1 (Table 1) from screening our kinase
compound collection.4 Modifications based on the purinone scaf-
fold failed to produce significant gains in potency. For example,
reducing the size of the N-alkyl substituent in 2–4 yielded no
improvements. However, removing the alkyl group entirely in 6
eliminated activity. Substitutions at the para position on the 5-
arylamino ring with a carboxylic acid once again led to compounds
in the micromolar range. However, in the course of screening the
synthetic intermediates of these purinones, we observed that the
nitropyrimidine 10 (Table 2) was also active. In contrast to the ini-
tial template, however, substitutions on the nitropyrimidine 2-
arylamino group produced significant improvements in potency,
particularly with carboxylic acid groups (Table 4, compounds
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Table 1
GSK-3a and GSK-3b assay results for compounds 1–9
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Compound # R1 R2 GSK-3a %inh,
10 lM


GSK-3b %inh,
10 lM


GSK-3b
IC50 (lM)


1 t-Bu H 88 93 2.4
2 i-Pr H 71 2.9
3 Et H 73 78 >10
4 Me H 94 96 1.7
5 cHx H 16 14
6 H H �7 20
7 H 4-CO2n-Bu 6 �5
8 H 4-CO2H 93 88 4.0
9 H 3-CO2H 1 3


Table 2
GSK-3a and GSK-3b assay results for compounds 10–15
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Compound # X GSK-3a IC50 (lM) GSK-3b IC50 (lM)


10 NO2 0.27 0.15
11 Br 82%a 3.20
12 4-Pyridyl 1.87 0.54
13 5-Triazolyl 2.85 1.17
14 CF3 0.75 0.49
15 F 3.76 4.17


a % inhibition at 10 lM.


Table 3
GSK-3a and GSK-3b assay results for compounds 16–19
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Compound # GSK-3a IC50 (lM) GSK-3b IC50 (lM)


16 1.02 0.96
17 1.90 0.76
18 0.35 0.18
19 6.7 3.5
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25a, 28a, 29a, and 30a). Nitropyrimidines have been reported in a
number of recent patents as inhibitors of kinases such as PKC-h,
CDKs, CHK, and others.5–8 Because the aryl nitro moiety poses a
risk for toxic metabolites, we attempted to find a replacement.
However, with a set of groups which varied in size as in 11–15,
potency was reduced appreciably in all cases. Therefore, despite
their potential liabilities the synthetic ease of generating nitropyr-
imidine derivatives made these compounds a valuable informa-
tion-gathering tool for SAR exploration that could be applied to
other templates.


In our search for a scaffold which would match the improved
potency of the nitropyrimidine we initially looked into other fused
ring systems 16–19 as replacement for the purinone (Table 3).
Compound 18 showed a distinct potency advantage despite a close
steric similarity with 16 and 17. Although 18 contained a reactive
functional group, it provided us with some useful information
moving forward. In combination with the nitropyrimidine results,
we observed that potency rank order correlated inversely to the
electron density of the pyrimidine portion of the molecule.


This directed our design toward electron-poor substituents on
the pyrimidine ring. A survey of the Hammett constants of com-
mon aromatic substitutions revealed the diazonium ion as the
most electron-poor substituent available (rp = 1.93).9 To that
effect, the azapurine 20b (Table 4) was envisioned, which is the
result of the intramolecular reaction of the diazonium moiety with
the adjacent amino group to form a 5,6-fused ring system. The en-
hanced electron-withdrawing effect of this fused triazole on the

pyrimidine ring is supported by the proton NMR shifts. For
example, the C-7-H shift in 20b appears at d 9.20 (DMSO-d6), com-
pared to d 9.15 and d 8.2 for the analogous protons in the nitropyr-
imidine 20a and purinone 8, respectively. Compounds of this class
showed even greater potency than the nitropyrimidine, as evi-
denced by the 4-fold improvement over 20a in the GSK-3b po-
tency. Compound 20b was submicromolar in potency even in the
absence of the carboxylic acid substituent.


Docking models of 20b into PDB structure 1q5k of GSK-3b10


(Fig. 1) suggested that the N-6 and the 5-NH form hydrogen bonds
to the hinge region in GSK-3b at the Val-135 amide and carbonyl,
respectively. These correspond to hydrogen bonds at the N-1 and
the 2-NH of the nitropyrimidines. We hypothesize that the en-
hanced potency of this class is due to polarization of the C-7-H
bond so that the hydrogen can participate in a third hydrogen bond
to the carbonyl of Asp-133. This polarization is supported by the
aforementioned proton NMR shifts. C–H� � �O hydrogen bonds of
this nature have been described previously in protein ligand inter-
actions and supported by ab initio calculations.11


Although we now had a series with potencies consistently in
the submicromolar range, the potential issues associated with car-
boxylic acids such as low blood–brain barrier permeability were
compounded by cross-reactivity to Aurora A, revealed through
selectivity screens. Docking models suggested that the enhanced
potency of the carboxyl substituted phenyl ring were due to a
charge–charge interaction with Arg141 on the C-lobe at the
entrance to the GSK-3b ATP pocket (Fig. 1). We hypothesized that
the lack of selectivity was due a similar interaction with the Lys171
of Aurora, which is in the homologous region. We speculated that
replacing the carboxylic acid moieties with hydrogen bond donors
in specific orientations would avoid the non-specific charge–
charge interactions and take advantage specific hydrogen bonds
to the Arg141 in GSK-3b. To that effect 23b, 27b, 32a, and 32b were
synthesized and shown to retain potency on GSK-3a and b with
good selectivity against Aurora A.


During the course of our studies, patents emerged outlining the
use of azapurines in the inhibition of GSK-3.12–15 A subset of our
compounds containing aliphatic rings or bicyclic systems at the
5-amino position, or bridged rings at N-3 (exemplified by 23b,
27b, and 28b) allowed us some freedom to operate, so we decided
to focus on these series.


Docking models of 20b also suggest that the substituent at the
azapurine 3-position resides in the hydrophobic pocket normally







Table 4
GSK-3a and GSK-3b assay results for compounds 20–32
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20b-32b
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Compound # R1 R2 GSK-3a IC50 (nM) GSK-3b IC50 (nM) Aurora A IC50 (nM)


20a Ph Ph 52%a 2800 ND
20b Ph Ph 330 628 ND
10 Ph 4-PhCO2H 267 146 346
21b Ph 4-PhCO2H 32 49 292
22b Ph 4-Ph(CH2)2CO2H 20 24 375
23a Ph 4-trans-cHex-OH 172 281 ND
23b Ph 4-trans-cHex-OH 123 279 25%a


24b Ph 4-PhCH@CHCO2H 13 7 112
25a Ph 4-PhOCH2CO2H 74 92 85
25b Ph 4-PhOCH2CO2H 9 13 128
26a Ph 4-PhOCH2CO2Me ND 41%a ND
26b Ph 4-PhOCH2CO2Me 204 477 ND
27b Ph Isobenzofuran-[3H]-1-one 23 23 7300
28a Adamantyl 4-PhCO2H 34 26 ND
28b Adamantyl 4-PhCO2H 80 75 910
29a 3-OH-adamantyl 4-PhCO2H 4.5 3 156
29b 3-OH-adamantyl 4-PhCO2H 66 51 ND
30a Adamantyl 4-Ph(CH2)2CO2H 38 105 ND
31b 3-OH-adamantyl 4-PhOCH2CO2H 96 169 ND
32a 3-OH-adamantyl 4-trans-cHex-OH 123 198 33%a


32b 3-OH-adamantyl 4-trans-cHex-OH 444 744 23%a


ND, IC50 not determined.
a % Inhibition at 10 lM.


Figure 1. Docking model of compound 20b into GSK-3b X-ray crystal structure
1q5k using Glide (Schrödinger) showing hydrogen bonds to the hinge region and to
Arg-141 of GSK-3b.


Table 5
GSK-3a and GSK-3b assay results for compounds 33–35


N


N


NHNH


X


OH


OH


Compound # X GSK3a
IC50 (nM)


GSK3b
IC50 (nM)


Aurora A %
inh, 10 lM


33 CF3 61 41 45%
34 Br 91 125 69%
35 Cl 133 230 65%
36 F 1499 ND ND


ND, IC50 not determined.
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occupied by the ATP ribose group and that the phenyl group was
only partially filling this pocket. The adamantyl group is approxi-
mately the size of a phenyl rotated through 180� and was envi-
sioned as replacement for the phenyl group to increase
lipophilicity (potentially improving BBB penetration) and gain
van der Waals binding energy. Nitropyrimidines with this moiety
(28a) were more potent than similarly substituted azapurines
(28b), probably because some flexibility was required to allow
the adamantyl group to access the proper pocket. The 3-hydroxy-
adamantyl in 29a improved potency to single-digit nanomolar, al-
beit with modest Aurora A selectivity. However, by replacing the

carboxyphenyl group with trans-4-hydroxycyclohexyl, we were
able to maintain 100 nM activity with good Aurora A selectivity.


We also found that the nitro group was no longer essential and
that other substitutions (Table 5, compounds 33 and 34) actually
offered improvements to sub 100 nM potency. This was approxi-
mately 10-fold improved potency compared to the phenyl analogs
14 and 11, respectively. This suggested that the binding energy of
the hydroxyadamantyl group was more important for potency
than the hydrogen bond to Asp-133. In vivo studies of compound
33 in rat (Table 6) showed it to have 34% oral bioavailability and
good exposure. Clearance and half-life were consistent with
once-daily dosing, however, the low volume of distribution re-
mains a challenge for attaining an efficacious CNS drug. Com-
pounds of this class are undergoing further studies which will be
reported in due course.







Table 6
Pharmacokinetic parameters for compound 33


Dose Cmax (lg/mL) Tmax (h) AUC (lg h/mL) CL (mL/min/kg) Vss (L/kg) T1/2 (h) F%


iv (5 mg/kg) 24.2 20.1 4.2 0.3 3.7
po (20 mg/kg) 5.7 0.5 27.4 6.1 34
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m-Acetylphenyl-b-D-glucopyranosides and m-acetylphenyl-a/b-D-mannopyranosides were synthesized
by the Koenigs–Knorr, Mitsunobu, and Helferich reactions as key glycosylation reactions, respectively.
Their spectroscopic properties and antioxidative activities were characterized as potential ultraviolet
B-ray absorbents.


� 2008 Elsevier Ltd. All rights reserved.

Ultraviolet (UV) light in the sunlight is an environmental hu-
man carcinogen. UV light in sunlight is divided into three regions,
viz. UV-A (320–400 nm), UV-B (280–320 nm), and UV-C (200–
280 nm). The stratospheric ozone layer effectively blocks UV-C
light from reaching the earth’s surface. Both UV-A and UV-B light
reach the earth’s surface in sufficient amounts to give rise to seri-
ous biological consequences to the skin and eyes. Although UV-A
light is the predominant component of terrestrial UV radiation
and believed to be rather weak in the carcinogenesis, excessive
exposure to UV-A light causes aging and wrinkling of the skin.1


On the other hand, UV-B light is known to be absorbed into the
skin, producing erythema, burns, and eventually skin cancer as a
consequence of DNA damage.


The eye lenses of diurnal primates contain glucosides that act as
UV filters. Glucosides 1–4 were isolated and their structures iden-
tified.2–5 (3-Acetyl-2-aminophenyl)-b-D-glucopyranoside (3: AAP-
b-D-Glu) is known to be the precursor of yellow pigments, whose
intensity increases with age.4,6 Therefore, AAP-b-Glu (3) containing
an acetylaminophenyl group as an aglycon is expected to serve as a
UV-A absorbent in sunscreen for cosmetics. It should be noted that
an aromatic amino group of a liberated aglycon has been suspected
of being venomous. Satoh et al.6 showed that AAP-b-Glu (3) would
be involved in photodynamic processes at work in the aging hu-
man lens. Moreover, they suggested that photooxidation pro-
ceeded with an increase in accumulation of active oxygen

All rights reserved.


: +81 3 52614631 (T. Saito).
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generated through the aglycon, and that the active oxygen formed
is diminished by the in situ presence of the glycon of the glucoside,
acting as an antiphotooxidant. With regard to the antioxidant func-
tions of sugars, West et al. presented the radical scavenger pro-
cesses for hydroxyl radical (�OH).7 In the sugar species, it has
been reported that the antioxidant activity increases in the order
glucose < mannose � fructose.8


The objective of this study was to develop a new UV-B light
absorbent by modification of the glycoside 3. In taking account of
the foregoing context, including the order of the sugar species for
antioxidant activity, we synthesized m-acetylphenyl-b-D-manno-
pyranosides (5: AP-b-Man) composed of an acetylphenyl group
as an aglycon and mannose as a glycon. The removal of the elec-
tron-releasing amino group (–NH2) from 2-amino-3-hydroxyace-
tophenone (AHA) of the aglycon in AAP-b-Glu (3) is predicted to
give rise to a blue shift of the characteristic absorption band from
the UV-A range to the UV-B range. For comparison, m-acetylphe-
nyl-b-D-glucopyranosides (6: AP-b-Glu) and m-acetylphenyl-a-D-
mannopyranoside (7: AP-a-Man) were also synthesized. The
spectroscopic properties such as the UV–vis absorption and fluo-
rescence spectra were probed for the glycosides 5–7. Moreover,
their antioxidant activities were evaluated by monitoring the
increments of the absorbances at 550 nm responsible for the
photogeneration of superoxide anion radical (O��2 ) using the cyto-
chrome-c reduction assay9 (see the Supplementary Data for de-
tails). The effects of the sugar species and anomer on the
physicochemical properties of the glycosides will be discussed
below.
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The AP-b-Man 5 was synthesized by the Mitsunobu reaction10


as a key reaction by a two-step procedure without resorting to
chromatographic purification (Scheme 1).11 First, D-mannose (8)
was converted to crystalline 2,3;4,6-di-O-cyclohexylidene-a-D-
mannopyranose (9) by reaction with 1-ethoxycyclohexene. The
protected mannose 9 was glycosylated with m-hydroxyacetophe-
none (10) under the Mitsunobu conditions to produce mannopy-
ranoside 11, which was hydrolyzed with acetic acid to give AP-b-
Man (5) in 56% yield.12


The glucosides 6 were prepared by Koenigs–Knorr glycosylation
(Scheme 2).13


D-Glucose (12) was converted to 2,3,4,6-tetra-O-
acetyl-a-D-glucopyranosyl bromide (13) in high yield, which was
then glycosylated with m-hydroxyacetophenone (10) by the Koe-
nigs–Knorr glycosylation to produce b-glycoside 14 (29%). Depro-
tection of the acetyl groups of 14 with sodium methoxide gave
AP-b-Glu (6) (60%).14


The a-mannopyranoside 7 was prepared by the Helferich reac-
tion15 as a key reaction (Scheme 3).16 Treatment of D-mannose (8)
with acetic anhydride in the presence of pyridine gave the penta-
acetate 15 in high yield.17 The pentaacetate 15 was reacted with
10 upon heating in the presence of ZnCl2 to give a-glycosylated
mannose 16 in 41% yield. Deprotection of 16 under basic condi-
tions produced AP-a-Man (7) in 30% yield.18


Figure 1 shows the UV–vis absorption spectra of HA (10), AP-b-
Man (5), AP-b-Glu (6), and AP-a-Man (7), which were measured
with a JASCO V-570 spectrophotometer. All the samples including
the aglycon HA (10) gave absorption spectra with three peaks at
around 210, 250, and 300 nm in the UV-B region. Compared with
the spectral feature of HA, the glycosides 5–7 exhibited blue shifts
for each of the peaks, accompanied by a slight hypochromic effect
for the band near 300 nm and bathochromic effects for the bands
near 210 and 250 nm. Each of the glycosides 5–7 has a moderate
UV-B absorbance with molar extinction coefficients
e300 � 2000 M�1 cm�1 at 300 nm, regardless of the sugar species
and anomer. The e300 values of all the samples are summarized
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Scheme 1. Reagents and conditions: (a) 1-ethoxycyclohexene, p-TsOH (cat.), DMF
44%; (b) m-hydroxyacetophenone (10), DEAD, TPP, toluene; (c) AcOH, H2O 56% in
two steps.

in Table 1, including the antioxidation efficiencies (AO). It should
be noted that the e360 value of the AAP-b-Glu (3) at 360 nm in
the UV-A region is ca. 3400 M�1 cm�1.4 Typical excitation (Ex)
and fluorescence spectra (Em) of AP-b-Man (5) in aqueous solution
are shown in Figure 2, where the emission wavelength for the for-
mer and excitation wavelength for the latter were kem = 400 nm
and kex = 320 nm, respectively. Likewise, the other glycosides, AP-
b-Glu (6) and AP-a-Man (7) besides HA (10) exhibited similar Ex
and Em spectra to those of AP-b-Man (5). The Ex spectra showed
peaks at around 275 and 325 nm, whereas the Em spectra showed
a peak at around 400 nm, regardless of the sugar species and
anomer.


Table 1 shows the AO values estimated by the following for-
mula (Eq. 1) from the cytochrome-c reduction assay9:


AOð%Þ ¼ 1� DA550


DAo
550


� �
� 100; ð1Þ


where DAo
550 and DA550 refer to the increments in the absorbances at


550 nm over the reaction time of 1 h for aglycon HA (10) and each
of the glycosides 5–7. All of the glycosides 5–7 show antioxidant
activities, in particular, the AO value of AP-b-Man (5) is the largest.


It should be noted that the synthesized glycoside 5 has also effi-
cient antioxidant activity for singlet oxygen generated in the photo
reaction (based on the squaleneperoxide assay, see the Supple-
mentary Data for details).


In conclusion, new UV-B absorbent glycosides 5–7 with efficient
antioxidant activity were synthesized. The results show that AP-b-
Man (5) is expected to serve as a potential UV-B absorbent in sun-
screen for cosmetics.19


Supplementary data


Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2008.05.006.
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Figure 1. Absorption spectra of glycosides (5, a; 6, b; 7, c) in solid line and aglycon
HA (10) in a dashed line. Insets: magnification of UV-B region of spectra.


Table 1
Molar extinction coefficients e300 at 300 nm and degree of antioxidant activity (AO)
for HA (10) and the glycosides 5–7


Compound e300 (M�1 cm�1) AO (%)


HA (10) 1870 0.0
AP-b-Man (5) 1946 71.5
AP-b-Glu (6) 1982 51.7
AP-a-Man (7) 1976 66.9
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Figure 2. Excitation (solid line) and emission (dashed line) spectra of AP-b-Man (5).
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We have demonstrated that the dynamics of nucleic acid hybridization in microarrays depend on the
physical structure of immobilized probes. We have immobilized oligonucleotide-30-phosphates with
and without stem–loop structure on epoxylated glass surface, followed by hybridization under different
conditions, viz., hybridization buffer, pH condition, temperature and ionic strength. In a comparative
study, we have established that array constructed using probes with stem–loop structure displayed
�2.2 times higher hybridization signals than the probes without it. The stem–loop DNA array format
is simple and flexible in design and thus potentially useful in various DNA diagnostic tests.


� 2008 Elsevier Ltd. All rights reserved.

In the past decade, DNA arrays have been widely adopted in
genomics because of their ability to simultaneously examine the
expression level of thousands of genes. As a result, the scope of
applications of microarrays has broadened rapidly, from drug dis-
covery1 to classification of cancers2,3 and analysis of splice vari-
ants.4 The principle of oligonucleotide arrays is based on the
hybridization of target nucleic acids with DNA probes immobilized
on a chip surface. Essentially, the fidelity of the hybridization relies
on differences in the thermodynamic equilibrium between the
bound and the free oligomers. Two approaches have established
themselves for the fabrication of DNA arrays, viz., on-chip (in-situ)
synthesis of nucleic acids, and the attachment of pre-synthesized
oligonucleotides on the surface of choice.5 Although each one has
its own advantages, the deposition method involving the use of
pre-synthesized ODNs is the most preferred and commonly used
in DNA array fabrication.


A number of methods comprising the use of non-covalent, cova-
lent and inorganic–organic interactions have been reported for
immobilization of pre-synthesized probes, including molecular
beacons (MB) on a substrate of choice, preferably glass.6–11 The
diversity of techniques that fall under the array umbrella as well
as the diversity of uses for arrays complicates the understanding
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of the fundamental concepts that must be addressed before realiz-
ing the full potential of array technology. One approach to enhance
the sensitivity in microarrays is based on the use of molecular
beacons that resulted in fluorescence enhancement (ratio of net
fluorescence intensity of the hybrid to that of MB) by a factor of
�2–5.5.12 However, this small enhancement factor and the compli-
cated purification techniques required to prepare pure MBs have
impeded the exploration of full potential of molecular beacon
based microarrays. Another approach relies on increasing the affin-
ity of a probe (nucleic acid present on the array) for its target
through various modifications such as chemistry of attachment,
length and physical structure of the probe.13–15 In an elegant ap-
proach to enhance the sensitivity of the constructed microarrays,
Nonglaton et al.16 have reported a new method to construct oligo-
nucleotide arrays that utilizes binding of oligonucleotide probes
bearing terminal phosphate groups to zirconium phosphonated
glass microslides. Here, they observed that the use of a polygua-
nine spacer between the probe and the terminal phosphates signif-
icantly enhanced the fluorescence signal after hybridization with
the fluorescent targets. Other research groups have also investi-
gated the role of the spacer molecules and their effect on the
hybridization behaviour of immobilized oligonucleotides. How-
ever, ideal systems with maximized sensitivity and data reproduc-
ibility are still elusive.


In the studies presented here, we have examined the dynamics
of nucleic acid hybridization in microarray model system based on
the physical structure of the immobilized species. We have con-
structed oligonucleotide arrays having stem–loop probes with
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short single stranded overhangs (Scheme 1) bearing a phosphate
group at 30-terminus for immobilization on epoxylated glass sur-
face. In a comparative study, we have demonstrated that array con-
structed by the use of probes with stem–loop structure displays
�2.2 times higher hybridization signal than the probes without
it. The stem–loop DNA array format is simple and flexible in design
and thus potentially useful in various DNA diagnostic tests.


To understand the dynamics of microarray hybridization with
respect to the structure of immobilized probes, three sets of oligo-
nucleotide probes, viz., Set I: (a) d(CGC AGT TTC TGA ACT TGT TAT
TCT TA TGA CGC)-OPO3


2�, (b) d(CGC AGT TTC TGA ACT TGT TAT TCT
TA ACT GCG)-OPO3


2�, Target: TET-d(TAA GAA TAA CAA GTT CAG
AA); Set II: (a) d(CGC AGT ATG TGC TAT CTT TCT AGT CA TGA
CGC)-OPO3


2�, (b) d(CGC AGT ATG TGC TAT CTT TCT AGT CA ACT
GCG)-OPO3


2�, Target: TET-d(TGA CTA GAA AGA TAG CAC AT); Set
III: (a) d(CGC AGT ATC TAT CGT TGC ATC CGT CT TGA CGC)-OPO3


2�,
(b) d(CGC AGT ATC TAT CGT TGC ATC CGT CT ACT GCG)-OPO3


2�,
Target: TET-d(AGA CGG ATG CAA CGA TGA AT), were synthesized
at 0.2 lmol scale on an automated DNA synthesizer using the stan-
dard phosphoramidite approach following the manufacturer’s pro-
tocol (Gene Assembler Plus Manual, Uppsala, Sweden, 1988).
Phosphorylated oligonucleotide probes were synthesized on the
commercially available long chain aminoalkyl-controlled pore
glass (LCAA-CPG).17 Immobilization of phosphorylated oligonucle-
otides on epoxylated microslide was carried out following the pro-
tocol already published from authors’ laboratory.7,8 Scan Array Lite
Scanner, GSI Lumonics, USA fitted with a Cy3 optical filter at 30 lm
resolution, operating at 80% of laser power and 80–85% of PMT
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Scheme 1. Outline of the fabricated oligonucleotide arrays using probes with and withou
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voltage, was used for visualization of the constructed oligonucleo-
tide arrays after hybridization. The fluorescence intensity of the
spots on the slides was quantified using Quant Array software
(Packard Bioscience, USA). Background as well as negative control
spot intensity (array elements non-complementary to the target
solution) was subtracted from all the values. All the experiments
were repeated at least three times. The data presented here are
the average of these repetitions and the hybridization efficiencies
were calculated from a calibration curve, constructed using a la-
belled oligomer.7


To understand the reasons for the structure-dependent hybrid-
ization reaction, we examined the signal intensity for probes with
and without stem–loop structure. Briefly, six arrays were con-
structed by immobilizing oligomer probes (a and b of Set I) in
the concentrations, for example, 0.25, 0.5, 1.0, 2.5, 5.0 and
10.0 lM on the epoxylated glass microslides under denaturing con-
ditions (0.1 M N-methylimidazole in 10% DMSO, pH 10) for 2 h at
45 �C. After being arrayed, the slides were treated with a capping
buffer (0.1 M Tris containing 50 mM ethanolamine, pH 9.0) for
15 min at 50 �C. The slides were then washed with Milli Q water
(3 � 50 ml) for 15 min each and immersed in the hot 1� SSC buffer
(pH 7.0, 55 �C) for 10 min and then at 25 �C for 2 h. Subsequently,
the slides were dried under vacuum and subjected to incubation
with 40 ll of target oligomer, TET-d(TAA GAA TAA CAA GTT CAG
AA) (40 lM), in the hybridization buffer (1� SSC, pH 7.0) at 55 �C
for 1 h and then at room temperature for 12 h.8 The slides were
then washed with 2� SSC buffer (pH 7.0, 3 � 15 min) at room tem-
perature and dried under vacuum prior to visualization under a la-
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ser scanner (Fig. 1A). The intensity of the fluorescent spots was
determined,7,8 the signals were corrected for background intensity
and then plotted as a function of the corresponding probe
concentration (Fig. 1B). The results clearly showed that initially,
with increase in probe concentration, the enhancement factor
(S.I.stem–loop/S.I.without stem–loop) increased and reached a value of
�2.2, then it gradually decreased with further increase in the con-
centration of the spotting solution and reached a steady state at
5.0 lM with enhancement factor�1.24. The observed effects might
be due to high packing of the probes on the surface, which might
hinder the probe to acquire stem–loop conformation. In principle,
the probe sequence in the loop anneals to a complementary nucleic
acid target sequence. The strong probe–target duplex overcomes
the shorter hairpin stem, leading to a conformational reorganiza-
tion. The stability of the probe–target helix forces the hairpin stem
to unwind, however, with increase in probe concentration of the
spotting solution, the repulsion between the strands of the immo-
bilized probe and target sequence (due to negative phosphate
backbone) becomes more predominant, resulting in the lowering
of the enhancement factor. Therefore, in rest of the experiments,
arrays were constructed using 1 lM concentration. Further, in or-
der to investigate the effect of hybridization temperature on the
enhancement factor, hybridization assay was repeated at different
temperatures (60 �C, 70 �C and 80 �C for 1 h and then at room tem-
perature for 12 h); however, no significant variation in the results
was obtained.


In order to demonstrate the wider applicability of the concept,
two more sets of oligonucleotide probes (II and III), varying in loop
sequence, were immobilized under identical conditions and
hybridized with their corresponding complementary fluorescent
targets. The signal enhancement factor was found to be �2.31
and �2.25 with respect to probes in sets II and III, respectively
(Fig. 1C), which implies that the enhancement factor in newly
developed stem–loop probe arrays is independent of the loop se-
quence and can be used effectively for the detection of DNA
targets.


To study the effect of various hybridization buffers on signal
intensity, several buffers were screened, viz., saline sodium citrate
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Figure 1. (A) Fluorescent maps obtained after hybridization assays of arrays constructed
probe (a) and (lane 2) probe (b) at different probe concentrations viz., (i), 0.25 lM;
representation of the signal intensities obtained after hybridization of arrays, and (C) q
hybridization with their corresponding complementary targets.

(SSC), phosphate buffer saline (PBS), 4-(2-hydroxyethyl)pipera-
zine-1-ethanesulfonic acid (HEPES) and tris(hydroxymethyl)-ami-
nomethane (Tris) (0.1 M containing 125 mM NaCl, pH 7.0) for
performing hybridization assays on arrays constructed by spotting
oligomers (a and b, Set I) on the epoxylated surface. Identical molar
concentrations of each species were arrayed (1 lM) to ensure that
the same number of binding sites would be available for the solu-
tion phase probe.


After hybridization reactions, the slides were subjected to
washings and drying, followed by scanning under a laser scanner.
The quantitative results clearly indicate that the enhancement fac-
tor increases in the order, HEPES < PBS < Tris < SSC (Fig. 2A) and the
highest fluorescence signals are consistently obtained with 1� SSC
buffer.


Further to optimize the concentration of the SSC buffer required
to obtain maximum signal intensity, hybridization assays on the
constructed arrays, as described above, were carried out in SSC buf-
fer of different ionic strength (75, 100, 125, 150 and 175 mM). Sub-
sequently, the microslides were subjected to usual washings with
the respective buffers, dried under vacuum and then visualized un-
der a laser scanner. As depicted in Figure 1B, the highest fluores-
cence was observed with the SSC buffer (125 mM, pH 7.0)
(Fig. 2B). Deviation from this concentration resulted in decreased
fluorescence intensity of the spots, which could be explained on
the basis of the concentration of metal ions in hybridization buffer.
By increasing the salt concentration, the metal ions stabilize the
duplex structure by reducing the electrostatic repulsion between
the negatively charged immobilized probe and the target. How-
ever, further increasing the salt concentration may again cause
the repulsion due to excessive positive charge on the DNA duplex,
which, in turn, may affect the hybridization.


Analogously, the effect of pH of the hybridization buffer, one
of the key factors, which can affect the performance of the ar-
rays, on signal intensity was also evaluated. To study this param-
eter, three arrays were constructed by immobilizing equimolar
concentration (1 lM) of oligomers (a and b, Set I), followed by
incubation with target oligomer in hybridization buffer (1�
SSC) having different pHs, viz., 6, 7 and 8. After hybridization as-
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Figure 2. Histograms showing the comparison of signal intensities obtained after hybridization of arrays constructed by immobilizing oligomers of Set I (A) with compl-
ementary target dissolved in different buffers, viz., HEPES, PBS, TRIS, SSC, (B) with target dissolved in SSC buffer of different ionic strength, and (C) with target dissolved in SSC
buffer (125 mM) of different pH (6–8).
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say, the processed slides were scanned under a laser scanner and
fluorescence intensity was determined. The quantitative results
depicted that optimal hybridization was achieved with the buffer
of pH 7.0 (Fig. 2C).


In conclusion, we have demonstrated that the physical struc-
ture of the immobilized probes is a key factor that determines
the extent to which probe strands are able to capture target
molecules in solution. The optimal probe concentration is 1 lM
for maximum enhancement (�2.2) after hybridization under
experimental conditions. However, it has also been observed that
with both kinds of probes, the efficiency of duplex formation de-
pends on the surface probe density and the enhancement factor
reaches a value of �1.24 at higher probe concentration. The pre-
sented array format has also been studied under different pHs
and hybridization buffers. We expect that arrays of stem–loop
oligonucleotides probes would be useful for various molecular
biology applications.
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Polyunsaturated fatty acid-derived monoglycerides were characterized from the marine brown alga Sar-
gassum sagamianum, collected from Jeju Island, Korea. A new compound of this structural class was iso-
lated and determined to be 1-octadecatetraenoyl glycerol, by combined spectroscopic methods. Based on
the structures and bioactivity of these compounds, a series of monoglycerides were synthesized using
glycerol and various fatty acids. Several compounds exhibited moderate to significant inhibition of phos-
pholipase A2 and cyclooxygenase-2.


� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. Structure of natural 1.

Marine brown algae (division Phaeophyta) produce a wide vari-
ety of secondary metabolites, including terpenoids, oxylipins,
phlorotannins, volatile hydrocarbons, and mixed biogenetic prod-
ucts.1 Several of these compounds exhibit a wide spectrum of phar-
macological activities such as cytotoxic, antimicrobial, and
antioxidant activities as well as inhibitory activity against various
enzymes. During the course of our search for anti-inflammatory
natural products from marine organisms from Korea, we encoun-
tered the brown alga Sargassum sagamianum, the crude extract of
which exhibited significant inhibitory activity (>45% at 100 lg/
mL) against cyclooxygenase-2 (COX-2).


Bioassay-guided separation of the crude extract using diverse
chromatographic methods yielded a fraction consisting primarily
of polyunsaturated fatty acid-containing monoglycerides. One
compound was successfully isolated and determined to be 1-octa-
decatetraenoyl glycerol (1, Fig. 1), a novel natural product. This
finding prompted us to design and synthesize a series of monoacyl
glycerides. Here, we report the synthesis, structural determination,
and bioactivity of fatty acid-derived monoacyl glycerides.

ll rights reserved.
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Sargassum sagamianum was collected in the intertidal zone off
of Jeju Island, South Korea, in April 2004. The specimens were
lyophilized (dry weight, 0.2 kg), macerated, and repeatedly ex-
tracted with MeOH (3� 2 L) and CH2Cl2 (2� 2 L). The combined
crude extract (10.2 g) was partitioned between 15% aqueous MeOH
and n-hexane. The aqueous MeOH layer (7.9 g) was separated by
C18 reversed-phase vacuum flash chromatography, using sequen-
tial mixtures of MeOH and H2O as eluents. The combined fractions
(270 mg), eluting with 20 and 10% aqueous MeOH, were separated
by C18 reversed-phase HPLC (YMC ODS-A column, 25% aqueous
MeCN) to yield four fractions active against COX-2 (48–96% inhibi-
tion at 12.5 lg/mL). Proton NMR analysis revealed that all of the
fractions consisted primarily of mixtures of monoglycerides bear-
ing polyunsaturated fatty acids at their side chains. Purification
of the most bioactive fraction was accomplished by reversed-phase
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HPLC (15% aqueous MeOH) to afford a single compound 1 as a col-
orless gum (8.4 mg). Compound 1 was determined to be C21H34O4


by combined HRFABMS and 13C NMR spectrometry: observed,
373.2350 (calculated for C21H34O4Na, 373.2355); UV kmax, no max-
imum; IR (KBr), 3450, 2930, 1740, and 1425 cm�1. A carbonyl, four
double bonds, and three oxygenated carbons were revealed by sig-
nals at d 175.4 (1� C), 133–128 (6� CH), and 72–64 (2� CH2 and
1� CH), respectively, in the 13C NMR spectra and corresponding
signals in the 1H NMR spectra (Table 1).


Using this information, the structure of 1 was elucidated by
combined 2-D NMR analyses. The 1H COSY correlations among
the alkoxy protons in the region d 4.14–3.53, in conjunction with
the HSQC correlations of these protons with the carbons bearing them,
revealed the presence of a glycerol moiety. Long-range correlations of
a carbonyl carbon at d 175.4 with the oxymethylene protons at d
4.14 and 4.06 indicated the attachment of the carbonyl at C-1 of
the glycerol. A combination of the 1H COSY, TOCSY, and HMBC data
showed that a linear chain of four methylenes was directly at-
tached to the carbonyl carbon. In addition, an allylic ethyl group
was placed at the terminus of the molecule by combined 1H COSY
and HMBC analyses.


The remaining portion, four double bonds and three bis-allylic
methylenes, was alternately arranged in linear mode between
the alkyl chain and allylic ethyl group, on the basis of chemical
shifts of the allylic methylenes and the lack of an absorption max-
imum in the UV spectra. Thus, the structure of 1 was determined to
be 1-octadecatetraenoyl glycerol, a monoglyceride. Although fatty
acid-bearing glycerol compounds have frequently been isolated
from nature, to our knowledge, 1-octadecyltetraenoyl glycerol is
unprecedented.


To determine the absolute stereochemistry of natural mono-
glyceride 1, we synthesized each enantiomer of 1 from optically
pure 1,2-isopropylidene glycerol 2, according to a known proce-
dure.2 Octadecatetraenoic acid (ODTA, 3) was condensed with 2
in the presence of DCC and DMAP to give 4 in high yield (Scheme
1). The ketal protecting group of 4 was successfully removed by
treatment with boric acid in 2-methoxyethanol at reflux, to give

Table 1
1H and 13C NMR assignments for compound 1a,b


Position dH dC


1 4.14, dd (11.4, 4.4) 66.5 CH2


4.06, dd (11.4, 6.3)
2 3.81, m 71.2 CH
3 3.56, dd (11.3, 5.3) 64.12 CH2


3.53, dd (11.3, 5.7)
10 175.4 C
20 2.38, t (7.8) 34.82 CH2


30 1.64, tt (7.8, 7.3) 25.6 CH2


40 1.41, p (7.3) 30.2 CH2


50 2.09, m 27.9 CH2


60 5.39, m 132.6 CH
70 5.38–5.32, m 129.0c CH
80 2.83, m 26.6d CH2


90 5.38–5.32, m 129.4c CH
100 5.38–5.32, m 129.0c CH
110 2.83, m 26.5d CH2


120 5.38–5.32, m 129.3c CH
130 5.38–5.32, m 129.2c CH
140 2.83, m 26.4d CH2


150 5.31, m 128.2 CH
160 5.38–5.32, m 132.8 CH
170 2.08, m 27.9 CH2


180 0.97, t (7.5) 14.6 CH3


a Measured in CDCl3 solution.
b Assignments were aided by a combination of 1H COSY, gHSQC, and gHMBC


experiments.
c,d Interchangeable signals.

the desired 1-monoacylglycerols 1a and 1b in 92–95% yield and
sufficient purity (>95%). The impurity was most likely 2-monoacyl-
glycerol, a 1,2-acyl-migrated isomer. In this hydrolysis process,
acids other than boric acid, including TFA and Dowex, were not
useful, because the chemical yield was low and the chromato-
graphically isolated product was contaminated with significant
amounts of unidentified impurities and an acyl-migrated isomer.
The NMR spectroscopic data for the obtained 1a and 1b were iden-
tical with those of the isolated natural form. The optical rotation of
synthetic 1a was ½a�20


D �3.1 (c 1.1, MeOH) and that of 1b was ½a�20
D


+3.7 (c 0.93, MeOH). Although the optical rotation values of natural
1 f½a�20


D þ 1:09 ðc 0:14; MeOHÞg and synthetic 1b were slightly dif-
ferent, it seemed plausible that the absolute stereochemistry of the
natural monoglyceride 1 was S. The two enantiomers exhibited a
very similar degree of inhibitory activity against COX-2, with 35–
36% inhibition at 50 lM. This result suggests that the stereochem-
istry of the glycerol moiety is not important for biological activity.


The other COX-2-active fractions from S. sagamianum seemed to
contain various polyunsaturated fatty acid-containing 1-monogly-
cerides. However, the isolation and identification of those com-
pounds were not easy tasks, primarily due to their instability
under chromatographic conditions and low natural abundance. In-
stead of overcoming these isolation problems, we decided to syn-
thesize various 1-monoacylglycerols with fatty acids of different
chain lengths and unsaturation to find out which fatty acid resi-
due(s) was more effective biologically. Thus, we prepared 11
analogues of 1 in their racemic forms, according to the above-men-
tioned procedure. Most of the prepared monoacylglycerols have
been previously synthesized or isolated from natural sources.3


However, their biological functions have not been systematically
studied.


The prepared monoacylglycerols 5–15 were evaluated for inhib-
itory activity against COX-2 and group IIA secretory phospholipase
A2 (sPLA2-IIA). sPLA2 is a pivotal enzyme in the biosynthesis of
prostaglandins (PGs) and catalyzes the hydrolysis of glycerol-phos-
pholipids to release arachidonic acid.4 The released free arachi-
donic acid is metabolized by COX to PGH2, which is further
converted to various PGs. Several lines of evidence suggest that
the overproduction of PGs is involved in a variety of pathophysio-
logical processes, including inflammation, Alzheimer’s disease,
hypertension, heart failure, and carcinogenesis.5 Among the sPLA2


and COX members, sPLA2-IIA and COX-2, respectively, have
attracted the most interest over past decades and have been
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considered as attractive drug targets.6 COX-2 is up-regulated by
sPLA2-IIA, and the two are functionally coupled. Thus, we tested
our synthesized compounds against COX-2 and sPLA2-IIA, accord-
ing to previously described procedures.7,8


The inhibitory potencies, expressed as percentage inhibition, of
the synthesized monoacylglycerols are compared with that of natu-
ral 1 shown in Table 2. These data reveal interesting trends in the
structural features of monoacylglycerols. The presence and position
of the double bond and the chain length were found to influence the
activity. The removal of the double bonds of ODTA of 1 resulted in
diminished inhibitory activity in the COX-2 assay (5–9). For exam-

Table 2
Enzyme inhibitory activity of natural 1 and synthetic compounds


Compound
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OH
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O OH
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a Values are means of three experiments.

ple, compounds containing 0–2 double bonds, such as 5–7, were less
active than 1, and those containing three cis double bonds (8 and 9)
were associated with increased COX-2 activity. A subset of 22-car-
bon polyunsaturated fatty acid-containing derivatives (13–15),
regardless of the number of cis double bonds, exhibited appreciable
COX-2 inhibitory activities, which were considerably higher than
that of 1. On the other hand, the COX-2 inhibitory activities of com-
pounds 10–12, which have fatty acid chains of 20 carbon atoms,
were sensitive to the number of cis double bonds. Compound 12 with
five cis double bonds showed high inhibitory activity, but com-
pounds 10 and 11 produced increased COX-2 activity.

COX-2 inhibition, %a (at 50 lM) sPLA2-IIA inhibition, %a (at 10 lM)


35.6 26.1


16.5 32.8


24.7 60.6


20.5 38.1


�12.8 32.0


�6.5 38.8


�10.5 53.9


�20.5 33.6


71.9 37.4


86.8 37.9


92.9 37.4


74.2 41.7
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In the sPLA2-IIA assay, all the tested compounds exhibited
inhibitory activity similar to or higher than 1, with oleic acid-de-
rived compound 6 having the most appreciable inhibitory activity.
Compounds 5 and 7, which differ from 6 by only one cis double
bond in the fatty acid moiety, were about half as active as 6. The
polyunsaturated fatty acid-containing compounds generally exhib-
ited modest activity, regardless of the number of cis double bonds.
However, dihomo-c-linolenic acid-derived compound 10 showed
inhibitory activity against sPLA2-IIA comparable to that of 6.


These results suggest that the appropriate presentation of the
cis double bond may be important in the inhibitory activity of
monoacylglycerols against COX-2 and sPLA2-IIA. Although our re-
sults do not provide conclusive information on the structure-activ-
ity relationships, they suggest the possibility of developing potent
and well-balanced dual inhibitors of both enzymes, as well as spe-
cific inhibitors of selected PG biosynthetic enzymes. The develop-
ment of such compounds is likely to be feasible, considering that
compounds 12–15 exhibited appreciable inhibitory potency
against both COX-2 and sPLA2-IIA, whereas 10 showed inhibitory
activity against only sPLA2-IIA.


In conclusion, we isolated and determined the structure of
monoglycerides from the brown alga S. sagamianum. Based on
the COX-2 inhibitory activity of a novel compound, 1-octadeca-
tetraenoyl glycerol, we synthesized a series of monoglycerides.
Bioactivity tests revealed that several compounds of this struc-
tural class had moderate to significant inhibitory activity to-
ward COX-2 and sPLA2-IIA. It is well recognized that the
polyunsaturated fatty acids are chemically and metabolically
unstable. Therefore, the monoglycerides would not be good po-
tential lead compounds for drug development. However, the
information obtained may facilitate the design of novel inhibi-
tors of COX-2 and sPLA2-IIA.
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Inhibition of the newest isoform of the metalloenzyme carbonic anhydrase (CA, EC 4.2.1.1), CA XV, with a
series of phenols was investigated. Murine CA XV showed an inhibition profile by phenols distinct of
those of the cytosolic human isoforms CA I and II. Phenol and some of its 2-, 3-, and 4-substituted deriv-
atives incorporating hydroxy, fluoro, carboxy, and acetamido moieties were effective CA XV inhibitors,
with inhibition constants in the range of 7.20–11.30 lM, whereas compounds incorporating 4-amino-,
4-cyano, or 3-hydroxy groups were less effective (KIs of 335–434 lM). The best phenol inhibitor was
clioquinol (KI of 2.33 lM). Phenols show a different inhibition mechanism as compared to sulfonamides
and their isosteres, and may lead to the design of compounds with selectivity for inhibiting different CA
isozymes with medicinal chemistry applications.


� 2008 Elsevier Ltd. All rights reserved.
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Phenol was discovered to be a carbonic anhydrase (CA, EC
4.2.1.1) inhibitor (CAI) by Lindskog who investigated its interaction
with the predominant cytosolic, human isoform II (hCA II).1 In a
very elegant study, Christianson’s group then reported the X-ray
crystal structure for the adduct of this isozyme with phenol,2


showing the inhibitor to bind in a completely unprecedented man-
ner as compared to other classes of CAIs, such as the inorganic an-
ions or the sulfonamides and their isosteres,3–9 with the phenol OH
moiety hydrogen-bonded to the zinc-bound water/hydroxide ion
of the enzyme as well as to the NH amide of Thr199 (an amino acid
conserved in all a-CAs).3,4 Furthermore, the phenyl moiety of phe-
nol was found to lay in the hydrophobic part of the hCA II active
site, where presumably the substrate of these enzymes, CO2, also
binds in a precatalytic complex (Fig. 1), explaining thus the behav-
ior of unique CO2 competitive inhibitor of this compound.1,2 Very
recently, we investigated10 the inhibition of all active mammalian
a-CA isoforms, that is, CA I–CA XIV with phenol and two structur-
ally related derivatives (3,5-difluorophenol and the clinically used
8-hydroxyquinoline derivative clioquinol), evidencing micromolar
or submicromolar inhibition for some of these CA isozymes with
the three investigated compounds. Considering that many CAs
are targets for the drug design of ophthalmic, diuretic, anticonvul-
sant, antitumor, or antiinfective agents,3,4 inhibition with phenols
may represent a new approach to design CAIs different of the clas-

ll rights reserved.
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ran).

sical sulfonamides, sulfamates, or sulfamides. Indeed, all these
compounds, some of which are clinically used for decades,3,4 pos-
sess the SO2NH2 zinc binding group, which coordinates in deproto-
nated state to the Zn(II) ion within the CA active site.11,12 On the
contrary, as mentioned above, phenols show a different inhibition
mechanism, as they bind to the zinc-bound water and one of the

Figure 1. Schematic representation for binding of phenol to the hCA II active site as
determined by X-ray crystallography2 (figures represent distances in Å; hydrogen
bonds are represented as dashed lines).
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Table 1
Inhibition of CA isoforms I, II, and XV (of human, h; and murine, m origin) with
phenols 1–12 and acetazolamide 1317


Compound KI
# (lM)


hCA I* hCA II* mCA XV*


1 10.2a 5.5a 10.5
2 4003 9.91 10.2
3 795 7.70 385
4 10.7 0.090 10.6
5 134 870 212
6 38.8a 33.9a 11.3
7 9.92 7.12 7.20
8 9.80 10.6 9.32
9 159 752 335
10 131 0.108 434
11 10.0 6.20 9.23
12 6.6a 6.5a 2.33
13 0.25 0.012 0.072


a From Ref. 10.
* h, human; m, murine isozyme.


# Errors in the range of ±5% of the reported data from three different assays.
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gate-keeper residues (Thr199) of the enzyme, as illustrated sche-
matically in Figure 1.


Isoform XV is the last mammalian CA to be discovered in 2005
by Hilvo et al.13 who showed it to be a membrane-associated iso-
form, with an extracellular active site, similarly to CA IV. Unlike
other isozymes, CA XV appears to be a unique member of the CA
family because the gene encoding it has become a non-processed
pseudogene in humans and chimpanzees.13 However, several other
vertebrates possess an active gene coding for CA XV. Sequence
analysis revealed that at least the dog (Canis familiaris), mouse
(Mus musculus), rat (Rattus norvegicus), chicken (Gallus gallus), frog
(Xenopus tropicalis) as well as three fish species (Danio rerio, Fugu
rubripes, and Tetraodon nigroviridis) possess an active CA XV. Thus,
CA XV has been conserved throughout evolution but has become
an inactive gene quite recently in terms of the evolutionary time-
scale, being absent only in primates.13,14 Recombinant mouse CA
XV (mCA XV) was recently produced in the baculovirus expression
system in order to study its kinetic properties.14 For the physiolog-
ical, CO2 hydration reaction, mCA XV showed a kcat of 4.7 � 105 s�1,
KM of 14.2 mM, and kcat/KM of 3.3 � 107 M�1 s�1 (at pH 7.5 and
20 �C).14 The activity of mCA XV is thus comparable to those of
other extracellular human isoforms, such as CA XII and XIV.3,14


No inhibition studies of this isoform are available with any class
of CAI, except for the acetazolamide data reported by us earlier
(acetazolamide, the classical CAI par excellence, showed a KI of
72 nM against mCA XV).14 Here we report an inhibition study of
mCA XV with a series of phenols. Considering the fact that we re-
cently reported10 the phenol inhibition data with all other mam-
malian isoforms (CA I–XIV) it appeared of interest to explore the
behavior of isoform CA XV with this class of relatively uninvesti-
gated modulators of enzyme activity. We included in addition to
simple phenol 1 some of its 2-, 3- and 4-substituted derivatives
(diphenols 2–4, as well as compounds incorporating carboxy-, ami-
no-, acetamido-, and cyano- moieties), and 2,5- and 3,5-difluoro-
substituted compounds (5 and 6). Clioquinol 12, investigated for
its interactions with other isoforms earlier,10 was the only bicyclic
phenol included in our study. Some of the investigated derivatives
such as salicyclic acid 7, paracetamol 11, and clioquinol 12 are clin-
ically used drugs.15,16

Inhibition data against CA isozymes I, II, and XV with phenols 1–
12 as well as acetazolamide 13, as standard, for comparison, are
shown in Table 1.17 The hCA I and II inhibition data with these phe-
nols are also provided, in order to compare the inhibition of the new
isoform (CA XV) with those of the cytosolic, widespread members
of this family, hCA I and II.3 Most of these inhibition data are also
new, as we reported earlier the inhibition of CA I and II only with
phenols 1, 6, and 12.10 The following should be observed from data
of Table 1: (i) against isozyme hCA I phenols 2, 3, 5, 9, and 10
showed a behavior of weak inhibitors, with KIs in the range of
131–4003 lM. The remaining compounds showed a rather compact
behavior of much better inhibitors, with KIs in the range of 6.6–
10.7 lM, except for 3,5-difluorophenol 6, which was a weaker
inhibitor (KI of 38.8 lM). It is thus clear that quite minor structural
changes in the molecule of a phenol lead to drastic changes in its CA
I inhibition properties. For example, an additional ortho OH moiety,
as in pyrocatechol 2, leads to a dramatic loss of inhibitory power as
compared to phenol 1 (2 is 392.4 times less inhibitory than 1).
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When the additional phenolic moiety is placed in the meta-position,
as in resorcinol 3, the loss of activity is only of 77.9 times as com-
pared to 1, whereas hydroquinone 4 with the second OH moiety
in para has basically the same activity as phenol 1. Although
another ortho-substituted compound (i.e., 5) showed a weak CA I
inhibitory activity, salicyclic acid 7 was equipotent to phenol 1 or
to its para-substituted isomer 8. However, a p-amino group, as in
9, leads to a 14.8 times weaker inhibitor as compared to the corre-
sponding p-hydroxy substituted compound 4. On the other hand its
acetylation, as in paracetamol 11, restored activity, leading to an
effective CA I inhibitor. Indeed, this drug possesses equivalent
potency as CA I inhibitor with phenol 1 or hydroquinone 4. How-
ever, the 4-cyano-substituted derivative 10 was again a less effec-
tive CA I inhibitor. The best CA I inhibitor in this series of
compounds was clioquinol 12 (KI of 6.6 lM), anyhow weaker than
acetazolamide 13, which showed an inhibition constant of
0.25 lM. It is thus clear that this new class of CAIs, the phenols,
shows a rather complicated structure–activity relationship (SAR),
with even small structural changes leading to a great variation in
the biological activity; (ii) weak inhibitory activity against the ubiq-
uitous, clinically relevant isoform hCA II was observed with phenols
5 and 9 (KIs of 752–870 lM), whereas the other difluorosubstituted
compound, 6, was a medium potency inhibitor (KI of 33.9 lM). Most
of the investigated phenols (i.e., 1–3, 7, 8, 11, and 12) were efficient,
micromolar CA II inhibitors, with inhibition constants in the range
of 5.5–10.6 lM, but two compounds, hydroquinone 4 and 4-cyano-
phenol 10, showed much better inhibitory activity, with KIs in the
range of 90–108 nM (Table 1). Acetazolamide 13 remains the best
CA II inhibitor among the investigated derivatives (KI of 12 nM),
but it was only 7.5 times more effective than hydroquinone 4, the
best phenol CA II inhibitor detected so far. Thus, a 4-substituent
of the OH or CN type on the phenyl moiety is quite effective in
inducing robust CA II inhibitory properties to the phenol class of
CAIs, an issue which is being investigated in our laboratory by
means of X-ray crystallography in order to understand the molecu-
lar features responsible for this good activity. As for the discussion
above on the inhibition of hCA I, SAR is very sensitive to minor
structural changes in the scaffold of the investigated phenols. How-
ever, the differences between the ortho- and meta-substituted
diphenols 2 and 3 are not so large as for the CA I inhibition (as com-
pared to the parent derivative 1), whereas the para-disubstituted
phenol 4 was the best CA II inhibitor, as stressed above, with a
61-fold gain in potency against hCA II over the simple derivative
1. It is also interesting to note that 4-cyanophenol 10 was quite
ineffective as a hCA I inhibitor but showed good inhibition for
hCA II, with a difference of potency of 1212 times between the
two isozymes. Correlated to the fact that 10 is also a quite weak
CA XV inhibitor (see discussion later in the text), 4-cyanophenol
can be considered a very selective, medium potency CA II inhibitor
(such an inhibition profile was not evidenced so far for any other
class of CAIs).3,4 Clioquinol 12, paracetamol 11, and salicyclic acid
7, all clinically used derivatives, showed effective, micromolar affin-
ity for this ubiquitous isoform (KIs in the range of 6.2–7.7 lM). No
literature data are available so far regarding a possible influence
of CA II binding on the pharmacology of these derivatives, but such
studies are warranted, considering the wide use of salicylates and
paracetamol as painkillers or in the management of fever16; (iii)
similarly to the cytosolic isozymes I and II, mCA XV was also inhib-
ited by all phenols 1–12 investigated here. Derivatives 3, 5, 9, and
10 showed weak binding to this enzyme, with inhibition constants
in the range of 212–434 lM, whereas the remaining compounds
were better inhibitors, with KIs in the range of 2.33–11.3 lM (Table
1). The inhibition profile of this isozyme with phenols 1–12 and the
SAR are quite distinct of those discussed above for isoforms I and II.
Thus, phenol 1 has an inhibition constant against mCA XV very sim-
ilar to that shown against hCA I, of around 10 lM. Furthermore,

pyrocatechol 2 and hydroquinone 4 showed very similar inhibitory
activities with the parent compound 1, whereas resorcinol 3 was
much less effective as a CA XV inhibitor. This is in marked contrast
with the behavior of these three diphenols against both CA I and II
(Table 1). Again the 4-amino-substituted compound 9 was among
the least effective CA XV inhibitors (as for CA I and II), whereas its
acetylation led to a much better inhibitor, 11. Compound 6 is inter-
esting as it showed good CA XV inhibitory power (KI of 11.3 lM) and
less effective binding to CA I and II (KIs in the range of 33.9–
38.8 lM). Clioquinol was the best CA XV inhibitor among the inves-
tigated phenols (as for CA I), but acetazolamide showed a KI of
72 nM, proving that the sulfonamide zinc binding group is more
effective for generating nanomolar CA XV inhibitors as compared
to the phenol OH moiety. However, the low micromolar inhibition
observed with many of the investigated simple phenols is very
promising for eventually designing compounds with a more com-
plicated scaffold, which may lead to low nanomolar CA XV inhibi-
tors. Indeed, the bicyclic clioquinol is already 4.5 times more
effective as CA XV inhibitor as compared to the simplest phenol,
compound 1.


In conclusion, we investigated the binding of some phenols to
the least investigated mammalian CA isoform, CA XV. mCA XV
has an inhibition profile by phenols distinct of those of the cyto-
solic isoforms CA I and II. Phenol and some of its 2-, 3-, and
4-substituted derivatives incorporating hydroxy, fluoro, carboxy,
and acetamido moieties were effective CA XV inhibitors, with inhi-
bition constants in the range of 7.20–11.30 lM, whereas com-
pounds incorporating 4-amino-, 4-cyano, or 3-hydroxy groups
were less effective (KIs of 335–434 lM). The best phenol inhibitor
was clioquinol (KI of 2.33 lM).
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were designed and synthesized which displayed high inhibitory efficiency on the activity of human Topo I
as well as resisted the degradation by some DNA repair enzymes.
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DNA topoisomerase I (Topo I) catalyzes topological rearrange-
ments of DNA through sequential single-stranded breakage, strand
free rotation and further rejoining of phosphodiester backbone of
DNA, which removes knots and catenanes generated by replication,
transcription and recombination inside cells.1 This nuclear enzyme
has been found to be highly abundant in fast proliferating tumor
cells than in normal tissue2 and identified as a molecular target of
some anticancer agents such as camptothecins, indolocarbazoles
and indenoisoquinolines.3 Besides these quinoline alkaloids and
other organic compounds4 that were identified as inhibitors of
human Topo I in the past, certain oligonucleotides were designed
previously in our lab that displayed high potency on the activity of
this DNA relaxing enzyme.5 However, due to their possession of mis-
matched base pairs,5 the previously designed oligonucleotide inhib-
itors could be vulnerable to the degradation by some DNA repair
enzymes. With the aim of developing oligonucleotide inhibitors that
could resist the hydrolysis by mismatch and nick-resolving DNA re-
pair enzymes, C3-spacer (-CH2-CH2-CH2-) modifications6 have been
introduced into certain oligonucleotide structures during our recent
investigations. Herein, we report that some of the newly designed
C3-spacer-containing oligonucleotides in our studies not only exhi-
bit high efficiency on the activities of human Topo I but also resist the
degradation by a certain mismatch and nick-resolving DNA repair
enzyme.

ll rights reserved.


+65 6779 1697.

Figure 1 shows a dumbbell-shaped circular oligonucleotide7


(Oligonucleotide 1) designed during our recent studies, which pos-
sesses two ‘extraordinarily thermostable hairpins’8 at both termini
of its duplex structure. It is anticipated that introduction of these
two hairpins to Oligonucleotide 1 could lead to an increase of ther-
mal stability of the dumbbell-shaped structure and prevent itself
from hydrolysis by exonucleases.8 In addition, it has been well
established in the past that during the strand scission and religa-
tion process, Topo I forms transitorily a covalent bond with the
30 end of DNA fragment and holds the 50 end of the second frag-
ment through physical interaction.9 Taking advantage of the fragile
interacting fashion between Topo I and the resultant 50 end of DNA,
a C3-spacer was introduced into the dumbbell-shaped structure
near Topo I cutting site of Oligonucleotide 1 in order to generate
an irreversible inhibition to the nuclear enzyme. It was our expec-
tation that once Topo I would bind to Oligonucleotide 1 and further
cause a strand scission at its cutting site (Fig. 2),10 the religation
reaction between the cut fragments might not readily take place.
This could happen because the presence of C3-spacer in the dumb-
bell-shaped structure might lead to a free dissociation of the corre-
sponding trinucleotide (50 GGA, see Fig. 2) from Topo I and its
complementary stretch, thus leading to chemically irreversible
damage to the enzyme.11,12 In addition, it was anticipated during
our early investigation that Oligonucleotide 1 could resist the
hydrolysis by some mismatch- and nick-resolving DNA repair en-
zymes since introduction of C3-space would not lead to any base
mismatches or open 50 and 30 ends in the dumbbell-shaped
structures.
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Figure 2. Diagrammatic illustration of anticipated inhibitory mechanisms of a C3-spacer-containing oligonucleotide (Oligonucleotide 1) on the activities of human topoi-
somerase I in our studies. When Oligonucleotide 1 is incubated with Topo I (Step 1), this nuclear enzyme is expected to bind to the oligonucleotide and subsequently form a
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irreversible damage to the enzyme.
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Oligonucleotide 1 was accordingly synthesized during our
investigations through ligation reactions of a C3-spacer-containing
linear 86-mer precursor (Oligonucleotide L) catalyzed by T4 DNA
ligase (Fig. 3b). Circularity of the backbone of the formed Oligonu-
cleotide 1 was further confirmed via hydrolysis using T7 exonucle-
ase (Fig. 4). The inhibitory effect of Oligonucleotide 1 on the
activity of human Topo I was examined through determining the
efficiency of relaxation reaction of pBR322 catalyzed by this DNA
relaxing enzyme in the presence of our newly designed dumb-
bell-shaped oligonucleotides. As shown in Figure 5, the ratio of

relaxed forms to non-relaxed forms of pBR322 decreased with
the increase of concentration of Oligonucleotide 1 (Fig. 5b) and
the obtained IC50 value for Oligonucleotide 1 was 33 nM (Fig.
7)13 under our reaction conditions. As a control experiment, the
inhibitory effect of Oligonucleotide 2 was also examined in our
studies, which possesses the same sequence as that of Oligonucleo-
tide 1 except for the absence of a C3-spacer in its duplex structure.
As shown in Figure 5c, this non-C3-spacer-containing oligonucleo-
tide displayed much low inhibitory efficiency and gave rise to an
IC50 value as high as �1.2 lM. The observed difference in inhibitory
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Figure 3. Synthesis and analysis of formation of Oligonucleotide 1. (a) Diagrammatic illustration of synthetic route toward Oligonucleotide 1 from its linear precursor
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Figure 4. Polyacrylamide gel electrophoretic confirmation of circularity of Oligo-
nucleotide 1 in its backbone. Lane 1, 32P labeled 50 phosphorylated 86-mer linear
precursor (Oligonucleotide L) alone; lane 2, 32P labeled 50 phosphorylated 86-mer
Oligonucleotide L in the presence of T7 exonuclease; lane 3, Oligonucleotide 1
alone; lane 4, Oligonucleotide 1 in the presence of T7 exonuclease.
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efficiency between Oligonucleotide 1 and Oligonucleotide 2 could
be taken as an indication that C3-spacer modification indeed plays
a crucial role in the inhibitory action on the activity of Topo I as
originally designed (Fig. 2).

To maintain the integrity of its genome and normal function-
ing, cell adopts intricate enzymatic systems for detecting and
resolving DNA damages generated by environmental factors and
normal metabolic processes.14 A number of DNA repair enzymes
such as those that recognize mismatch base pairs and nicked
sites11 have been identified in the past. One of our major inten-
tions in placing a C3-spacer into Oligonucleotide 1 is to prevent
its degradation by DNA repair proteins for taking place as neither
mismatch base pairs nor nicked sites will be generated upon
introduction of this modification. As model studies, T7 endonucle-
ase I, a DNA repair protein that removes mismatch base pairs and
nicked sites from duplex DNA sequences, was selected during our
investigations. This DNA repair protein was accordingly allowed
to react with a mismatch-containing dumbbell-shaped structure
(Oligonucleotide 3),15 which was consequently hydrolyzed into
low molecular weight fragments within 1 h (lane 4 in Fig. 6).
However, when Oligonucleotide 1 (C3-spacer-containing dumb-
bell-shaped structure) and Oligonucleotide 2 (regular dumbbell-
shaped structure without modification) were incubated with T7
endonuclease I, no degradation product was generated (lane 6
and lane 2). These observations indicate that our newly designed
C3-spacer-containing oligonucleotides could indeed resist DNA
repair protein as expected.


With the purpose of determining the correlation between posi-
tion of C3-spacers in the dumbbell-shaped structures and inhibi-
tory efficiency of human Topo I, additional oligonucleotides
containing C3-spacers at certain different locations were subse-
quently synthesized (Table 2) and examined. As shown in Table
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Figure 6. Polyacrylamide gel electrophoretic analysis of hydrolytic products of
Oligonucleotide 1, 2, and 3 generated by T7 endonuclease I. Solutions containing
50 mM NaCl, 10 mM Tris–HCl (pH 7.9), 10 mM MgCl2, 1 mM Dithiothreitol, 10 U of
T7 endonuclease I and 32P-labeled oligonucleotides (Oligonucleotide 1, 2, or 3) were
incubated at 37 �C for 1 h. The hydrolytic reaction products were further analyzed
using polyacrylamide gel electrophoresis (15%). Lane 1, 86-mer circular Oligonu-
cleotide 2 alone; lane 2, 86-mer circular Oligonucleotide 2 in the presence of T7
endonuclease I; lane 3, 86-mer circular Oligonucleotide 3 alone; lane 4, 86-mer
circular Oligonucleotide 3 in the presence of T7 endonuclease; lane 5, 86-mer cir-
cular Oligonucleotide 1 alone; lane 6, 86-mer circular Oligonucleotide 3 in the
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Figure 5. Studies of inhibitory effect of our newly designed oligonucleotides on the
activity of human Topo I. (a) Schematic illustration of human Topo I-catalyzed DNA
relaxation reaction that is inhibited by our newly designed oligonucleotides. (b)
Agarose gel electrophoretic analysis of inhibitory effect of Oligonucleotide 1 on
human Topo I. (c) Agarose gel electrophoretic analysis of inhibitory effect of Olig-
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Table 1
Inhibitory efficiency (IC50) of some C3-spacer-containing oligonucleotides on the
activity of human Topo Ia


Names of oligonucleotides IC50 (nM)


Oligonucleotide 4 (C3-spacer between G+1 to G+2) 89
Oligonucleotide 5 (C3-spacer between G+2 to A+3) 52
Oligonucleotide 1 (C3-spacer between A+3 to A+4) 33
Oligonucleotide 6 (C3-spacer between A+4 to A+5) 63
Oligonucleotide 7 (C3-spacer between A+5 to A+6) 93


a See Table 2 for detailed sequences of these oligonucleotides.
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Figure 7. Correlations between concentration of Oligonucleotide 1 and its percent
inhibition on topoisomerase I activity. Percentage of relaxation was defined as the
ratio of band density of relaxed DNA over those of relaxed DNA plus supercoiled
DNA [relaxed DNA/ (relaxed DNA + supercoil DNA)]13 while (100% � percentage of
relaxation) was taken as the percent inhibition of topoisomerase I activity by Oli-
gonucleotide 1. The DNA bands were quantified using Gel Documentation System
(G:Box HR, Syngnene, Cambridge, UK) equipped with Gene Tools Software.
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1, when a C3-spacer appeared near the Topo I-cutting site, the
inhibitory efficiencies of the corresponding oligonucleotides de-
creased progressively (IC50 of Oligonucleotide 4 = 89 nM; IC50 of
Oligonucleotide 5 = 52 nM while IC50 of Oligonucleotide
1 = 33 nM). This happened most likely because a C3-spacer, when
it occurred near the binding site of Topo I, could decrease the bind-
ing affinity of the oligonucleotides toward this nuclear enzyme. On
the other hand, when a C3-spacer emerged far off from Topo I-cut-
ting site, the corresponding oligonucleotides displayed low inhibi-
tory efficiency as well (IC50 of Oligonucleotide 6 = 63 nM; IC50 of
Oligonucleotide 7 = 93 nM) as compared to Oligonucleotide 1
(IC50 = 33 nM). These decreases of inhibitory efficiency could be
caused by that when these C3-spacers are located far away from
the Topo I-cutting site, they will be in a position close to the second
binding site of Topo I (Fig. 1), which could consequently prevent
the binding of this nuclear enzyme to the corresponding
oligonucleotides.


In conclusion, some C3-spacer-containing dumbbell-shaped oli-
gonucleotides were designed and synthesized in our lab recently,
which exhibited high inhibitory efficiency on the activity of human
Topo I (e.g., IC50 of Oligonucleotide 1 = 33 nM). Moreover, these
newly designed oligonucleotides resisted the hydrolysis by a cer-
tain mismatched base pair- and nick sites-resolving DNA repair
protein, which could consequently enhance their chance of sur-
vival in cellular environments. It is our hope that the outcomes
of the current studies could provide useful information for design-
ing new oligonucleotide-based inhibitors of human Topo I in the
future.







Table 2
Sequences and modifications of oligonucleotides prepared during our investigations
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Topo I cutting site 3' 5'


Oligonucleotide 1 (C3-spacer-containing circular oligonucleotide)


G-C-G-A-T-C-T-A-A-A-A-G-A-C-T-T-G-G-A-C3-A-A-A-A-T-T-T-T-T-*A-A-A-A-A-A-G-A-T-C-G-C
C-G-C-T-A-G-A-T-T-T-T-C-T-G-A-A-C-C-T----T-T-T-T-A-A-A-A-A--T-T-T-T-T-T-C-T-A-G-C-G


A


A


GA


A


G


  +4    +5                               +10                                 +15                             +20          -15                             -10                               -5                           -1   +1   +2  +3


Topo I cutting site


* C3-spacer is positioned  between A+3 and A+4


Oligonucleotide 2 (Circular oligonucleotide containing no C3-spacer modification)


G-C-G-A-T-C-T-A-A-A-A-G-A-C-T-T-G-G-A-A-A-A-A-T-T-T-T-T-*A-A-A-A-A-A-G-A-T-C-G-C
C-G-C-T-A-G-A-T-T-T-T-C-T-G-A-A-C-C-T-T-T-T-T-A-A-A-A-A--T-T-T-T-T-T-C-T-A-G-C-G


A


A


GA


A


G


 +4    +5                               +10                                  +15                             +20          -15                             -10                               -5                           -1   +1   +2   +3


Topo I cutting site


Oligonucleotide 3 (Mismatch-containing circular oligonucleotide)


G-C-G-A-T-C-T-A-A-A-A-G-A-C-T-T-G-G-A-C-A-A-A-T-T-T-T-T-*A-A-A-A-A-A-G-A-T-C-G-C
C-G-C-T-A-G-A-T-T-T-T-C-T-G-A-A-C-C-G-T-T-T-T-A-A-A-A-A--T-T-T-T-T-T-C-T-A-G-C-G


A


A


GA


A


G


 +4    +5                               +10                                  +15                             +20          -15                             -10                               -5                           -1   +1   +2   +3


Topo I cutting site


Oligonucleotide 4 (C3-spacer-containing circular oligonucleotide)


G-C-G-A-T-C-T-A-A-A-A-G-A-C-T-T-G-C3-G-A-A-A-A-A-T-T-T-T-T-*A-A-A-A-A-A-G-A-T-C-G-C
C-G-C-T-A-G-A-T-T-T-T-C-T-G-A-A-C----C-T-T-T-T-T-A-A-A-A-A--T-T-T-T-T-T-C-T-A-G-C-G


A


A


GA


A


G


 +4   +5                              +10                                  +15                              +20          -15                             -10                               -5                           -1   +1             +2  +3


Topo I cutting site


* C3-spacer is positioned between A+1 and A+2


Oligonucleotide 5 (C3-spacer-containing circular oligonucleotide)


G-C-G-A-T-C-T-A-A-A-A-G-A-C-T-T-G-G-C3-A-A-A-A-A-T-T-T-T-T-*A-A-A-A-A-A-G-A-T-C-G-C
C-G-C-T-A-G-A-T-T-T-T-C-T-G-A-A-C-C----T-T-T-T-T-A-A-A-A-A--T-T-T-T-T-T-C-T-A-G-C-G


A


A


GA


A


G


 +4   +5                              +10                                  +15                              +20          -15                             -10                               -5                           -1   +1   +2             +3


Topo I cutting site


* C3-spacer is positioned between A+2 and A+3


Oligonucleotide 6 (C3-spacer-containing circular oligonucleotide)


G-C-G-A-T-C-T-A-A-A-A-G-A-C-T-T-G-G-A-A-C3-A-A-A-T-T-T-T-T-*A-A-A-A-A-A-G-A-T-C-G-C
C-G-C-T-A-G-A-T-T-T-T-C-T-G-A-A-C-C-T-T----T-T-T-A-A-A-A-A--T-T-T-T-T-T-C-T-A-G-C-G


A


A


GA


A


G


 +4               +5                              +10                                  +15                             +2 0          -15                             -10                               -5                           -1   +1   +2   +3


Topo I cutting site


* C3-spacer is positioned between A+4 and A+5


Oligonucleotide 7 (C3-spacer-containing circular oligonucleotide)


G-C-G-A-T-C-T-A-A-A-A-G-A-C-T-T-G-G-A-A-A-C3-A-A-T-T-T-T-T-*A-A-A-A-A-A-G-A-T-C-G-C
C-G-C-T-A-G-A-T-T-T-T-C-T-G-A-A-C-C-T-T-T----T-T-A-A-A-A-A--T-T-T-T-T-T-C-T-A-G-C-G


A


A


GA


A


G


 +4    +5            +6                        +10                                  +15                             +20          -15                             -10                               -5                           -1   +1   +2   +3


Topo I cutting site


* C3-spacer is positioned between A+5 and A+6
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We herein report the design and synthesis of furoquinoline based novel molecules (16–36) and their
in vitro multiple targeted inhibitory potency against PI3K/Akt phosphorylation and mTOR using cell
based and cell-free kinase assay. In particular, compound 23 in addition to PI3K-mTOR inhibitory
potency, it has shown potent inhibition of hypoxia-induced accumulation of HIF-1a protein in U251-
HRE cell line. The inhibitory activities of compound 23 were confirmed by Western blot analysis, using
human non-small cell lung carcinoma H-460 cell line and glioblastoma U251 cell lines.


� 2008 Elsevier Ltd. All rights reserved.

Phosphatidylinositol-3-kinases (PI3Ks) are members of a family
of lipid kinases that regulate cellular metabolism and growth by
phosphorylation of the 3-position of phosphatidylinositol diphos-
phate (PIP2) to phosphatidylinositol triphosphate (PIP3). The PI3K
signalling pathway is negatively regulated by PTEN. Which is most
frequently mutated in human cancer, leading to amplification of
signalling and as such is a promising target for small molecule inhi-
bition, with potential therapeutic target for anti-cancer drug devel-
opment.1–5 Based on the primary structure and mechanism of
action PI3Ks are divided into two major classes viz. class I and class
II.6,7 The class I PI3Ks are further divided into class IA enzymes:
p110a, p110b and p110d which are activated by tyrosine kinase
receptors whereas the only member of class IB enzyme p110c, is
activated by G-protein-coupled receptor. The class II PI3Ks C2a,
C2b and C2c are characterized by the presence of C2 domain at
C-terminus. The recent studies with isoform-specific small-mole-
cule inhibitors helped to elucidate the distinct cellular function
of different class I isoforms (p110a, p110b, p110d and p110c). It
has been reported that inhibition of p110a is essential to affect
growth suppression in malignant cell lines.8 The other class I iso-
forms have their therapeutic potential in other disease areas viz.
inflammation, autoimmune disease (p110d and p110c) and throm-
bosis (p110b).1,3,9–11


It has been reported that the inhibition of multiple target in the
PI3K/Akt pathway (PI3K/Akt, mTOR, HIF-1a, VEGF) may lead to
greater therapeutic potential.12,13 Akt, which is also named as pro-
tein kinase B (PKB), is an important downstream effector of growth

ll rights reserved.


: +91 22 30818334.
mar).

factor signalling cascade that generate proliferative and antiapo-
ptotic responses. The PI3K/Akt-mTOR pathway is also responsible
for the regulation of hypoxia-inducible factor-1. HIF-1 is a hetero-
dimer consisting of a and b subunit. The HIF-1a subunit is de-
graded rapidly in normoxic conditions and stabilized under
hypoxic conditions, while HIF-1b is constitutively expressed. In
general, the availability and activity of HIF-1a protein determine
the bioactivity of HIF-1.14 HIF-1a is master regulator of transcrip-
tional response to oxygen deficiency. It is upregulated in response
to hypoxia and growth factor stimuli. In addition to HIF-1’s associ-
ation in tumour progression, HIF-1 has been implicated in the reg-
ulation of genes involved in angiogenesis, for example, vascular
endothelial growth factor (VEGF), inducible nitric oxide synthase
and anaerobic metabolism (glycolytic enzymes).15 Overexpression
of HIF-1a has been demonstrated in many common human cancers
such as pancreatic carcinoma, lung carcinoma, colorectal carci-
noma and glioblastoma, to name a few.16 Moreover, a link with
HIF-1 signalling pathway has been suggested from the studies with
various cell types.17,18 Recently, several inhibitors have been iden-
tified to inhibit PI3K including wortmannin and Ly-294002.19,20


The example of HIF-1a inhibitors includes YC-1, PX-478 and topo-
tecan.21–23


As a part of our ongoing research in the identification of novel
multiple target inhibitors for anti-cancer drug development, we
herein report the design, synthesis and therapeutic evaluation of
natural product based molecules, which can significantly inhibit
multiple targets of same pathway (PI3K-Akt-mTOR-HIF) in order
to enhance the potency towards various cancer cell types relative
to drugs that address only a single target of the particular pathway.
The role of PI3K/Akt, mTOR and HIF-1a is well known in inflamma-
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Table 1
In vitro inhibition of PI3K/Akt-mTOR activity in cell-based assay for compounds 16–
36a


N O


R
x


y
n


Compound x y n R PI3Kb mTOR.b


16 O O 1


O


NO2
NI 47


17 O O 1


S


NO2
NI 44


18 O O 1


O


N
NI 51


19 H OCH3 0


O


N
67 NI


20 OCH3 OCH3 0


O
N 43 NI


21 O O 1


O


F
45 NI


22 O O 1


O


CN
58 NI


23 H OCH3 0


S


NO2
48 49


24 H OCH3 0
O NO2


43 NI


25 H OCH3 0
N


N
64 NI


26 O O 1
N


N
NO2 57 NI


27 OCH3 OCH3 0
N


N
64 NI


28 OCH3 OCH3 0
N


N
NO2 58 NI


29 H OCH3 0
N


N O 58 NI


30 O O 1
N


N
40 45


31 H OCH3 0 N
H


COCH3
NI 53


32 OCH3 OCH3 0


S


NO2
NI NI


33 H OCH3 0


S


Br
NI NI


Table 1 (continued)


Compound x y n R PI3Kb mTOR.b


34 H OCH3 0


S


CN
NI NI


35 H OCH3 0


S


COOH
NI NI


36 H OCH3 0
S


NO2


O


NI NI


Ly-294002 40 45


a Values are means of three experiments.
b % Inhibition at 10 lM in H460 cell line. Ly-294002 was evaluated at 30 lM to get


significant inhibition; NI, No inhibition observed up to 30 lM.
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tion and cancer. Based on the various isoforms of the PI3K (p110 a,
b, c and d) and their homology, we thought to take advantage of
this information and selected an anti-inflammatory natural prod-
uct, which on suitable modification could yield novel molecules
with anti-cancer properties. A sizable number of natural products
are known in the literature with potent anti-inflammatory activity.
One of them being Evolitrine, an alkaloid, which has been isolated
from several plants sources and has been reported for its antifee-
dant, anti-inflammatory and anti-cancer activity.24,25 Though it
shows significant anti-inflammatory property its anti-cancer prop-
erties have a lot of scope for improvement. Thus we wanted to
make modifications on Evolitrine and enhance its anti-cancer
properties targeting the PI3K/Akt-mTOR/HIF-1a pathway.


The compounds (16–36) described in this Letter (Table 1) are
prepared as outlined in Scheme 1.25 In brief, the condensation of
suitably substituted anilines with diethylmalonate was carried
out by treating sodium diethylmalonate salt with chloroacetyl
chloride to get compounds 1–3, which on thermal cyclization in di-
phenyl ether yielded corresponding substituted dihydrofuran
quinoline dione (4–6). Compounds 4–6 on treatment with Aliquat
336 and POCl3 yielded substituted 4-chlorofuro-quinoline-3-one
(7–9), which on subsequent reduction with NaBH4 yielded 3-hy-
droxy compounds 10–12. The 3-hydroxy compound on dehydra-
tion with KHSO4 yielded substituted 4-chlorofuroquinoline 13–15
in quantitative yield. The target compounds 16–36 (Table 1) were
prepared by treating substituted 4-chlorofuroquinoline 13–15
with a variety of substituted phenols/thiophenols/amines/N-het-
erocycles using NaH in DMF at 150 �C for 10–15 h in 30–70% yields.


The in vitro inhibitory potency of all newly synthesized target
molecules 16–36 are evaluated against the phosphorylation of
Akt at Ser 473, which is an universally accepted read-out of PI3K
activity and phosphorylation of p70S6 kinase at Thr 389 which is
a bonafide read-out of mTOR activity by using human non-small
cell lung cancer H-460 cells as per previously described assay pro-
tocol.26 We found several compounds which inhibited either PI3K
(19–30) or mTOR (16–18, 23, 30–31) or both PI3K and mTOR (23,
30) activities (Table 1). All the compounds (16–36) were tested
at 10 lM concentration in PI3K and mTOR assay and inhibitory
activity has been reported in % inhibition. Ly-294002 was used as
a standard PI3K and mTOR inhibitor in all the experiments, which
shows 40% inhibition in PI3K and 45% inhibition in mTOR assay at
30 lM concentration (Table 1).


We have synthesized a series of molecules by keeping furoquin-
oline backbone constant and doing the modification particularly at
positions 4, 6 and 7 of furoquinoline ring. The positions 6 and 7
have been explored by using 7-methoxy or 6,7-dimethoxy or 6,7-
methylenedioxo groups. The modification at positions 6 and 7 re-







N
H O


OC2H5O
O


N
H


O


O O


N O


Cl O
x


y
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N O


Cl OH
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y N O


Cl
x


y N O


R
x


y
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d f


(16-36)


a b
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(1-3) (4-6) (7-9)


(10-12) (13-15)


1, 4, 7, 10, 13: x = H, y = -OCH3, n = 0; 2, 5, 8, 11, 14:  x = y = -OCH3, n = 0; 3, 6, 9, 12, 15:  x = y = -O-, n = 1
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n n n


n n n
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Scheme 1. Reagent and conditions: (a) NaH, chloroacetyl chloride, TEA, diethyl malonate, THF, 24 h, 45–65%; (b) diphenyl ether, 250 �C, 30 min, 70–80%; (c) Aliquat 336,
POCl3, rt, 48 h, 65–70%; (d) NaBH4, MeOH, 1 h, 90–92%; (e) KHSO4, dioxane, reflux, 2–3 h, 65–75%; (f) substituted phenol/thiophenol/amine/N-heterocyles, NaH, DMF, 150 �C,
10–15 h, 30–70%.


Figure 1. (a) H460 cells were either left untreated (lane 1), or were treated with 20
% FCS (lane 2) in the presence of 3 lM compound 23 (lane 3) or 10 lM compound 23
(lane 4). (b) U251-HRE-Luc cells were either left untreated (lane 1), or were treated
for 6 h with DFX (lane 2), in the presence of 0.5 lM Topotecan (lane 3) or 10 lM
compound 23 (lane 4).
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veal that 7-methoxy was more suitable modification for getting an
active entity. We explored position 4 by substituting with variety
of R groups (Table 1) viz. phenoxy, thiophenoxy, N-phenyl, pyri-
doxy, imidazo, piperazine, etc. While evaluating the activity in
PI3K and mTOR several molecules (19–30) were found active in
PI3k assay. Upon screening this subset of molecules for PI3K and
mTOR dual activity only two molecules (23 and 30) exhibited sig-
nificant activity. Then these two molecules were subjected for HIF-
1a assay and compound 23 was found active thus demonstrating
multiple target inhibitor profile. To perform a SAR on compound
23 the para nitro group was substituted with a electron donating
group like amine (data not shown), electronically neutral group
(halogen) but neither of these molecules exhibited any significant
activity. Thus other EWG (34, 35, and 36) were tried at this position
but as shown in Table 1 none of them demonstrate any activity.
Compound 23 turns out to be the most active multi targeted
(PI3K/Akt-mTOR-HIF-1a) inhibitor of this furoquinoline series.
Upon screening Evolitrine for similar assay it exhibited no activity
in PI3K, mTOR or HIF-1a up to 30 lM concentration.


To address question whether the inhibition of Akt phosphoryla-
tion was a result of targeting the PI3 kinase inhibition or due to di-
rect inhibition of Akt phosphorylation, we performed cell-free
kinase assay with PI3K inhibitors (19–30) using recombinant PI3Ka
(p110a). The read-out of this assay was the formation of PI3P
(phosphatidylinositol-3-phosphate) from PI (phosphatidylinositol)
in presence of PI3Ka as per published procedure.8 Surprisingly, we
found that only compound 23 showed significant inhibition in PI3
kinase (p110a) assay with IC50 4 lM (data not shown). The com-
pounds, which inhibited Akt phosphorylation in cell-based assay,
but showed no inhibition of PI3 kinase activity, might be directly
inhibiting Akt without affecting the PI3 kinase (p110a). The PI3K-
mTOR inhibitory potency of compound 23 was further confirmed
by Western blot analysis using H-460 cell line for phosphorylation
of Akt (PI3K) and 4E-BP1 (mTOR) at concentrations of 3 and 10 lM.
We observed a concentration dependent inhibition of phosphory-
lation of PI3K and mTOR targets (Fig. 1a). The dual (PI3K and
mTOR) inhibitory potency of compound 23 encouraged us to see
the effect of these inhibitors in downstream signalling pathway.


For the same we decided to evaluate the inhibitory potency of
the target molecules 16–36 against hypoxia-induced HIF-1 activa-
tion in U251-HRE glioblastoma cell line. The inhibitory potencies of
HIF-1 activation were obtained using a HRE mediated cell based re-
porter gene assay under hypoxic conditions (1% O2, 94% N2 and 5%
CO2) as well as DFX induced hypoxic condition similar to published
protocol.15 In this assay out of all reported compounds 16–36, only
compound 23 has showed significant inhibition of hypoxia-in-
duced HIF-1 activation, with IC50 3 lM (data not shown). YC-1 a
known HIF-1 inhibitor used as standard (IC50 14.8 lM).

To confirm the HIF-1 inhibitory activity, compound 23 was
evaluated by Western blot analysis for the expression of HIF-1a
protein in U251-HRE cell line (Fig. 1b).


These results suggest that compound 30 is a dual inhibitor of
PI3K and mTOR activities, and compound 23 is a multiple inhibitor
of PI3K, mTOR and HIF-1a. However, further studies will unravel
the mechanism of action of these inhibitors in the context of
PI3K isoforms (p110a, p110b, p110c, p110d) as well as antiprolifer-
ative and in vivo efficacy.


In conclusion, we have designed and synthesized variety of
furoquinoline based compounds. The primary screening shows
that 7-methoxy-4-(4-nitrophenylthio)furo[2,3-b]quinoline (23) is
a multi-target inhibitor of PI3K/Akt-mTOR-HIF-1a and identified
as most potent inhibitor in this series. Further investigations are
warranted to establish more detailed mechanism of these
molecules.
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Hamon).

A series of N-hydroxy-N -phenylthiourea and N-hydroxy-N -phenylurea analogues were prepared and
evaluated as inhibitors of tyrosinase and melanin formation. The most active analogue 1 inhibited mush-
room tyrosinase with an IC50 of around 0.29 lM and also retained a substantial potency in cell culture by
reducing pigment synthesis by 78%. Therefore, compound 1 could be considered as a promising candidate
for preclinical drug development for skin hyperpigmentation application.


� 2008 Elsevier Ltd. All rights reserved.
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Mammals skin pigmentation results from the production of
melanin by melanocytes and its accumulation in the epidermis.
Melanin synthesis or melanogenesis is a complex pathway involv-
ing enzymatic and chemical reactions, which are restricted to mel-
anosomes, melanocyte-specific organelles containing all
components required to synthesise pigment. Among enzymes in-
volved in melanin biosynthesis tyrosinase, a copper-containing,
membrane-bound glycoprotein is the most critical and rate-limit-
ing enzyme that catalyzes the first two steps in the biosynthetic
pathway: hydroxylation of tyrosine to L-dihydroxyphenylalanine
(L-DOPA) and oxidation of L-DOPA to dopaquinone.


Increased production and accumulation of melanin characterize
a large number of dermatological disorders, which include ac-
quired hyperpigmentation, such as melasma, freckles, postinflam-
matory melanoderma, and solar lentigo.1,2 Many tyrosinase
inhibitors find application in cosmetics and pharmaceutical prod-
ucts as a way of preventing overproduction of melanin in epider-
mis. Hydroquinone is one of the most potent whitening agents
first discovered,3,4 but since its introduction some adverse effects
have been recognized. In recent years various tyrosinase inhibitors
have been reported such as azelaic acid,5 ascorbic acid derivatives,6


arbutin,7 kojic acid,8 hydroxystilbene compounds like resvera-
trol,9–11 and methyl ester of gentisic acid.12 Most of the tyrosinase
inhibitors are phenol/catechol derivatives, structurally similar to
tyrosine or L-DOPA, which act as suicide substrates of tyrosinase.13

ll rights reserved.


: +33(0)134805576.
ly-spindler.fr (V. Le Mellay-

N-Phenylthiourea (PTU, Fig. 1) was shown to inhibit catechol oxi-
dase enzyme that belongs with tyrosinase to the type-3 copper
proteins group. The sulfur atom of the PTU binds to both copper
ions in the active site of catechol oxidase and blocks enzyme activ-
ity.14,15 Besides, our interest for chelators agents led us to study the
hydroxamic acid group. Hydroxamate molecules, one of the major
classes of naturally occurring metal complexing agents, have been
thoroughly studied as ligands for different metal ions as Fe(III),
Zn(II), and Cu(II).16,17 The chelation involves the oxygen belonging
to the carbonyl moiety and the NHOH groups. Numerous papers

N-hydroxyureaHydroxamic acid (R = alkyl, Bn)


Figure 1. Chemical structures of N-phenylurea, N-phenylthiourea, hydroxamic
acid, and hydroxyurea.
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showed that N-hydroxyurea (–NHC(O)NHOH) function seems par-
ticularly suited as hydroxamate alternative in metal-chelating abil-
ity since it incorporates the C(O)–NHOH group that is necessary to
establish the same ideal type of metal chelation. N-Hydroxyurea it-
self, used as antineoplastic drug since 1960s,18 is known to form a
complex with Fe(III) and Cu(II) metal ions.19


In the present report, using PTU as starting point, we designed
and synthesized new compounds where the primary amino group
of PTU was replaced by hydroxylamino derivatives and the sulfur
atom was conserved or replaced by an oxygen atom to increase
Cu2+-chelating properties of the resulting compounds, thereby
generating N-hydroxy-N0-phenylthiourea and N-hydroxy-N0-phe-
nylurea derivatives (1–22, Tables 1–3). These compounds were
evaluated on tyrosinase activity in vitro and on melanin produc-
tion by cultured melanocytes.


The detailed chemistry of compounds has been previously de-
scribed by our group in a patent.20 Briefly, and according to Scheme

Table 1
Structures (1, 13–18, 22), tyrosinase, and melanin-formation inhibition


Compound Substituent Tyrosinase
inhibition


Melanin
production


N


O


N
R


R'R''
R R0 R00 IC50 (lM) % Inhibition


at 100 lMa


1 OH H H 0.29 78 ± 2.12
13 OMe H H >1000 ni
14 OH Me H >1000 ni
15 OH H Me 16 nd
16 OH Me Me >1000 nd
17 OMe H Me >1000 nd
18 OH Ac H 170 nd
22 OTBDMSi H H 70 ni


N-Phenylthiourea 1.8 58 ± 0.77
N-Phenylurea >1000 ni
Kojic acid 75 54.3 ± 1.09b


Hydroquinone 37 —
Arbutin — 43.8 ± 0.15


a Results are represented as inhibition %, means ± SE of three independent tests.
b Kojic acid was tested at 1 mM; ni, no inhibition; nd, not done.


Table 2
Structures (1–12), tyrosinase and melanin-formation inhibition


Compound Substituent


H
N


O


N
OH


R2


R4


R'


R0 R4


1 H H
2 H OH
3 H OMe
4 H OMe
5 H OBu
6 H OBn
7 H NO2


8 Me NO2


9 H NHCONHOH
10 H CF3


11 H Br
12 Me Br


N-Phenylthiourea, N-phenylurea, kojic acid, hydroquinone, arbutin


a Results are represented as inhibition %, means ± SE of three independent tests; ni, n

1, a number of commercially available phenylisocyanate or phenyl-
isothiocyanate were treated with different N-hydroxylamine
derivatives in the presence of dimethylformamide, and triethyl-
amine affording N-hydroxy-N0-phenylthiourea and N-hydroxy-
N0-phenylurea derivatives (1–14; 18–22). Compounds (15–17)
were prepared according to Scheme 2, by treating phenylcarba-
moyl chloride derivatives with N-hydroxylamine derivatives in
the presence of dimethylformamide, dichoromethane and
triethylamine.21,22


Then all these derivatives were evaluated on mushroom tyros-
inase activity and their ability to inhibit melanin formation by B16
melanoma cell line was investigated. Consistent with previous re-
ports,23,24 PTU induced a strong inhibition of the tyrosinase activity
(IC50 = 1.8 lM) in contrast to N-phenylurea which showed no inhi-
bition in our assay (Table 1). Interestingly, when the amino group
and the sulfur moieties of the PTU were replaced by N-hydroxyl-
amine and oxygen, respectively, the resulting compound 1 was
more potent to inhibit tyrosinase activity (IC50 = 0.29 lM) com-
pared to PTU. Besides, tyrosinase inhibition with compound 1
was more potent than that obtained with the reference tyrosinase
inhibitors, kojic acid and hydroquinone, for which the IC50 values
were, respectively, 75 and 37 lM.


Thus compound 1 was used as benchmark compound to synthe-
size a series of derivatives in which different substitutions were
introduced at the N-hydroxyurea moiety (–NH–CO–NHOH) while
keeping the phenyl ring unmodified (Table 1). When the terminal
NHOH group was methylated on the hydroxyl (13, 17) or on the
NH (14, 16) moiety, the tyrosinase activity was completely lost.
Methylation on N0 leads to diminished tyrosinase activity, but
when NHOH motif was conserved (15) the product had a more po-
tent inhibition (IC50 = 16 lM) than kojic acid and hydroquinone,
but lower than compounds 1 and PTU. When the hydroxyl of the
NHOH moiety was silylated with tert-butyldimethylsilyl group
the resulting compound 22 (IC50 = 70 lM) showed an inhibitory
activity comparable to kojic acid. Acetylation of the R0 position
(compound 18) had a low inhibitory activity (IC50 value of
170 lM) compared to 1.


With the exception of the compound 22, our results indicate
that an unsubstituted NHOH moiety is important for inhibition of
the tyrosinase activity, suggesting that the chelating ability of
N-hydroxyurea might be important for a potent inhibition of tyros-

Tyrosinase inhibition Melanin production


R2 IC50 (lM) % Inhibition at 100 lMa


H 0.29 78 ± 2.12
H 41 19 ± 1.31
H 32 ni
OMe >1000 ni
H >1000 ni
H 6.3 ni
H 2.6 86 ± 0.44
H 770 82 ± 0.23
H 27 66 ± 1.54
H 4.3 79.3 ± 0.58
H 2.7 75.5 ± 2.30
H >1000 ni


See Table 1


o inhibition.







Table 3
Structures (19–21), tyrosinase and melanin-formation inhibition


Compound Substituent Tyrosinase inhibition Melanin production


H
N


S


H
N


R


R4


R R4 R3 IC50 (lM) % Inhibition at 100 lMa


19 OH H >1000 ni
20 OMe NO2 >1000 75.5 ± 2.93b


H
N


S


H
N


R


21 OMe Naphtyl 26 85 ± 0.30


N-Phenylthiourea, N-phenylurea, kojic acid, hydroquinone, arbutin See Table 1


a Results are represented as inhibition %, means ± SE of three independent tests.
b Compound 20 was tested at 50 lM; ni, no inhibition.
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Scheme 2. Reagents: (i) DMF, CH2Cl2, NEt3.
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X = O : 1-14, 18 22 (Tables 1, 2)
X = S : 19, 20, 21 (Table 3)
R; R' : Tables 1, 2, 3
R2; R4 :Tables 2, 3


Scheme 1. Reagents: (i) DMF, NEt3.
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inase. Besides, the non-inhibitory property of N-phenylurea re-
vealed the importance of the NHOH moiety for tyrosinase
inhibition.


In a next set of experiments, the N-hydroxyurea moiety was
kept unsubstituted, except in two cases for which R0 is a methyl
group (8, 12), and modifications were done at position C-4 of the
phenyl ring (Table 2). Noteworthy, a product with a –OH group
at C-4 position of the phenyl ring should exhibit potent tyrosinase
inhibition by acting as a competitive substrate of tyrosine.25


When a –OH (2) or –NH–CO–NHOH (9) group was attached to
the C-4 position of the phenyl ring, the resulting compounds inhib-
ited tyrosinase activity (respectively, IC50 = 41 and 27 lM), but
were less potent than compound 1. Addition of a hydrophobic
electrodonor –OMe moiety at C-4 position led to compound 3.
The latter showed a better inhibitory effect (IC50 = 32 lM) com-
pared to compound 2 that had a hydrophilic moiety at the same
position. However, addition of a –OMe moiety at both C-4 and
C-2 positions of the phenyl ring (4) prevented the ability of the
compound to inhibit tyrosinase. It seems that substitution on C-2

position of the phenyl ring (4) diminished consequently tyrosinase
activity. Similar results were observed when a –OBu group was
added to the C-4 position (5). For the latter, the increasing length
of hydrocarbon chain drastically affected tyrosinase inhibition.
Addition of –OBn, –NO2, –CF3 or Br at C-4 position of the phenyl
ring resulted in compounds 6 (IC50 = 6.3 lM), 7 (IC50 = 2.6 lM), 10
(IC50 = 4.3 lM), and 11 (IC50 = 2.7 lM), respectively, that exhibited
a potent tyrosinase inhibitory activity, but lower than that of com-
pound 1 or PTU. When R0 position was a methyl, compounds 8 and
12 lost the ability to inhibit tyrosinase activity compared to com-
pounds 7 or 11 (R0 = H). This point is coherent with results
described in Table 1, which showed that an unsubstituted NHOH
m oiety was important for tyrosinase inhibition.


Noteworthy, compounds with hydrophobic electron attractor
groups (CF3, NO2) at C-4 position showed a better efficacy than
compounds with electrodonor groups (OH, OMe, OBu), except for
compounds 6 and 11 (OBn, Br), which exhibited an inhibitory
activity comparable to that of compounds having electroattractor
group at C-4 position. Therefore, it appears that further substitu-







3610 M. Criton, V. Le Mellay-Hamon / Bioorg. Med. Chem. Lett. 18 (2008) 3607–3610

tions on the phenyl ring should be evaluated for a better under-
standing of their influence on tyrosinase activity. In conclusion,
modification of the C-4 position reduced the ability of compound
1 to inhibit the activity of tyrosinase.


In the last set of experiments, compounds were prepared,
replacing the oxygen of the N-hydroxyurea moiety by a sulfur atom
affording N-hydroxythiourea derivatives (Table 3). Replacement of
the carbonyl oxygen in compound 1 by a sulfur atom resulted in
compound 19 with no inhibitory effect against tyrosinase. Addi-
tionally, methylation of the N–OH moiety and addition of a nitro
group at the C-4 position of the phenyl ring generated compound
20 with no inhibitory potential. On the other hand, replacement
of the phenyl ring by a naphtyl and addition of a –OMe group at
R position (21) improved the inhibitory activity (IC50 = 26 lM)
against tyrosinase compared to compounds 19 and 20.


The effect of the different compounds was next evaluated on
melanin production. To this aim, B16 melanoma cell line was left
untreated or incubated with the different compounds (Table 1–
3). The results revealed that PTU strongly reduced melanin synthe-
sis (58%). In agreement with the results on tyrosinase activity,
compound 1 inhibited melanin synthesis (78%) more efficiently
than kojic acid or arbutin.


Consistently, most of the compounds that lost inhibitory po-
tential against tyrosinase did not inhibit melanin formation (4,
5, 12, 13, 14, and 19) except for compounds 8 and 20, which
did not inhibit tyrosinase activity but strongly reduced melanin
formation by 82% and 75.5%, respectively. We can hypothesize
that either these two compounds act through a pathway differ-
ent from the inhibition of tyrosinase activity to prevent melano-
genesis or these differences can arise from difference between
mushroom and murine tyrosinase amino acid sequence. On the
other hand, compounds 2, 3, 6, and 22 had an ability to inhibit
tyrosinase activity stronger than kojic acid or hydroquinone but
exhibited low (compound 2) or no inhibitory effect (compounds
3, 6, and 22) on melanin synthesis. This observation could be ex-
plained by their low membrane permeability properties. Finally,
compounds 1, 7, 8, 9, 10, 11, and 21, which were more potent
tyrosinase inhibitors than reference products, were also more
efficient, except for compound 9, in inhibiting melanin produc-
tion compared to kojic acid or arbutin. Noteworthy, the com-
pounds were all assessed for their cytotoxic potential by
measuring viability of B16 cells after incubation with the com-
pounds at different concentrations. The results indicated that
the compounds did not induce cytotoxic effects even at the high-
est concentration (100 lm) (data not shown).


It can be concluded from this whole study that NHOH moi-
ety is important for tyrosinase inhibition. Compound 1 with an
unmodified phenyl ring is the best product we have described
so far. However, further studies including electroattractor
group at C-4 position associated with electron-donating and/
or other electro-attracting groups at other positions should
be done.


Finally among the 22 compounds evaluated in this study, com-
pound 1, inhibiting mushroom tyrosinase with an IC50 of around
0.29 lM and also retaining a substantial potency in cell culture
by reducing pigment synthesis by 78%, may be a promising candi-
date for preclinical drug development for skin hyperpigmentation
application.
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Abstract—A novel a7 nAChR agonist, N-[(3R,5R)-1-azabicyclo[3.2.1]oct-3-yl]furo[2,3-c]pyridine-5-carboxamide (3a, PHA-709829),
has been identified for the potential treatment of cognitive deficits in schizophrenia. The compound shows potent and selective a7
in vitro activity, excellent brain penetration, good rat oral bioavailability and robust in vivo efficacy in a rat auditory sensory gating
model.
� 2008 Elsevier Ltd. All rights reserved.

Due in large part to the significant unmet medical need
for treating the cognitive deficits in schizophrenia,1 the
a7 nicotinic acetylcholine receptor (nAChR) has
emerged as a pharmacological target of considerable
interest in neuroscience research.2 Physiological,3 phar-
macological,4 and human genetic studies5 have strongly
established the a7 nAChR as a viable target for treating
the cognitive deficits of schizophrenia. Several a7
nAChR agonists have recently entered human clinical
trials,6 and the search for novel ligands with improved
safety profiles is desirable.


As part of an on-going a7 nAChR drug discovery pro-
gram, we have been interested in the synthesis and bio-
logical profiling of novel azabicyclic aryl amides as a7
nAChR agonists.7 Our program objective was to iden-
tify novel, potent and orally bioavailable a7 nAChR
agonists with an equal or better in vitro and in vivo pro-
file to that of PHA-543613.7b Recently, we disclosed the
synthesis of (3R,5R)-1-azabicyclo[3.2.1]octane-3-amine

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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dihydrochloride (1) and demonstrated that the corre-
sponding para-chlorophenyl benzamide 2 possesses
equal activity in the a7-5HT3 chimera assay to the po-
tent a7 nAChR agonist, PNU-282987.8 Herein we detail
the synthesis, SAR and in vivo activity of an expanded
set of amides derived from amine 1.
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Amides of type 3 were prepared in a single step by
HATU-mediated coupling of enantiomerically pure
amine 1 with various aryl carboxylic acids (Scheme
1).8 The custom aryl carboxylic acids utilized in this
study were either available from a commercial vendor
or prepared according to literature procedures.7b,c Prior
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Scheme 1. General synthetic route for the preparation of type 3


amides. Reagents and conditions: (a) HATU, i-Pr2NEt, DMF, 0�! rt,


24 h; (b) HCl, MeOH.
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SAR studies by our lab had established that there is
good modularity between the azabicyclic amine and
the aryl fragment within this class of compounds.7c


Hence, the primary interest of this study was to prepare
and profile amide 3a, which possesses the same furopyri-
dine heterocycle found in our earlier clinical candidate,
PHA-543613. However, to ensure that we did not over-
look any fortuitous benefits of amine 1, we prepared a
variety of other type 3 amides possessing aryl carboxylic
acids that showed promising in vitro activity in the cor-
responding quinuclidine series.


Newly prepared compounds, along with a7-5HT3 chi-
mera functional potency, a7 nAChR Ki and stability
in rat liver microsomes (RLM), are detailed in Table
1; PHA-543613, PNU-282987, and chlorobenzamide 2
are shown for comparative purposes. We were pleased
to see that furopyridine 3a,9 which is structurally the
most similar analog in Table 1 to that of PHA-543613,

Table 1. 3-Amino-1-azabicyclo[3.2.1]octane aryl amides


Compound Ar a7-5HT3 chimera EC50


PHA-543613 65 ± 11 (n = 11)


PNU-282987 128 ± 31 (n = 16)


2


Cl


190, 350


3a
NO


46


3b


O
81


3c
S


N
182


3d
N


S
70


3e
N N


129


3f


O


O


430


a Cell-based FLIPR assay using SH-EP1 cells expressing the a7-5HT3 chim


concentration–response relationships in triplicate; when >3 measurements
b [3H]MLA rat brain homogenate binding assay. Numbers indicate indivi


reported.
c RLM, rat liver microsomes; in vitro compound stability (Eh) is reported as t


concentration at t0.

shows very similar activity in the a7-5HT3 chimera func-
tional assay and similar affinity in the a7 binding assay.
Compound 3a also shows comparable stability in RLM
to that of PHA-543613. With the exception of benzodi-
oxane 3f, which did not meet our potency criteria in the
functional assay, all the remaining compounds in Table
1 show similar binding and functional activity to that of
PHA-543613. This was not unexpected given the potent
a7 activity displayed by these heterocycles in the corre-
sponding quinuclidine amide series.7b,c Because our pri-
mary in vivo efficacy studies were performed in rat (vide
infra), achieving reasonable stability in RLM was an
important aspect of our screening funnel. Thus, thieno-
pyridine 3d and pyrrolopyrimidine 3e were removed
from further consideration due to their low stability in
RLM.


Compounds 3a–3c were profiled in a brain delivery
assessment (BDA) screen, which measures a com-
pound’s ability to penetrate the blood–brain barrier
(BBB) (Table 2).10 The screen consists of three assays,
a mouse brain uptake assay (MBUA), a Maden Darby
Canine Kidney (MDCK) cell permeability assay and a
multidrug resistant (MDR) P-glycoprotein (Pgp) assay.
Furopyridine 3a shows excellent CNS penetration in
the BDA screen, displaying a profile very similar to
PHA-543613. Benzofuran 3b shows reasonable BBB
penetration in this model; however, the compound also
shows brain accumulation. Given the a7 nAChR’s

a (nM) a7 Ki
b (nM) In vitro RLMc Eh


9.0 ± 1.0 (n = 13) 0.56


24 ± 8 (n = 13) <0.27


18, 26 0.37


2.9, 3.9 0.51


6.2, 4.7 <0.27


21, 28 <0.27


7.0, 6.1 0.71


14, 15 0.86


29, 32 0.74


era. Numbers indicate EC50 values generated from individual 7-point


were made, mean ± SEM is reported.


dual Ki values; when >3 measurements were made, mean ± SEM is


he fraction of compound remaining after 30 min. as compared with the







Table 2. BDA for compounds 3a–3c


Compound MDCK (A > B)a


Papp · 10�6 cm/s


MBUAb brain/


plasma at 5, 60 min


Pgpc


substrate


PHA-543613 34 1.5, 1.5 No


3a 21 1.52, 1.88 No


3b 3.8 0.27, 1.15 No


3c 0.2 0.02, 0.33 Yes


a Madin Darby canine kidney cell permeability assay, apical to basel


(A > B) permeability expressed as Papp.
b MBUA, mouse brain uptake assay, brain to plasma = concentration


in brain divided by concentration in plasma following a 10 mg/kg


dose.
c Assessment based on compound’s performance in a multidrug-resis-


tant P-glycoprotein assay. Compounds possessing efflux ratios


(B > A)/(A > B) >3 were labeled as Pgp substrates.
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known desensitization profile,11 brain accumulation was
not a desirable attribute. Benzothiazole 3c shows limited
brain penetration, which is likely due to the fact that the
compound shows significant efflux in the MDR Pgp as-
say. Based on these data, 3a clearly emerged as the best
compound among this small group of related azabicyclic
amides.


Compound 3a was evaluated in a set of ligand-gated ion
channel selectivity screens, including the 5-hydroxy-
trypamine 3 (5-HT3) receptor, the predominant gangli-
onic nAChR (a3b4), the neuromuscular nAChR
(a1b1kd), and the a4b2 nAChR (Table 3). Compound
3a shows high selectivity against all these receptors
except 5-HT3, where the selectivity was ca. 100-fold.
Further work demonstrated that compound 3a is a weak
5-HT3 antagonist. This weak off-target activity was
expected to carry minimal risk based on clinical data

Table 4. ADME and pharmacokinetic data


Compound Human PPBa fu HLMc Eh HLM t1/2 (min)


PHA-543613 0.83 ± 0.041 <0.26 >120


3a Est. 0.75–0.85b <0.26 >120


a In vivo human plasma protein binding, expressed as fraction unbound (fu)
b Estimation based on similar logD and structure to PHA-543613.
c HLM, human liver microsomes; in vitro extraction ratios (Eh) are repo


concentration at t0.
d Pharmacokinetic data generated following a single 5.0 mg/kg dose (Ref. 12


Table 3. In vitro selectivity screens and hERG data


Compound Rat 5-HT3


Ki (nM)


Nicotinic selectivity data


a3b4a,b IC50 (lM) a1b1cd a,c IC50 (lM)


PHA-543613 630 >100 >100


3a 350 >100 >100


a FLIPR cell-based functional assay; numbers indicate EC50 values generate
b SH-SY5Y cells expressing a3b4.
c TE671 cells, native a1b1cd.
d Rat brain homogenate binding assay, [3H]cytosine, % block at 1 lM.
e Human muscarinic receptor in transfected CHO cells using [3H]pirenzepin


%block at 10 lM.
f In vitro effect on hERG current (IKr), HEK cells expressed as percent inhi
g IMR32 human cells, [3H]MLA.

for the potent 5-HT3 receptor antagonist Ondense-
tron.13 Compound 3a shows minimal cross reactivity
against a panel of human muscarinic receptors M1,
M2, and M3.14 Finally, the affinity of furopyridine 3a
for the human. a7 nAChR is very similar to the rat a7
nAChR, which was not unexpected given the 94% ami-
no acid sequence identity between rat and human a7
nAChR subunits.15


In vitro cardiovascular safety was assessed in a patch-
clamp hERG K+ channel assay (Table 3).16 Com-
pound 3a shows 25% inhibition of the hERG channel
at a concentration of 20 lM.17 This level of inhibition
was very encouraging as it is comparable to that ob-
served for PHA-543613 (29% at 20 lM).7b In order
to further understand the cardiovascular profile of
3a and establish a therapeutic index (TI), an in vivo
cardiovascular safety study was performed using an
acute dog ECG model. The ‘No observable adverse ef-
fects level’ or NOAEL for 3a was established at a
dose of 40 mg/kg (Cmax = 22 lM), which is fivefold
higher than the NOAEL for PHA-543613
(Cmax = 3.8 lM).


Furopyridine 3a is expected to possess low plasma pro-
tein binding (PPB) based on the measured PPB value for
PHA-543613 and its similarity in structure and logD to
that of PHA-543613 (Table 4). Compound 3a shows im-
proved stability in human liver microsomes compared to
rat. This was not unexpected given that the same trend
was seen for other azabicyclic amides, including PHA-
543613; however, the data do suggest that RLM is
potentially underestimating compound stability in hu-
mans for this class of compounds.

Rat in vivo pharmacokinetic propertiesd


CL (ml/min/kg) Half-life (min) Vss (L/kg) %F


33 ± 5 36 ± 6.0 1.8 ± 0.2 65 ± 23


72 ± 25 48 ± 0.0 2.4 ± 0.3 40 ± 16


, determined at a drug concentration of 0.100 lg/mL.


rted as the fraction of compound remaining as compared with the


) in Sprague–Dawley rats.


Human M1,


M2, M3e % inhib


hERGf %


inhib


Human a7


Ki
g (nM)


a4b2d % inhib


13 16, 23, 33 29 7


<1 16, 25, 15 25 9


d from individual 7-point concentration–response relationships.


e (M1), [3H]AF-DX 384 (M2) or [3H]DAMP (M3) as a radio ligand,


bition at a concentration of 20 lM.







Figure 1. Effect of compound 3a (PHA-709829) (0.01–1.0 mg/kg) on


the auditory gating deficit in amphetamine treated rats.22,19 Auditory


gating was measured as the ratio of ‘conditioning’ and ‘test’ field


potentials (EEG) evoked by paired auditory tones delivered at 0.5 Hz.


Subsequent to disrupting the normal auditory gating with amphet-


amine (1 mg/kg, iv), PHA-709829 (sc) was administered and gating was


monitored for 30 min. Results are expressed as a % Reversal of the


amphetamine-induced deficit.


Figure 2. Chronic dosing studies of PHA-709829: Vehicle (0.9% saline,


sc, n = 8) or PHA-709829 (1 mg/kg, sc, n = 8) administered twice daily


for 6 days. PHA-709829 (1 mg/kg, sc) was tested for the ability to


reverse the amphetamine-induced gating deficit on the seventh day.


3614 B. A. Acker et al. / Bioorg. Med. Chem. Lett. 18 (2008) 3611–3615

The pharmacokinetics of compound 3a were determined
in rat following a single oral dose administration of the
compound (Table 4). The clearance (CL) of compound
3a is higher than that of PHA-543613, which was not
predicted by the RLM stability assay. However, com-
pound 3a has a longer half-life than PHA-543613, which
is attributed to the compound’s higher volume of distri-
bution. Also, the higher in vivo rat clearance of 3a was
less concerning based on its high in vitro stability in
HLM. The bioavailability for 3a was somewhat lower
than for PHA-543613 but still within an acceptable
range.


The in vivo pharmacological activity of compound 3a
(PHA-709829) was tested in a rat model of impaired
auditory gating.18 It has been shown previously that
amphetamine-induced auditory gating deficit in rats is
restored by nicotine, and partial or full a7 nAChR ago-
nists, including PNU-282987 and PHA-543,613.18,19,7b


In the present study, a dose-dependent, significant rever-
sal of amphetamine-induced gating deficit by PHA-
709829 (0.01–1.0 mg/kg, sc, n = 6–9)12 was demon-
strated (Fig. 1). The minimum effective dose was
0.1 mg/kg (sc, n = 9), which resulted in a 60 ± 4.3 nM,
and a 47 ± 4 nM plasma and brain exposure, respec-
tively, determined at 37 ± 3 min after drug administra-
tion. The minimum effective dose for PHA-543613 in
the same assay was 0.24 mg/kg (IV, n = 6),20 which re-
sulted in a plasma concentration of 130 ± 38 nM at
30 min. Thus, PHA-709829 is twofold more potent in
this assay than PHA-543613, which is consistent with
the lower rat Ki of PHA-709829 (3.4 nM) versus PHA-
543613 (9.0 nM).21 The highest tested effective dose,
1 mg/kg (sc, n = 7) for PHA-709829 resulted in signifi-
cantly higher brain (1200 ± 300 nM) and plasma
(1100 ± 110 nM) exposures, while the highest ineffective
dose (0.01 mg/kg, sc, n = 6) reached only low exposures

both in brain (5.3 ± 0.3 nM) and in plasma
(12 ± 3.6 nM). Brain/plasma ratios varied from
0.81 ± 0.09 to 2.7 ± 0.51 in these auditory gating
in vivo electrophysiological experiments.


The ability of PHA-709829 to reverse amphetamine-in-
duced gating deficit was also demonstrated after its re-
peated administration (Fig. 2). In these studies, PHA-
709829 (1 mg/kg, n = 8) or vehicle (0.9% saline, n = 8)
was administered subcutaneously twice a day for six
days, then PHA-709829 was tested for the ability to re-
verse the amphetamine-induced gating deficit on the sev-
enth day. Thus, administration of PHA-709829 (1 mg/
kg, sc) on the seventh day reversed the gating deficit in-
duced by amphetamine in both vehicle and PHA-709829
treated rats with the same potency. Acute administra-
tion of PHA-709829 resulted in very similar brain and
plasma exposures in rats chronically treated with vehicle
(brain: 350 ± 48 nM, plasma: 550 ± 48 nM) and PHA-
709829 (brain: 350 ± 36 nM, plasma: 490 ± 45 nM).
Thus, chronic administration of PHA-709829 does not
affect its ability to reverse amphetamine-induced audi-
tory gating deficits when given acutely.


In summary, several aryl amides derived from azabicy-
clic amine 1 were prepared as a7 nAChR agonists. In
general these compounds show potent a7 activity in
both the functional and binding assays, suggesting that
amine 1 is an effective isostere of (3R)-3-amino-quinucli-
dine for this receptor subtype. Furopyridine 3a (PHA-
709829), possessing the same aryl fragment as our earlier
clinical candidate, PHA-543613, demonstrated the best
overall profile among type 3 analogs. Compound 3a is
a potent a7 nAChR agonist with good to excellent selec-
tivity against a variety of related CNS receptors. The
compound exhibits excellent CNS penetration and good
oral bioavailability in a rat pharmacokinetic model. In a
dog ECG cardiovascular model, the NOAEL for PHA-
709829 was established at a dose fivefold higher than
that of PHA-543613. In vivo efficacy profiling in an
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amphetamine-induced gating model demonstrated that
PHA-709829 is twofold more potent than PHA-
543613, and it is efficacious over a range of doses (0.1–
1.0 mg/kg). Taken together, the efficacy and safety data
represent a 10-fold improvement in cardiovascular TI
for PHA-709829 compared to PHA-543613. Addition-
ally, it was shown that PHA-709829 remains efficacious
after chronic administration. Future plans include pro-
filing PHA-709829 in additional safety-related models,
which could identify other advantages relative to
PHA-543613.
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Abstract—Pyrrolo[1,2-b]pyridazin-2-one analogs were discovered as a novel class of inhibitors of genotype 1 HCV NS5B polymer-
ase. Structure-based design led to the discovery of compound 3k, which displayed potent inhibitory activities in biochemical
and replicon assays (IC50 (1b) < 10 nM; EC50 (1b) = 12 nM) as well as good stability towards human liver microsomes (HLM
t1/2 > 60 min).
� 2008 Elsevier Ltd. All rights reserved.

Hepatitis C virus (HCV) is a major cause of acute hep-
atitis and chronic liver disease, including cirrhosis and
liver cancer. Globally, an estimated 170 million individ-
uals, 3% of the world’s population, are chronically in-
fected with HCV and 3–4 million people are newly
infected each year.1 Currently, there is no vaccine avail-
able to prevent hepatitis C, nor a HCV-specific antiviral
agent approved for treatment of chronic hepatitis C.
The current standard of care is a combination of pegy-
lated interferon (IFN) with ribavirin.2 Low response
rates, in particular for patients infected with genotype
1 HCV, along with significant side-effects of current
HCV therapy result in a continuing medical need for im-
proved treatments.3


Our research has been focused on identifying novel
inhibitors of the HCV NS5B protein, a virally encoded
RNA-dependent RNA polymerase (RdRp), the activity
of which is critical for the replication of the virus.4
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Most small molecule, non-nucleoside inhibitors of NS5B
bind to one of three binding pockets, distinct from the
active site.5 Among these, we focused our attention on
the palm binding site, which, based on our analysis, is
highly conserved across various HCV genotype 1
sequences.


Several series of NS5B inhibitors have been reported to
bind at the palm binding site.6 More specifically, com-
pound 1 (Fig. 17), containing the benzo[1,2,4]thiadi-
azine-1,1-dioxide motif, has been reported to exhibit
potent inhibitory activity against NS5B with an IC50


(1b) of 0.032–0.20 lM.6c,8 As previously reported, we
discovered that compounds containing 5-hydroxy-
3(2H)-pyridazinones, as exemplified by compound 2,
can also function as potent NS5B inhibitors.9 However,
for many of these compounds we found it challenging to
overcome their limited oral bioavailability. This was
probably due to poor cell permeability likely caused
by their high polar surface area (PSA), which is outside
the normal range typically correlated with good absorp-
tion.9c,d,10 Here we describe a related series of pyrrol-
o[1,2-b]pyridazin-2-one derivatives (3), which are
derived from (2) by fusing C6 and N1 of the pyridazi-
none ring. We hypothesized that the resulting reduction
in PSA combined with the increased lipophilicity might
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Figure 1. HCV NS5B polymerase inhibitors.
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provide improved permeability properties and thereby
afford a beneficial effect on the in vivo PK properties
compared with analogs of compound 2.


Table 1 details the structure–activity relationships
(SAR) obtained for compounds 3, focusing on their bio-
chemical potencies against HCV genotype 1b, activities
against the HCV genotype 1b subgenomic replicon in
tissue culture, cytotoxicity, and stability against human
liver microsomes (HLM).


Initially, we prepared analog 3a as a direct comparison
with 1. This compound displayed low micromolar
NS5B inhibition properties and was also active in the
replicon cell-based assay. Encouraged by these results,
we introduced a sulfonamide R3 substituent known
from our previous studies to afford potent NS5B inhib-
itory properties.9c This modification quickly led to com-
pound 3c, which displayed excellent activity in both
biochemical and replicon assays. In line with our previ-
ous findings, the R3 substituent was critical for activity
and very sensitive to structural changes.9a,c For exam-

Table 1. SAR of pyrrolo[1,2-b]pyridazin-2-one analogs 3


Compound Route R1 R2 R3


2 Ref. 9c and d Figure 1 CH2CH2CH(CH3)2 NHSO2M


3a B,D H CH2CH2CH(CH3)2 H


3b B,D H CH2CH2CH(CH3)2 OMe


3c B,D H CH2CH2CH(CH3)2 NHSO2M


3d B,C F CH2CH2CH(CH3)2 NHSO2M


3e B,C CN CH2CH2CH(CH3)2 NHSO2M


3f A H CH2CH2CH(CH3)2 NMeSO


3g B,D H CH2CH2CH(CH3)2 NHSO2c


3h A H CH2CH2C(CH3)3 NHSO2M


3i A H CH2CH2C(CH3)3 NMeSO


3j A H 4-F-Bn H


3k A H 4-F-Bn NHSO2M


3l A H 3-Cl,4-F-Bn NHSO2M


3m A H 4-F-Bn NMeSO


3nd A H 4-F-Bn SO
O


a See Ref. 9a for assay conditions.
b ND, not determined.
c For values >60 min, % remaining at 60 min is given in parentheses.
d Racemic.

ple, N-methylation of the R3 sulfonamide moiety pres-
ent in 3c led to a >11-fold loss in potency in the
biochemical assay (3f), while replacing the R3 sulfon-
amide with a methoxy group (3b) greatly diminished
the biological activity.


As evident in the co-crystal structure of 3c bound to
NS5B11 (Fig. 2) and as previously reported,9c the R3 sul-
fonamide forms several H-bonds with the NS5B protein.
These include an interaction between the sulfonamide
NH and the sidechain of Asp318, as well as a H-bond
between one sulfonamide oxygen and a key structural
water molecule (Fig. 3). The other R3 sulfonamide oxy-
gen forms a H-bond with the sidechain of Asn291. These
favorable interactions may explain the good activity of
3c compared to 3a–b, 3f, 3i–j, and 3m–n, which
presumably lack some of these H-bonds with the
NS5B protein.


Somewhat surprisingly, introduction of a R3 cyclopro-
pylsulfonamide moiety into the pyrrolopyridazinone
inhibitor design (compound 3g) led to a considerable

IC50


(1b)a (lM)


EC50


(1b)a (lM)


CC50


(GAPDH)a (lM)


HLM


t1/2
a (min)


e <0.01 0.005 >33 >60 (100%)c


0.98 5.3 >100 14


2.2 17 >100 NDb


e <0.01 0.0085 >1 42


e 0.027 0.019 >1 >60 (78%)c


e 0.32 NDb NDb NDb


2Me 0.11 0.19 >33 >60 (55%)c


Pr 0.16 0.096 >33 59


e <0.01 0.005 >1 10


2Me 0.06 0.12 >33 49


0.85 NDb NDb 45


e <0.01 0.012 >1 >60 (86%)c


e 0.025 0.022 >1 >60 (102%)c


2Me 0.13 0.33 >10 >60 (90%)c


0.13 0.38 >33 >60 (100%)c







Figure 2. Co-crystal structure of compound 3c bound to the NS5B


protein (2.1 Å).
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loss in activity in the enzymatic assay. Similar introduc-
tion of this fragment into the substituted pyridazinone
inhibitors we previously studied (e.g., 2) led only to a
3- to 4-fold reduction in NS5B inhibitory potencies.9c


While the former result is not completely understood,
it appears likely that this modification may cause a
change in the overall geometry of the pyrrolopyridazi-
none structure in the binding pocket, resulting in the ob-
served loss in activity.


Changes in the R2 moiety were generally well tolerated,
with the tert-butyl ethyl analog 3h showing comparable
activities to 3c. Also, the 4-fluorobenzyl analog 3k re-
tained good enzymatic and antiviral potencies, while
introduction of an additional chlorine atom on the R2


benzyl ring led to a slight loss of activity (3l vs 3k). This
result may indicate a sterically and/or electronically
unfavorable interaction. Again, N-methylation of the
R3 sulfonamide for the analog containing a tert-butyl
ethyl R2 moiety also resulted in loss of activities (3i vs
3h). However, this change was not as pronounced as
that observed for compounds containing isoamyl and
4-fluorobenzyl fragments in the R2 position (3f vs 3c

and 3m vs 3k). We went on to explore changes in the
R1 substituents by installing a nitrile group at the 6-po-
sition of the pyrrolopyridazinone ring. This modifica-
tion resulted in a substantial loss in activity (3e
compared to 3c), suggesting that the nitrile group may
be either sterically too encumbered or too polar in nat-
ure to fit well in the shallow hydrophobic R1 binding
pocket. Installation of the smaller and more lipophilic
fluoro moiety (3d) was better tolerated but still led to
a P3-fold loss in potency in the biochemical assay (3d
vs 3c).


We tested the stability of the above compounds toward
human liver microsomes, indicated as their HLM t1/2 in
Table 1. The majority of compounds exhibited moderate
(>30 min) to long half-lives (>60 min). Compound 3a
lacking the R3 substituent was among the least stable
compounds tested. While the most potent compound
3c had a reasonable half-life (42 min), introduction of
a R1 fluorine atom (3d) led to an improvement in stabil-
ity (t1/2 > 60 min, 78% remaining at 60 min). This result
suggested that the fluorine may reduce potential metab-
olism occurring on the pyrrole ring. When comparing 3h
with 3c, a significant loss in stability was observed, pre-
sumably because the tert-butyl ethyl moiety at R2 repre-
sents a better substrate for interactions with CYPs as
compared with the isoamyl group. Interestingly, the sta-
bility could be restored by N-methylation of the R3 sul-
fonamide but unfortunately at the cost of potency as
shown in compound 3i. Compound 3k proved to be
the optimal compound exhibiting a favorable combina-
tion of long HLM half-life and potent activities in bio-
chemical and replicon assays. Collectively, our results
suggest that modifications in the R2 and R3 regions
can be utilized to successfully overcome potential meta-
bolic liabilities in this series of NS5B inhibitors.


Table 2 details the results obtained from our in vivo PK
assessment of a selected number of compounds. To our
disappointment, compounds 3c and 3k, which were ini-
tially identified to be the most promising compounds in
this series, showed only low exposure levels after oral
dosing in cynomolgus monkeys. These compounds dis-
played good stability towards monkey liver microsomes
as well as reasonable solubility in our biochemical as-
says. However, as observed previously, MLM stability
did not correlate well with the corresponding clearance
data suggesting this process may not be primarily med-
iated via biotransformation.9d We therefore assumed
that their poor permeability, as indicated by their low
Papp values in the Caco-2 assay, was responsible for
the unsatisfactory PK properties. Accordingly, we rea-
soned that lowering the PSA and/or increasing the lipo-
philicity of the compounds under study might improve
their intestinal permeability and oral bioavailability.
N-Alkylation of the sulfonamides led to an increase in
lipophilicity as predicted by their c logP values (compare
3f and 3m with 3c). Importantly, these changes also re-
sulted in lower PSA values compared to the unsubstitut-
ed sulfonamide 3c, which we believe to be beneficial for
achieving good cell permeability. Indeed, in these cases
Caco-2 permeability was increased but only translated
into similar or slightly improved exposure levels for







Table 2. Correlation of calculated physicochemical parameters, in vitro DMPK data and oral bioavailabilities of selected pyrrolo[1,2-b]pyridazin-2-


one analogs 3


Compound PSAa clogPa MLM


t1/2
b (min)


Solubility


limitd (lM)


Papp
b,e


[(cm/s) · 10�6]


F (%)f AUCinf
f


(ng/h/mL) po/iv


CL (iv)f


(mL/min/kg)


2 203 �0.1 >60 (82%)c >100 0.03 2 30/1334 14


3a 112 1.99 11 >200 11 63 12,887/20,478 49


3c 167 0.48 >60 (66%)c >100 0.2 NDg 83/NDg NDg


3f 158 1.23 60 >100 4.3 7 79/1063 16


3g 167 0.85 >60 (87%)c >100 0.8 4 141/3774 5


3h 167 0.83 14 >100 0.7 2 25/1209 14


3k 167 0.66 >60 (90%)c >100 0.1 1 6/539 31


3m 158 0.73 >60 (90%)c >60 0.9 6 107/1776 9


a Calculated using ACD/Labs, version 10.0, Advanced Chemistry Development, Inc., Toronto ON, Canada. Available from www.acdlabs.com, 2006.
b See Ref. 9c for assay conditions.
c For values >60 min, % remaining at 60 min is given in parentheses. Compound 2 was tested at 5 lM, all other compounds were tested at 1 lM.
d Determined by UV absorption (2% DMSO in 20 mM Tris–HCl, pH 7.5, 20 mM NaCl, 5 mM MgCl2, 5 mM dithiothreitol, 0.1 g/L bovine serum


albumin, and 100 U/mL RNAse inhibitor).
e Controls: Papp atenolol (low) = 0.4 · 10�6 (cm/s), Papp propranolol (high) = 10 · 10�6 (cm/s).
f Cynomolgus monkeys; dose: 1 mg/kg; formulation (for both po and iv administration): 1% DMSO, 9.9% Cremophor EL in 50 mM PBS, pH 7.4.
g ND, not determined.
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compounds 3f and 3m. Although introduction of a ter-
minal cyclopropyl group into the sulfonamide (3g) led
to an increase in lipophilicity, the polar surface area re-
mained unchanged. Consistent with our hypothesis,
only modest improvements in cell permeability and
exposure after oral dosing were observed compared to
3c. While some improvements were achieved, the calcu-
lated logP and polar surface area values for the majority
of the compounds in Table 2 are still outside the range
of most known orally bioavailable drugs (<140 Å2).10


Consistent with this hypothesis, when the polar R3 sul-
fonamide group was removed (3a), a significantly lower
PSA combined with increased lipophilicity was
achieved, resulting in good Caco-2 permeability and oral
bioavailability. While the compounds described in this
work, with the exception of compound 3a, suffer from
high polarity that prevents them from being absorbed
effectively, these results provided us with additional
direction to further improve the PK properties of the
benzothiadiazine-containing NS5B inhibitors while
retaining potent biological activity.


Compounds 3 were synthesized following Routes A or B
as shown in Scheme 1. In Route A, aminoesters 4 were
coupled with acids 512 in the presence of DCC or
EDC to form the corresponding amide intermediates.
Treatment with NaOEt afforded the desired compounds
3. Alternatively, in Route B, the esters 6 were condensed
with 2-aminobenzensulfonamides 713 by heating in pyr-
idine to furnish the corresponding amide intermediates,
which were then cyclized in the presence of DBU to yield
the desired compounds 3. When intermediate 5a, bear-
ing an iodo group at the 7-position, was employed, the
corresponding sulfonamides 3 could be accessed via
Cu-mediated displacement of the iodo moiety.14


The synthesis of key intermediates 4 and 6 is illustrated
in Scheme 2. Pyrrole 2-allyl esters 8 (with the exception
of 8e, where the methyl ester was used) were prepared
according to literature procedures.15 N-Amination,
using freshly or in situ prepared monochloramine,16 fol-
lowed by reductive alkylation in the presence of NaC-
NBH3, provided key intermediates 4. These could be
further elaborated into 6 via different routes as shown
in Scheme 2. Initially, we investigated accessing 6 via
formation of cyclic anhydrides 11, which upon treat-
ment with diethylmalonate in the presence of NaH affor-
ded the desired products 6 (Route C). However, this
route required hydrolysis of the esters prior to treatment
with phosgene, which initially led to decomposition of
the starting materials 4 when simple alkyl esters (e.g.,
methyl esters) were employed. While employing an allyl
ester, which was later removed in the presence of
Pd(PPh3)4, effectively solved that issue, we later focused
on the reaction sequence shown as Route D in Scheme 2.
In this route, compounds 4 were treated with ethyl mal-
onyl chloride to form the intermediates 10, which were
then converted to 6 in the presence of NaOEt.


In summary, we have synthesized a novel class of pyrrol-
o[1,2-b]pyridazin-2-ones as potent inhibitors of geno-
type 1 HCV NS5B polymerase. Our optimization
efforts led to the discovery of compound 3k, which

exhibited low nanomolar activity in both biochemical
and replicon assays as well as good stability toward
HLM. However, PK studies indicated that the introduc-
tion of the polar R3 sulfonamide moiety contained in 3k
significantly reduced oral bioavailability, presumably
due to an increase in PSA that resulted in poor absorp-
tion. Results from additional modifications to this inhib-
itor series will be reported in the future.
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Abstract—The synthesis and structure–activity relationship of a novel series of aminopyrimidines are exemplified. Results of key
compounds from within this series in the E-selectin reporter cell assay are also reported.
� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. The IKK2 inhibitor SPC839 and our initial lead compound


1.

The NF-jB pathway is important in regulating the
expression of cellular genes that are involved in the con-
trol of the immune and inflammatory response.1 The
activation of NF-jB induces the expression of more
than 150 genes2 such as cytokines (TNF, IL-1, IL-6),
chemokines (IL-8, MCP-1), cell adhesion molecules
(ICAM-1, VCAM-1) and proteases. Remarkably, NF-
jB induces the production of proteins,3 for example,
TNF, that are themselves able to stimulate NF-jB,
hence leading to an amplification of any physiological
effect of the NF-jB pathway.


Activation of NF-jB is mediated by the increase in the
activation of two kinases, IKK1 and IKK2.4–7 IKK2
(�/�) knockout mice data8–11 have shown that IKK2
is more critical than IKK1 in activating the NF-jB
pathway for the inflammatory response, whilst data
from IKK1 (�/�) knockout mice have indicated a role
for IKK1 in skin and skeletal development. Hence small
molecule inhibition of IKK2 with selectivity over IKK1
could lead to novel treatments for some cancers, and
autoimmune inflammatory diseases, such as rheumatoid
arthritis.12 In 2004, it was reported that SPC839 (see
Fig. 1), a selective IKK2 inhibitor, was undergoing
pre-clinical development after showing good efficacy in
cancer and rheumatoid arthritis animal models.13,14 Re-
cent reports suggest that this compound has now pro-
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gressed into Phase I clinical trials targeting an ultimate
endpoint of haematological malignancies.15 This long
time frame required to progress SPC839 exemplifies
the challenges of finding novel IKK2 inhibitor. Within
our laboratories we have investigated a novel series of
aminopyrimidines that show inhibitory action against
IKK2. In a previous communication,14 we disclosed a
structure–activity study of variations in the aminoben-
zothiazole group of structure 1. In this letter we disclose
the results of a study into the structure–activity relation-
ships of the 4-phenyl substituents of the aminopyrimi-
dine structure 1 (Fig. 1).


The lead compound 1 was found to have an IKK2 IC50


of 64 nM, with reasonable selectivity for IKK2 over
IKK1 (IKK1 IC50 850 nM). Unfortunately, these prom-
ising IKK2 primary data did not translate well into the
E-selectin reporter cell assay16 giving a very modest IC50
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value of 5700 nM. No IKK2 crystal structure is avail-
able, so a previously published homology model17 was
used to assist analogue design. This predicted binding
mode is shown in Figure 2 and shows analogue 1 in com-
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Scheme 2. Synthesis of arylaminopyrimidine analogues. Reagents: (a) DMF–


RSO2Cl, TEA, DCM.

plex with two other similar kinases. Since these ana-
logues showed a consistent binding mode in all these
crystal structures, we made the assumption that the
binding of 1 in IKK2 would be equivalent. In this con-
formation, the aminopyrimidine-nitrogen forms a
hydrogen bond with the backbone NH of Cys99 and
the aminopyrimidine NH forms a hydrogen bond with
the backbone carbonyl of the same residue. It is also be-
lieved that the sulfonylpiperazine portion of our lead
structure overlays with the ribose-phosphate portion of
the natural ligand ATP.


The purpose of this investigation was to probe the sul-
fonamide portion of our lead compound to optimize
binding potency, which should also in turn increase cel-
lular potency. We were also interested to see if other
functional groups, such as amides, reverse amides/sul-
fonamides, or just a bond could act as sulfonamide bio-
isoteres, potentially offering different IKK2 activity,
selectivity and cellular profiles.


The analogues were synthesized by several routes. The
directly-linked compounds 5 were synthesized in a con-
vergent manner. Firstly, the corresponding arylketone
2 (Scheme 1) was elaborated to the enone 3 using
DMF–DMA. Secondly, commercially available amino
benzothiazole was converted to benzothiazole guanidine
4 using cyanamide and nitric acid (85–98%). The enone 3
was combined with benzothiazole guanidine 4 under ba-
sic conditions to yield the desired aminopyrimidines 5.


Amides and reverse sulfonamides were synthesized from
commercially available 4-nitroacetophenone (Scheme 2).
Elaboration to the enaminone 6 was performed using
DMF–DMA, followed by cyclisation to the aminopy-
rimidine 7 under basic conditions. The nitro group

N


N N
H


NH
S


O


O


N


S


N


N N
H


NH


O


N


S


N


SN
H


N


N


N
+


O


d


e


7


9


10


R1


R1


DMA; (b) DMF, NaOH; (c) H2, Pd–C; (d) RCO2H, EDC, HOBt; (e)







Table 1. Structure–activity relationship of substituents (R)


Structure


N


S


N


N N


R


Number R-group IKK218 IKK118 IKK1/IKK2


5a N N Me 410 2630 6


5b
S


OO
440 24% at 10 lM >22


5c N N 700 34% at 10 lM >14
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3600 NT ND
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was then reduced by hydrogenation to yield the anilino
compound 8. This was then reacted either with acids and
EDC to form amides 9 or sulfonyl chlorides in DCM
with triethylamine to yield sulfonamides 10.


The structure–activity relationship of all analogues was
explored against both the IKK1 and IKK2 enzymes.
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Scheme 3. Synthesis of arylaminopyrimidine analogues. Reagents: (a)


RNH2, TEA, DCM; (b) DMF–DMA; (c) DMF, NaOH.


Table 2. Structure–activity relationship of sulfonamides


Structure


Number R1 IKK218 IKK118


1 N
NH


S
OO


64 850


5a N N Me 410 2630


9c
NH


O


N
H


400 1910


10a


N
O


NS
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OO
230 4840
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OO


250 5000
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380 6700


14c N
S


OO
410 28% at 10 lM


14d N
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OO
540 48% at 10 lM


14e N
S


OO
600 30% at 10 lM

Initially, the generality of our original hit sulfonamide
linker was investigated (Table 1) with analogues (5a–
5g), which had groups attached directly to the aryl ring.
The most active structures in this series were compounds
5a and 5b, with both the compounds having IKK2 activ-
ities in the 400 nM range. As neither of these com-
pounds had activities comparable to the starting lead
1, it appeared that a linker or spacer was required. This
concept was explored further with analogues which had
either an amide (9a–9c, Table 1) or a reverse sulfon-
amide (10a–10e, Table 1) as a replacement for the sul-
fonamide portion. In general, we found that an amide
linker could be used to yield some potent IKK2 inhibi-
tors especially when used in conjunction with a group
bearing a basic centre (cf 1 to 9a and 9b). Unfortunately,
in the case of these amides the IKK2/IKK1 selectivity
profile was less favourable, with a 5-fold selectivity for
IKK2 over IKK1 being the best we could achieve in
amide 9c (compared to 13-fold for our lead structure
1). In the case of the reverse sulfonamides their activities

N


S


N


N N


R


IKK1/IKK2 Cell16 Cell/IKK2 PSA


13 5700 89 104


6 1270 3.1 85


5 3820 9.5 93


21 17,800 77 135


20 289 1.2 88


18 1810 4.8 99


>24 1920 4.7 88


>18 1500 2.8 90


>17 2080 3.5 86
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tended to be lower than the original lead (10a, 230 nM
being the best observed), although it should be noted
that none of the groups posses the basic nitrogen which
seems to be preferred (although not essential) for activ-
ity. However, the most potent reverse sulfonamide 10a
did display reasonable selectivity (21-fold) for the de-
sired IKK2 isoform.


Although removing and replacing the sulfonamide lin-
ker in our original lead compound yielded some com-
pounds with interesting selectivity profiles, no overall
improvement in IKK2 potency was achieved.


Attention was now turned to retaining the sulfonamide
linker in the same orientation as 1 and exploring the
piperazine ring. The sulfonamide series was synthesized
from commercially available starting materials (Scheme
3). Sulfonyl chloride 11 was reacted with a series of
amines to yield the sulfonamides 12 (82–100%). The
acetyl group was then elaborated to the enaminones 13
by refluxing in DMF–DMA (87–100%). This was then
reacted under basic conditions with 4 to yield the amino-
pyrimidines 14 (60–98%). If a Boc-protecting group was
present on R1R2NH this was removed using 10% triflu-
oroacetic acid in dichloromethane. The results from this
series are displayed in Table 2.


The direct oxygen and sulfur analogues (14a and 14b)
were both found to be less active than 1. This again sug-
gested that a basic nitrogen was preferred for activity.
When the sulfide of 14a was oxidized to the sulfoxide
(data not shown) this also led to a loss of activity. The
need for a saturated ring was also examined using the di-
methyl analogue 14c, and although not more active than
the original hit, it was more active than the 5- and 6-
membered saturated ring 14d and 14e. When the free
piperazine NH of 1 was methylated it led to a large loss
of activity (data not shown), suggesting that there is lim-
ited space in this region of the protein.


Having established that maintaining a sulfonamide lin-
ker group in the lower portion of the molecule was opti-
mal based on primary protein in vitro activity. The
original hit 1, some closely related compounds and rep-
resentative examples of other linkers (5a, 9c, 10a) were
evaluated further in the E-selectin reporter cell assay16


(Table 2). Despite showing a very encouraging protein
IKK2 activity, 1 demonstrated a significant drop-off in
activity when tested in a cellular system. Conversely
compound 14a which had a more modest protein
IKK2 activity, translated very favourably into the cellu-
lar system, with essentially no drop-off. The relative cell
penetrating abilities of the compounds may explain this.
A number of physicochemical factors are known to af-
fect cell penetration, with one being polar surface area
(PSA). Comparing the PSA of this small set of com-
pounds it does appear that compounds with a
PSA < 100 show very little drop-off when tested in the
cellular system, whereas a PSA > 100 in the case of 1
and 10a may lead to a dramatic drop-off. A larger set
of compounds would need to be tested to thoroughly
investigate this observation, although it is quite proba-
ble that PSA could be a good descriptor to use in design-

ing further analogues with optimized activity and cell-
penetration potential.19


In conclusion, a comprehensive strategy has been em-
ployed to explore the 4-phenyl substituents region of
our lead 1. Various novel analogues have been synthe-
sized using different synthetic routes. This has enabled
a number of alternative linkers to be accessed and their
activity explored with respect to the type of linker and
the actual substituents. The sulfonamide linker appears
to be optimal, with the original hit 1 having very good
activity in the IKK2 protein assay. This activity does
not translate well into the E-selectin reporter cell assay,
and one reason for this may be its high PSA. Compound
14a, however, despite having a lower IKK2 protein
assay result, showed very favourable activity in the
E-selectin reporter cell assay, and represented a consi-
derable improvement on the original lead molecule 1.
These improvements mean compound 14a is deemed
suitable for pharmacokinetic analysis.
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Three synthesized series of compounds based on a thiazolidine core allowed identification of potent
inhibitors of thymidylate synthase X. The evaluation of the catalytic activity of the enzyme in the pres-
ence of these molecules revealed two distinct classes of compounds that inhibit ThyX with submicrom-
olar concentrations, which could lead, after optimization, to effective inhibitors with potential biomedical
interest.


� 2008 Elsevier Ltd. All rights reserved.

Infectious diseases caused by bacteria and fungi affect millions
of people worldwide. The widespread bacterial resistance has in-
creased the interest in identifying new targets for the development
of effective antibacterial agents. The recently discovered thymidyl-
ate synthase X [ThyX (EC 2.1.1.148)] constitutes a promising target,
since this protein is present in many pathogenic bacteria and
dsDNA viruses but is absent from human and most eukaryotes.1,2


DNA polymerase catalyzes DNA synthesis using four different
nucleoside triphosphates as substrates. Thymidylate synthases
participate in the biosynthesis of DNA by producing thymidylate
(dTMP) that is phosphorylated to the corresponding triphosphate
(dTTP). There are two different classes of thymidylate synthases,
with no structural3 or sequence4 similarities: the well-known
homodimeric ThyA5 (EC 2.1.1.145) and the homotetrameric
ThyX.6,7 The canonical thymidylate synthase ThyA, found in hu-
mans, catalyses the reductive methylation reaction where methyl-
enetetrahydrofolate (CH2H4folate) functions both as the carbon
source and reductant. On the other hand, ThyX proteins use a
FAD/NAPDH couple to mediate hydride transfer during catalysis.
Note that in some species, thymidylate can also be salvaged by
phosphorylation of thymidine.

All rights reserved.


Pharmacologie Chimique et
Paris Cedex (J. Herscovici).
vici).

Whereas a large number of ThyA inhibitors has been synthe-
sized, only a few ThyX inhibitors are available. In this study, we
sought to identify inhibitors of ThyX proteins by developing a li-
brary of compounds around an ethyl thiazolidine-4-carboxylate
ring that allows the introduction of a wide range of diversity in
few transformations. In addition, this structure can improve pro-
tein binding properties by decreasing the degrees of conforma-
tional freedom.8 Using this specific structure, we developed two
kinds of transformations. The first one involves the modification
of the secondary amine in order to mimic the natural substrate.
The second one introduces diversity via various transformation of
the ethyl carboxylate (Fig. 1). Two compound families composed

Figure 1. Thiazolidine families synthesized.
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Scheme 1. Synthesis of thymine derivatives. Reagents and conditions: (a) benzaldehyde, EtOH/H2O, 3 h at rt; (b) SOCl2, anhydrous EtOH, 1 h at 0 �C, then 18 h at rt; (c)
bromoacetyl bromide, pyridine, anhydrous CH2Cl2; (d) thymine, K2CO3, anhydrous DMF; (e) RNH2, EDC, HOBt.


Scheme 2. Introduction of diversity. Reagents and conditions: (a) 1—CaCl2/NaBH4 in EtOH at �10 �C; 2—addition at 10 �C, 2 h at 10 �C; (b) benzoyl chloride 2 h at �20 �C; (c)
DMSO, pyridine/SO3; (d) R1NH2, NaBH3CN in MeOH; (e) 1—R2C(O)Cl, pyridine in anhydrous CH2Cl2; 2—A-15.
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of related molecules where synthesized in solution using efficient
multistep syntheses. Obtained molecules were then purified and
biologically evaluated. The synthesis of thymine derivatives was
carried out as depicted in Scheme 1.


Acetalation of L-cysteine with benzaldehyde efficiently gave the
thiazolidine 1.9 Esterification of the carboxylic acid function by
treatment with thionyl chloride in ethanol yielded the ethyl ester
2. Acylation of the endocyclic nitrogen with bromoacetyl bromide
introduced an halide that can be substituted by thymine in the
presence of K2CO3 and 18-crown-6 to afford 4.10,11 Finally, sapon-
ification of the ethyl ester in basic medium provided 5, which was
converted into compounds 6a to 6f by a peptidic coupling with
commercial amines in the presence of EDC.


Compounds of the second family, where a benzoyl group re-
places thymine, are synthesized by a five-step procedure as shown
in Scheme 2.


Reduction of the thiazolidine 2 with sodium borohydride
yielded the diol 7. Exposure of 7 to benzoyl chloride at low temper-
ature selectively afforded the amide 8. Oxidation of the primary
alcohol conducted in the presence of DMSO and SO3/pyridine com-
plex provided the aldehyde 9 as a solid. Then the reductive amina-

Scheme 3. Synthesis of triazoles derivatives. Reagents and conditions: (a) DCC,
propiolic acid in anhydrous CH2Cl2 16 h in rt; (b) R-N3, 5% Cu(I), DIPEA in CH2Cl2,
5 h, rt.


Figure 2. Compounds inhibitin

tion of 9 with glycine methyl ester and thiophenylamine yielded
10 and 11. The amines 10 and 11 were acylated with various acyl
chlorides to yield the amides 12a–12j and 13a–13k, respectively.
Finally, acids 14a–14f were synthesized by removal of the ethyl
group.


By synthesizing compounds 16a–16k, we developed a family of
N-acetyled triazoles that was prepared in two steps (Scheme 3).
First propiolic acid was reacted with thiazolidine 2 to yield 15.
Then alkyne condensation with a series of azides using a catalytic
amount of Cu(I) afforded the triazole ring by a [2+3] Huisgen cyclo-
addition.12–14 The azides was freshly synthesized from correspond-
ing alcohols by a preliminary mesylation followed by a
nucleophilic substitution of the mesylate moiety with NaN3.


The synthesized compounds were screened using a spectropho-
tometric method designed to detect ThyX activity.6,15 This test is
based on the capability of ThyX proteins to oxidize NADPH that
is used as substrate. As NADPH has a maximum of absorption at
340 nm, the ThyX catalysis results in decrease of absorption at
340 nm (Fig. 2, positive control). This analysis revealed four tria-
zole derivatives and one N-benzoylated thiazolidine that inhibited
ThyX catalytic activity (Fig. 3). Among these five compounds 14b16


(IC50 = 0.13 lM) and 16h17 (IC50 = 0.057 lM) showed inhibitory
activity at submicromolar concentrations. As these compounds
could constitute a promising starting point for optimized inhibi-
tors, we performed additional tests in the presence of a surfactant
Triton X-100 (to exclude aggregation effects) and bovine serum
albumin (to exclude non-specific protein binding) (Fig. 2). Neither
one of these conditions diminished the inhibition effect of the com-
pounds, thus indicating that the observed inhibitory effect is
caused by a specific interaction between the chemicals and the
ThyX protein (data not shown).


Monitoring the changes in the OD of the reaction medium at
different dUMP concentrations revealed the different behavior for
the compounds 14b and 16h, suggesting that their inhibitory
mechanisms are not identical (Fig. 4). In particular, inhibitory
activity of class I inhibitors such as 14b can be reversed by addition
of molecular excess of dUMP whereas class II inhibitors such as
16h are insensitive to addition of dUMP.


In summary, a library based on a thiazolidine scaffold has been
prepared using various chemistry including aminative reduction
and click chemistry. Evaluation of their inhibiting properties was
performed against ThyX, a relatively recently discovered protein
with few identified inhibitors (FdUMP and BrdUMP). Using a
screening method adapted to a rapid identification of potent hits,

g ThyX’s catalytic activity.







Figure 3. ThyX activity was measured by monitoring decrease in A340 as the function of time (see Materials and methods). Molecules 14b and 16h were used at 20 lM. Where
indicated, BSA (240 lg/ml) or Triton X-100 (0.1% v/v) were included in reaction mixtures.


Figure 4. NADPH oxidation activity (nmol/min) of PBCV-1 ThyX as the function of
the added dUMP. Experiment was performed in the absence and presence of inhi-
bitors (20 lM) 14b (class I) and 16h (class II).
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we detected a benzoyl and a triazole derivative that demonstrated
inhibition of the catalytic activity. Optimization of these leads by
further structure–activity relationship (SAR) analyses and screen-
ing of the library against additional methyltransferases are under
investigation and will be the subject of future communications.
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Abstract—An anti-inflammatory 1,2,4-phenylenetriamine-containing series of FMS inhibitors with a potential to form reactive
metabolites was transformed into a series with equivalent potency by incorporation of carbon-based replacement groups. Struc-
ture-based modeling provided the framework to efficiently effect this transformation and restore potencies to previous levels. This
optimization removed a risk factor for potential idiosyncratic drug reactions.
� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. Anti-inflammatory FMS inhibitors 1a and 1b.

The macrophage colony-stimulating factor (CSF-1) is the
primary growth factor for the macrophage lineage and it
specifically binds to FMS, a type III receptor tyrosine ki-
nase expressed by macrophages and their progenitor
cells.1 The binding of FMS by CSF-1 initiates an intracel-
lular signaling cascade resulting in survival, proliferation,
and differentiation of these cells.2 As macrophages are
known to play an important role in the inflammatory pro-
cess, the inhibition of CSF-1-dependent macrophage pro-
liferation might be of therapeutic value in intercepting an
inflammatory process.3 This hypothesis has also been val-
idated by various animal studies.4,5 CSF-1-deficient mice
are reported to be resistant to collagen-induced arthritis
(CIA). In a CIA model, CSF-1 was shown to increase
the severity of disease while a neutralizing anti-CSF-1
antibody had the opposite effect.


In recent publications,6 the discovery of the potent FMS
inhibitors 1a and 1b (Fig. 1) was described and results
demonstrating the anti-inflammatory activity of 1b in
a mouse model of collagen-induced arthritis were
presented.6b
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Despite the excellent potency and in vivo efficacy of this
series, the 1,2,4-phenylenetriamine core structure of 1a
and 1b was considered a liability due to its potential to
form reactive quinonediimine metabolites, which might
haptenize proteins and deplete glutathione, leading to
tissue damage (Fig. 2).


In general, there are two types of adverse drug reactions
that can occur. Type A adverse drug reactions are pre-
dictable, dose-dependent, and related to the pharmacol-
ogy of the compound. Type B are idiosyncratic drug
reactions (IDRs) and are of low incidence, human-spe-
cific, have a delayed onset, and account for a significant
percentage of New Chemical Entity (NCE) attrition
during development. The mechanisms of idiosyncratic
toxicity may encompass one or more of the following:
the formation of reactive metabolites in certain patients
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Figure 2. Idiosyncratic toxicity due to reactive metabolite formation.
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due to the presence of polymorphs in drug-metabolizing
enzymes, immune-mediated responses to the drug or its
metabolites, the combination of drugs with low-level
inflammatory reactions or drug-induced mitochondrial
toxicity. Clinical manifestations include hepatotoxicity,
anaphylaxis, blood dyscrasias, and skin reactions.7


We hypothesized that the 1,2,4-phenylenetriamine core
structure of 1a and its congeners could result in reactive
metabolite formation and pose a risk factor for IDRs.
As shown in Figure 3, the parent compound 2 could
generate reactive quinonediimine-type intermediates
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Figure 3. Potential mechanisms of idiosyncratic toxicity of a 1,2,4-


phenylenetriamine-containing arylamide scaffold.

(2b and 2c) with or without cleavage of the amide bond
that may then react with nucleophilic sites of endoge-
nous proteins. These haptenized proteins (2d and 2e)
could potentially act as antigens, thereby generating an
IDR.


In order to quickly assess the potential to produce pro-
tein adducts, the propensity to form glutathione conju-
gates in vitro was evaluated with representative
compounds. The test compound at 20 or 40 lM was
incubated with NADPH (1 mM), GSH (5 mM) in PBS
(0.1 mM), and 1 mg/mL of mouse liver microsomes at
37 �C for 1 h. The products were then analyzed by LC/
MS for the glutathione conjugate of the parent
(P+GSH), the amide bond cleavage product
(ACP+GSH), and their fragments. Several compounds
containing the 1,2,4-phenylenetriamine core formed
GSH conjugates under these conditions. Some examples
are shown in Table 1.


In light of these results, we directed our lead optimiza-
tion efforts to address this potential problem with the
aid of structure-based drug design. The primary focus
was the replacement of the nitrogen substituents at the
C-2 and C-4 positions with carbon substituents in order
to minimize the possibility of reactive intermediate for-
mation through in vivo oxidation. This was approached
in a stepwise fashion at the C-2 and then the C-4 posi-
tions of the benzenoid core.


The synthesis of C-2 carbon-substituted, C-4 piperazinyl
arylamides is shown in Scheme 1. The N-methylpipera-
zine at C-4 was first introduced by aromatic nucleophilic
substitution of 4-chloronitrobenzene and the product 9
was reduced to the corresponding aniline 10. The
electrophilic bromination of 10 installed the bromine
ortho to the amino function to yield product 11. The
ortho-bromoaniline 11 was then employed in a Suzuki
coupling reaction to introduce the C-2 carbocycle. The

Table 1. In vitro GSH conjugate formation of 1,2,4-phenylenetri-


amine-containing arylamides


N


R1


H
N


O


R2


N
X


Compound P+GSH ACP+GSH


3 R1 = H, X = N-CH3 Yes Yes


R2 = 5-cyanofuranoyl


4 R1 = CH3, X = N-CH3 Yes Yes


R2 = 5-cyanofuranoyl


5 R1 = H, X = N-CH3 Yes Yes


R2 = 4-cyanopyrrolyl


6 R1 = CH3, X = N-CH3 Yes Yes


R2 = 4-cyanopyrrolyl


7 R1 = CH3, X@CH2 Yes Yes


R2 = 4-cyanopyrrolyl
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Scheme 1. Synthesis of C-2 carbon-substituted derivatives. Reagents: (a) 4-methylpiperazine; (b) Pd/H2; (c) NBS/CH2Cl2; (d) A-B(OH)2 or boronate


esters (see text)/Pd(Ph3P)4; (e) 5-cyanofurancarbonyl chloride/Et3N.
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amino function of the resulting product 12 was then uti-
lized for amide bond formation with 5-cyanofuranoyl
chloride to obtain 13.


FMS IC50 values of the C-2 piperidine substituent
replacements are shown in Table 2. These replacement
substituents were chosen based on their ability to mimic
the conformation of the piperidine ring of the parent
compound. Although related in size to piperidine, an
unsubstituted phenyl ring at C-2 was predicted by mod-
eling to adopt a conformation nearly coplanar with the
central ring and quite different from the nearly orthogo-
nal conformation of the piperidine, while addition of an
ortho group on the phenyl should favorably bias the

Table 2. FMS potency of C-4 methylpiperazinyl, C-2 carbon-substi-


tuted analogues


A


N


H
N


O


N


O
CN


Compound A IC50
a (lM)


13a


H3C
0.63


13b


F
0.89


13c
S


H3C 0.47


13d
S


CH3


0.94


13e O 0.060


13f 0.018


13g 0.054


a Reported IC50 values are the means of three experiments. Inter-assay


variance was <20%. For assay details see Ref. 6a.

conformation toward that of the piperidine. Neverthe-
less, the selected ortho-substituted aromatic ring substit-
uents at C-2 drastically reduced the FMS enzyme
inhibitory activity (13a–d). Cyclohexyl was previously
shown to be an inadequate replacement for piperidine
(data not shown) since the ring cannot adopt the par-
tially planar nature imposed by the piperidine nitrogen.
However, both the predicted partial planarity and con-
formation of a cycloalkene ring appeared promising by
modeling. Although the cycloalkene substituents (com-
pounds 13e–g) were also less potent than 1, the loss of
potency was much less profound. The 1-cyclohexenyl
substituted analogue 13f exhibited the highest FMS en-
zyme potency while the methyl substituent on the ‘pseu-
do ortho’ position of the cyclohexene (compound 13g)
further reduced the inhibitory potency, presumably ow-
ing to undesirable conformational changes in the cyclo-
hexene ring system. Unfortunately, the 1-cyclohexenyl
substituent (13f) was still 18-fold less potent than the
parent compound 1a.


The general synthetic sequence for the synthesis of C-4
carbon-substituted, C-2 piperidinyl arylamides is shown
in Scheme 2. 4-Methylpiperidine was first introduced by
a selective nucleophilic substitution reaction on 4-bro-
mo-2-fluoronitrobenzene to furnish intermediate 15.
This product was then subjected to a metal-catalyzed
coupling reaction to introduce the C-4 carbon substitu-
ent to yield 16. The intermediates for compounds 18a
and 18b were made by Suzuki and Heck coupling reac-
tions of intermediate 15 with 4-pyridylboronic acid and
tert-butyl acrylate, respectively. Compound 18c was
made by acid-catalyzed hydrolysis of the tert-butyl ester
of compound 18b. To introduce acetylenic substituents,
the intermediate 15 was subjected to Sonogoshira cou-
pling reaction with propargyl alcohol and the resulting
intermediate was converted to the corresponding mesy-
late. This mesylate was then reacted with dimethylamine
and morpholine to obtain intermediates for the synthesis
of compounds 18d and 18f, respectively, and these inter-
mediates were then employed in the reduction step (c)
using Fe/NH4Cl as the reducing agent. Compound 18e
was made in an analogous manner using methylamine
as the nucleophile followed by methanesulfonylation
prior to the Fe/NH4Cl reduction of the nitro group.
The intermediate 16 for compound 18g was made by a
Suzuki coupling reaction of intermediate 15 with N-
Boc-protected 1,2,3,6-tetrahydropyridine-4-pinacolbor-
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Scheme 2. Synthesis of C-4 carbon-substituted derivatives. Reagents:
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onate. Pd/H2 reduction of this intermediate provided the
intermediate necessary for the synthesis of compound
18h and Fe/NH4Cl reduction gave the required interme-

Table 3. FMS potency of C-2 piperidinyl, C-4 carbon-substituted


analogues


N


B


H
N


O
O


CN


Compound B IC50
a (lM)


18a N 0.01


18b
O


O
0.038


18c
O


O H
0.002


18d N 0.015


18e N SO2Me 0.016


18f
N


O


0.005


18g NH 0.0008


18h NH 0.0003


18i NAc 0.0008


a Reported IC50 values are the means of three experiments. Inter-assay


variance was <20%. For assay details see Ref. 6b.

diate for the synthesis of compound 18h. The amine
intermediate 17 was acylated with 5-cyanofuranoyl chlo-
ride, which provided the product 18. Compound 18i was

Figure 4. (A) Crystal structure of FMS, cyan carbons, with furan-


containing compound, magenta carbons (PDB ID 2i0y)8; (B) model of


FMS, cyan carbons, with pyrrole-containing compound, salmon


carbons; (C) model of FMS, cyan carbons, with imidazole-containing


compound, orange carbons. Hydrogen bonds between the inhibitor


and FMS as well as inhibitor intramolecular hydrogen bonds are


shown as green dashed lines. Figures were prepared with PyMol.9
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synthesized by the acetylation of 18h. With compounds
18g and 18h, the Boc groups were then removed with
TFA to obtain the final products.


The FMS inhibitory activity of C-4 carbon-substituted
analogues shown in Table 3 suggests that the C-4 posi-
tion of the 2-piperidinyl aryl amide scaffolds has toler-
ance for a wide range of substituents. The C-4, 4-
pyridyl analogue 18a was 10-fold less active than the
parent 1a. The acyclic substituents such as substituted
propargyl, acrylate (18b, d–f) and other aliphatic amines
(not shown) were also less potent than the parent com-
pound, while 18c was the notable exception. However,
the replacement of the C-4 piperazine ring structure with
piperidine or tetrahydropyridine (18g–i) maintained the
extreme potency of the parent compound.


Although these efforts led to the discovery of potent
inhibitors containing suitable replacement C-4 substitu-
ents, the most active analogues still retained the C-2
piperidine ring structure. The best C-2 carbon substitu-
ent, 1-cyclohexenyl, was nearly 20-fold less active than
the parent compound.


The discovery that 5-cyanofuranoyl and 4-cyanopyrrol-
yl analogues 1a and 1b were equipotent6b led to a close
examination of the co-crystal structure of FMS kinase
with a 5-cyanofuran8 (Fig. 4A). The structure indicated
that the active conformation of the inhibitor was stabi-
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Scheme 4. General synthetic route to cyanoimidazole analogues. Reagents an


NBS/CH2Cl2/0 �C; (d) cycloalkenylboronic acid or boronate/Pd(Ph3P)4/Na2


salt (23)/PyBroP/DIEA/CH2Cl2; (f) TFA/EtOH/CH2Cl2 (1/0.1/3).

lized by an internal hydrogen bond between the furan
oxygen and the amide NH. This interaction cannot be
made by the 4-cyanopyrrole. However, a model of an
inhibitor containing cyanopyrrole bound to FMS indi-
cated the presence of an additional intermolecular
hydrogen bond between the pyrrole nitrogen and the
carbonyl of Glu 663 (Fig. 4B) and this alternate inter-
molecular interaction likely compensated for the ab-
sence of the intramolecular hydrogen bond. Based on
these observations, we reasoned that an inhibitor that
could make both of these interactions should be more
potent and this notion thus led to the design of 4-cyano-
imidazole-containing inhibitors (Fig. 4C).


The required 4-cyanoimidazole carboxylic acid was syn-
thesized in SEM-protected form as its potassium salt 23
in four steps from 4-cyanoimidazole as shown in Scheme
3.


The route to the synthesis of this series of compounds
(Scheme 4) incorporates the Suzuki coupling of 4-anilin-
opinacolboronate with the enoltriflate of N-Boc-piperid-
inone to obtain intermediate 26 followed by
hydrogenation to obtain 27. Ortho-bromination with
NBS followed by a second Suzuki reaction with a cyclo-
alkenyl boronic acid or boronate introduced the C-2
cycloalkene. The resulting compound 29 was coupled
to the SEM-protected cyanoimidazole potassium salt
23 using PyBroP as the coupling agent. The final prod-
uct 31 was obtained by acid-induced deprotection of
intermediate 30. The selective acylation of the final
product produced the acylated piperidines 31e–g.


The inhibitory activities of this final series of compounds
are shown in Table 4. As the modeling predicted, the 4-
cyanoimidazole replacement of 5-cyanofuran/4-cyano-
pyrrole enhanced the enzyme potency of C-2 carbon-
substituted derivatives by 10-fold (e.g., 31e vs 13f) thus
bringing the potency back into the range of the original
leads. Although the cyclopentene 31c was eightfold less
active than the 6-membered ring 31a, 7-membered cyclo-
alkenes (data not shown) displayed similar activity to
31a. The presence of small substituents such as mono-
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Table 4. Biological activities of C-2, C-4 dicarbon-substituted analogues


A


B


H
N


O
N
H


N
CN


Compound A B IC50 (lM) BMDM assay IC50
a (lM)


1a 0.001 0.002


1b 0.0008 0.002


31a NH 0.001 0.001


31b CH3 NH 0.0004 0.0036


31c NH 0.008 0.03


31d SO2 NH 0.06 >1


31e NAc 0.002 0.008


31f
NH


NAc >0.15 >1


31g SO2 NAc 0.06 0.08


a Reported IC50 values are the means of three experiments. Inter-assay variance was <20%. For assay details see Ref. 6b.
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methyl 31b at the C-4 0 position of cyclohexene also did
not affect the FMS enzyme potency. However, polar
moieties in the ring (31d, 31f, and 31g) decreased the en-
zyme potency as well as the cellular potency. All highly
potent compounds also showed comparable cellular
activity in a bone marrow-derived macrophage
(BMDM) proliferation assay.6a


Having successfully identified carbon-based replace-
ments for the C-2 and C-4 nitrogen substituents in par-
ent compounds 1a and 1b, the more potent new
analogues 31a, 31b, and 31e were evaluated for their po-
tential to exhibit IDRs as measured in the GSH conju-
gation assay. No GSH adduct formation was detected
under the assay conditions described previously.


In conclusion, with the aid of structure-based drug de-
sign, the lead arylamide series, represented by 1a and
1b, was successfully optimized and improved address-
ing a potential IDR issue to generate novel, potent
FMS inhibitors, which did not have this liability.
The replacement substitutions required at C-2 resulted
in a loss of potency that was restored by incorporat-
ing the complementary hydrogen-bonding characteris-
tics of both 1a and 1b. The resulting imidazole
analogues confirmed the hypothesis and were approx-
imately 10-fold more potent than the corresponding
analogues containing either a furan or pyrrole. The
newly optimized series, exemplified by compounds
31a, 31b, and 31e, is equipotent to the lead series in
both enzyme and cell-based assays and is being exam-
ined as potential drug candidates.
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Abstract—Numerous studies have shown that many clinically employed opioid analgesics are substrates for P-glycoprotein (P-gp),
suggesting that up-regulation of P-gp may contribute to the development of central tolerance to opioids. The studies herein focus on
the development of SAR for P-gp substrate activity in the meperidine series of opioids. Addition of a 3-OH to meperidine and the
ketone analog of meperidine yielding bemidone and ketobemidone, respectively, significantly increased P-gp substrate affinity. The
results of this study have implications in the development of novel analgesics to be utilized as tools to study the contribution of P-gp
on the development of central tolerance to opioids.
� 2008 Elsevier Ltd. All rights reserved.
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Introduction. There is a growing body of evidence that
suggests efflux transporters, specifically P-glycoprotein
(P-gp), may play a role in the development of opioid re-
lated central tolerance and constipation.1–6 Recent stud-
ies have shown that opioids are substrates for P-gp,
although to differing extents,7 and P-gp is up-regulated
at the blood-brain barrier (BBB) of morphine3 (1) and
oxycodone2 (2) (Fig. 1) tolerant rats. Upon chronic
administration, the up-regulated P-gp would be ex-
pected to result in lower brain concentrations of opioid,
thereby exacerbating tolerance to the central analgesic
effects. P-gp knockout animals8 are available and offer
a useful model to study the effects of P-gp on opioids;
however, an alternative approach in wild-type animals
is the development of mu opioid receptor agonists which
are not P-gp substrates. These compounds would allow
a full investigation of the contribution of up-regulated
P-gp to opioid tolerance, as full cross-tolerance between
morphine and the opioid lacking P-gp substrate activity
would not be anticipated to occur. Additionally, opioids
lacking P-gp substrate activity may potentially be devel-
oped into analgesics with lower degrees of tolerance.


Meperidine (3), a moderately potent mu opioid analge-
sic, 9,10 has been reported to possess low P-gp substrate
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activity.7 Therefore, our investigations are focused on
delineating the structure-activity relationship (SAR)
for the addition of a m-OH, while increasing mu opioid
potency based on known SAR for this series.10


Results and discussion. The compounds synthesized are
readily known in the literature as mu opioid analge-
sics;10 however, the syntheses described here are novel
approaches. Meperidine (3) was prepared from nitrile
4 (obtained from Sigma–Aldrich, Inc.), via alkylation
with MeI in DMF in the presence of K2CO3, followed
by aqueous NH4Cl hydrolysis of the N-methyl nitrile 5
to the ethyl ester through treatment with H2SO4 and
EtOH. Treatment of 5 with EtMgBr, via a Grignard
reaction,11 produced the ketone meperidine analog 6
(Scheme 1).


Bemidone 9 was prepared from the condensation of
mechloroethamine hydrochloride and 3-methoxyphenyl-

O
HO OH


O
MeO O1 2


Figure 1. Morphine (1) and oxycodone (2).
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Scheme 1. Reagents and conditions: (a) MeI, K2CO3, DMF; (b)


H2SO4, EtOH, reflux; (c) EtMgBr, NH4Cl hydrolysis.
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acetonitrile (both reagents obtained from Sigma–Aldrich,
Inc.) with NaH and NaOH to yield 7. O-dealkylation of 7
was performed with BBr3 and NH4OH,12 converting the
methoxy group to a phenol 8, followed by nitrile hydroly-
sis to give the m-OH ethyl ester as previously described.4


Treatment of 7 with an EtMgBr Grignard reagent,11 fol-
lowed by aqueous NH4Cl hydrolysis produced 10, which
then underwent treatment with BBr3 to produce ketob-
emidone (11) (Scheme 2).


All compounds were converted to their respective salts
(see Table 1). Drug stimulated P-gp ATPase activity

N
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Scheme 2. Reagents: (a) NaH, NaOH; (b) BBr3, NH4OH; (c) H2SO4, EtOH


Table 1. Fold stimulation values of test compounds prepared, salt form, yie


Compound Name Salt


Non-treated (control)


3 Meperidine Oxalate


6 Ketone analog Citrate


9 Bemidone Oxalate


11 Ketobemidone Oxalate


All compounds assayed at 200 lM. Data are represented as fold stimulatio


treated) as determined from t-test. All compounds gave satisfactory CHN (±

was estimated using the Pgp-Glo assay system13 (Prome-
ga, Madison, WI) and the results are shown in Table 1.
Briefly, this method relies on the ATP dependence of the
light-generating reaction of firefly luciferase where ATP
consumption is detected as a decrease in luminescence,
the greater the decrease in signal the higher the P-gp
activity. Sodium orthovanadate was used as a P-gp
ATPase inhibitor, whereas verapamil was used as a po-
sitive control. All test compounds were analyzed at
200 lM and fold stimulation values were calculated
using Eq. 1. Fold stimulation values greater than 2.0
indicate a P-gp substrate.14


Fold stimulation by a test compound


¼ Test compound stimulated P-gp activity


Basal P-gp activity
ð1Þ


The addition of a m-OH into the phenyl ring signifi-
cantly increases the P-gp fold stimulation of meperidine
analogs. Meperidine itself has a P-gp fold stimulation
value of 1.78 and increases to 2.64 with the m-OH addi-
tion (bemidone, 9). Whereas the ketone analog 6, with a
P-gp fold stimulation value of 1.37, increases to 4.89
with the m-OH addition (ketobemidone, 11). Thus, the
addition of a m-OH increases the P-gp substrate activity
of these meperidine analogs, which are members of the
4-phenylpiperidine class of opioids.


The hydroxylated meperidine analogs were initially pur-
sued to investigate the relationship between P-gp and in-
creased opioid potency. Interestingly, these results are
consistent with previous studies in our laboratory which
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; (d) EtMgBr, NH4Cl hydrolysis.


ld, and melting point


Yield (%) Mp (�C) Fold stimulation ± SEM


1.00


7 190–192 1.78 ± 0.39*


56 170–171 1.37 ± 0.19*


36 200–202 2.64 ± 0.82*


51 233–235 4.89 ± 1.94*


n ± SEM (n = 3). *Significant difference (p < 0.05) from control (non-


0.4%) and spectral analysis (see Supporting Information).
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showed that removal of the 3- and 6-OH from morphine
resulted in decreased P-gp substrate activity,5 as mor-
phine is a P-gp substrate.7 These studies attest that the
m-OH substituent increases P-gp substrate activity
across the phenylpiperidine and morphinan classes of
opioids. Furthermore, the development of opioids lack-
ing P-gp substrate activity should not possess a m-OH
substituent. The interaction between opioids and P-gp
is currently under investigation and these results aid in
further SAR development. The ultimate goal is to devel-
op a potent opioid with low P-gp substrate activity for
use as a tool to study the contribution of P-gp up-regu-
lation to the development of opioid tolerance and cross-
tolerance between opioids with P-gp substrate activity
and those without.
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Abstract—Insulin-like growth factor receptor (IGF-1R) is a growth factor receptor tyrosine kinase that acts as a critical mediator of
cell proliferation and survival. This receptor is over-expressed or activated in tumor cells and is emerging as a novel target in cancer
therapy. Efforts in our ‘‘Hit to Lead’’ group have generated a novel series of submicromolar IGF-1R inhibitors based on a
isoquinolinedione template originating from a Lance enzyme HTS screen. Chemical triage and parallel synthesis incorporating
focused library arrays were instrumental in moving these investigations through the Wyeth exploratory medicinal chemistry process.
The strategies, synthesis, and SAR behind this interesting kinase scaffold will be described.
� 2008 Elsevier Ltd. All rights reserved.

Receptor tyrosine kinases are proven targets for ther-
apeutic intervention in human cancer.1 As a member
of this class of signaling molecules, the insulin-like
growth factor receptor tyrosine kinase (IGF-1R) is a
pivotal element of a signaling pathway involved in cell
growth, proliferation, and survival.2 It is highly re-
lated to the insulin receptor (IR) yet plays a different
role in organism development, being responsible for
normal growth and development as opposed to glu-
cose homeostasis.3 Several studies indicate that the
IGF-1 receptor is overexpressed in human cancers,
and plays a essential role in tumorigenesis.4 Several
experimental approaches to reducing IGF-1R levels
have been reported, and the results suggest that tumor
cell proliferation, survival and sensitivity to cytotoxic
agents are dependent on the presence of IGF-1R.
These effects are believed to result from downregulat-
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ing PI3K and Ras pathways.5 Inhibitors of IGF-1R
kinase activity may therefore be suitable agents for
inhibition of human tumor growth.


Efforts from our ‘‘Hit to Lead’’ group were aimed at
developing selective small molecule inhibitors of IGF-
1R for the treatment of cancer. The most significant
challenge for the team would be obtaining selectivity
over IR due to homology of these two receptors (IGF-
1R has 84% sequence identity to IR in the kinase
domain).6


A high-throughput screen (HTS) using a Lance en-
zyme assay7 was performed generating 5359 confirmed
hits. Through chemical triage and follow-on assays,
full hit characterization was completed in a few
months generating a novel kinase template; the isoqu-
inolinedione series met all criteria as a viable lead and
provided an unique scaffold for SAR development
[compound 1 (Fig. 1)].8 Along with chemical triage
and data-mining, input from structural biology helped
to fully characterize this lead series. Fluorescence data
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Figure 2. Fluorescence binding experiment: Graph displays fluores-


cence intensity of 1 lM IGF-1R with compound 1. Compound 1 binds


to IGF-1R with a KD of 614 nM.
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Figure 1. Representative compound from isoquinolinedione cluster.
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indicated 1 bound to IGF-1R in the submicromolar
range (Fig. 2, KD = 0.614 lM).9 In addition, co-crystal
and molecular modeling studies of 1 provided similar

Figure 3. Co-crystal structure of compound 1 in IGF-1R. The key


interactions are: (a) Glu1080’s O and 1’s NH, (b) Met1082’s NH and


1’s O, and (c) Met1082’s O and 1’s NH.

orientations of this small molecule lead in the ATP-
binding pocket of the IGFR kinase domain. Fig. 3
displays the key interactions to the kinase determined
from the co-crystal structure: (a) Glu1080s backbone
carbonyl oxygen and 1’s core NH, (b) Met1082’s
backbone NH and 1’s core carbonyl oxygen and (c)
Met1082’s backbone carbonyl oxygen and 1’s anilino
NH.10


Data-mining and clustering techniques using the Wyeth
compound database were crucial in determining key
functional areas of the molecule; replacement of the bro-
mine of 2 (analog of 1) with the 6-anilino linkage of 5
(Table 1) provided enhanced activity for IGF-1R versus
CDK4, the program from which our equity originated8


(i.e., 2: �3-fold selective for CDK4 and 5: �7-fold selec-
tive for IGF-1R; also 1: �10-fold selective for CDK4).
Using structure-based design techniques, the initial
libraries (analogs 3 and 4, and 6–30) established the
SAR around this anilino group with compounds 5, 8,
and 15 being the most potent initially in this series of
IGFR inhibitors. No clear electronic preference was
apparent and from molecular modeling analysis, it was
rationalized that potency was directly proportional to
anilino-NH binding to the protein backbone; the more
potent analogs provided optimum alignment of anili-
no-NH with ASP1153 (i.e., �3.74 Å distance for 5, 8,
and 15).


From analogs 3 and 4 in Table 1, it was apparent that
a basic amine in the tailpiece region of the molecule
was crucial for inhibitory activity. Our final library
(analogs 31–41) was designed to further establish this
importance, highlighting that many different tertiary
amines were tolerated. Table 1 also summarizes selec-
tivity versus IR for selected analogs; however, to this
point, no apparent window of selectivity has been
achieved. Interestingly, even our most potent IGFR
analog (39) showed only a slight preference for IGFR
versus IR. With such small differences in the kinase
backbone between IGF-1R and IR [Thr1083 (IR
Ala) and Arg1084 (IR His)], we are in the process
of trying to better understand the minor selectivity
preference of 39 with the hopes of obtaining future
analogs with a more desirable selectivity window. In
addition, aqueous solubility (�1 mg/mL at pH 7.4
for 39) still needs to be addressed for this series to
meet our desired lead profile.


Compounds were prepared by a five-step sequence out-
lined in Scheme 1.11 To generate the isoquinolinedione
core (42), diethyl carbonate was reacted with 4-bromo-
2-methyl-benzoic acid in the presence of LDA followed
by heating with urea in 1,2-dichlorobenzene at elevated
temperature. Further heating this intermediate with
triethyl orthoformate in DMF:Ac2O (4:1) provided com-
pound 43. Phenylamino-tails A or B (see Scheme 2) were
added to this intermediate followed by addition of the
appropriate substituted aniline to afford the final prod-
ucts (see Table 1).


In summary, following a Lance enzyme HTS of the
corporate database, full hit characterization of the po-







Table 1. IGFR inhibitory activity and selectivity data versus IR


R2


NH


O


O


H
N R1


Compound R1 R2 IGFR IC50
a (lM) Sel. ratio (IR/IGFR)b


1 CH2-pyrrolidine Br 2.42 0.57


2 CH2-piperidine Br 2.89 ntc


3 H m-Cl-aniline >10 ntc


4 H m-MeO-aniline >10 ntc


5 CH2-piperidine Aniline 0.455 0.87


6 CH2-piperidine o-Me-aniline 4.14 ntc


7 CH2-piperidine m-Me–aniline >10 ntc


8 CH2-piperidine p-Me-aniline 0.498 1.14


9 CH2-piperidine o-OMe-aniline 0.610 ntc


10 CH2-piperidine m-OMe-aniline 1.08 ntc


11 CH2-piperidine p-OMe-aniline 0.971 ntc


12 CH2-piperidine o-CN-aniline 4.20 ntc


13 CH2-piperidine m-CN-aniline 1.13 ntc


14 CH2-piperidine p-CN-aniline 1.33 ntc


15 CH2-piperidine m-Ac-aniline 0.438 0.72


16 CH2-piperidine p-Ac-aniline 5.89 ntc


17 CH2-piperidine o-Cl-aniline 1.66 ntc


18 CH2-piperidine m-Cl-aniline 2.39 ntc


19 CH2-piperidine p-Cl-aniline >10 ntc


20 CH2-piperidine m-F-aniline 2.63 ntc


21 CH2-piperidine m-CF3-aniline >10 ntc


22 CH2-piperidine m-NH2-aniline >10 ntc


23 CH2-piperidine p-N(CH3)2-aniline >10 ntc


24 CH2-piperidine p-CONH2-aniline 0.957 ntc


25 CH2-piperidine p-CO2Et-aniline >10 ntc


26 CH2-piperidine 3-OMe-5-CF3-aniline >10 ntc


27 CH2-piperidine 5-NH-(1-quinoline) 5.20 ntc


28 CH2-piperidine 5-NH-indole >10 ntc


29 CH2-piperidine 3,4 ring -(CH2)3-aniline 7.93 ntc


30 CH2-piperidine 3,4 ring -OCH2O-aniline 0.894 ntc


31 CH2-NMe2 Br 7.17 0.58


32 CH2-piperidine 3-furyl 0.715 0.75


33 N-Me-piperazine Ph-SO2NH 0.829 0.83


34 3,5-di-Me-piperazine 3-furyl 0.629 1.0


35 CH2–NMe2 Aniline 0.920 0.62


36 CH2–NMe2 m-MeO-aniline 1.39 0.48


37 CH2–NMe2 p-MeO-aniline 0.566 0.69


38 CH2–NMe2 m-Ac-aniline 0.887 0.87


39 N-Me-piperazine m-Ac-aniline 0.319 1.6


40 3,5-Di-Me-piperazine m-Ac-aniline 0.540 0.85


41 CH2–NEt2 p-Me-aniline 1.16 0.64


a Concentration inducing 50% inhibition of IGFR (N = 2–3).8


b Selectivity ratio (IC50 IR inhibition/IC50 IGFR inhibition).
c nt, not tested in IR inhibition assay.
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tential equity generated a novel kinase template as an
IGFR inhibitor. Chemical triage and parallel synthesis
incorporating focused libraries helped to establish the
SAR around this isoquinolinedione core. The key ani-
lino functionality provided compounds (i.e., 5) with
submicromolar activity; however, future analogs
around compounds such as 39 will need to be designed
with the aim of hopefully improving its selectivity ver-
sus IR.
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Abstract—Recently, we identified a thiocarbazate that exhibits potent inhibitory activity against human cathepsin L. Since this
structure represents a novel chemotype with potential for activity against the entire cysteine protease family, we designed, synthe-
sized, and assayed a series of analogs to probe the mechanism of action, as well as the structural requirements for cathepsin L activ-
ity. Molecular docking studies using coordinates of a papain–inhibitor complex as a model for cathepsin L provided useful insights.
� 2008 Elsevier Ltd. All rights reserved.
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Human cathepsin L is an endosomal cysteine protease
that has been implicated in a variety of physiological
and pathophysiological processes.1–3 Cathepsin L is
widely distributed, and plays key roles in bone remodel-
ing and the immune response, as well as in disease states
such as cancer,4 rheumatoid arthritis5 and osteo-arthri-
tis.6,7 Furthermore, a number of infectious agents (e.g.,
Ebola, SARS, and Leishmania) have been reported to
require cathepsin L or cathepsin L-like activity for viral
processing and infectivity.8–12 As such, the identification
of inhibitors of cathepsin L would provide valuable
tools to probe the role of this enzyme in biological sys-
tems, as well as to provide potential starting points for
drug discovery efforts.


The Penn Center for Molecular Discovery (PCMD), a
member of the Molecular Libraries Screening Center
Network (MLSCN), has conducted a series of High-
throughput Screening (HTS) campaigns of the Molecu-
lar Libraries Small Molecular Repository (MLSMR) to
identify inhibitors of cysteine (cathepsins B,13 L, and S)
and serine (cathepsin G, Factor XIa, and XIIa) prote-

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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ases.14 This effort recently led to the identification15


and characterization16 of (�)-1, a novel and potent
inhibitor of human cathepsin L (Fig. 1).17


Most cysteine protease inhibitors require the presence
of an electrophilic warhead that provides a site of reac-
tion (either reversible or irreversible) for the active site
thiolate. Selectivity and potency are often dictated by
the reactivity of the warhead in conjunction with addi-
tional binding interactions of the molecule across the
enzyme active site. Classic warheads include epoxides,
nitriles, activated carbonyls, vinyl sulfones, oxocarbaz-
ates, and aza-peptides. 2,18–20 Indeed, incorporation of
such warheads has led to cathepsin K and cathepsin
S inhibitors currently in clinical trials.3 Potent inhibi-

HN


(-)-1


Figure 1. Thiocarbazate cathepsin L inhibitor (�)-1.
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tors of cathepsin L that incorporate azepanones and
cyanamides have also been described recently.21,22 To
the best of our knowledge, thiocarbazates and their
corresponding biological activity have not been de-
scribed prior to our original report.15 Since the thiocar-
bazate core embodies the potential for broad utility as
a cysteine protease inhibitor scaffold, we sought to
understand further the requirements for activity within
this substructure.


In an effort to evaluate the potential binding mode of
(�)-1 with cathepsin L, we performed docking studies
using the publicly available X-ray coordinates for pa-
pain complexed to a succinyl epoxide inhibitor
(1cvz.pdb).23 The papain model was a relevant model
for cathepsin L due to the high degree of sequence
homology between the binding sites of these two cys-
teine proteases. In these studies we observed the simulta-
neous occupation of the S2, S3, and S1 0 subsites by
hydrophobic and aromatic functionalities of thiocarbaz-
ate (�)-1 as shown in Fig. 2; the indole side chain occu-
pies the S2 subsite; the –NHBoc group occupies the S3
subsite, and the 2-ethylphenyl aniline occupies the S1 0


subsite. A key hydrogen bond is observed between the
Gly66 backbone NH and the amino acid derived car-
bonyl of the diacyl hydrazine. In other inhibitor systems,
the absence of a hydrogen bonding interaction between
Gly66 and inhibitor has been reported to lead to a loss
of inhibition in numerous cathepsins, including cathep-
sin L.22 Details of the molecular docking studies are
reported elsewhere;24 however, they suggest that (a)
the thiocarbazate carbonyl is in sufficient proximity to
the active site Cys25 to permit nucleophilic thiolate
addition and (b) significant binding interactions (both
hydrogen bonding and van der Waals) are present be-
tween the inhibitor and protease subsites. These obser-
vations support our hypothesis that specific binding
interactions as well as appropriate reactivity of (�)-1
are essential for the observed inhibitory properties.


The docking studies were validated by the synthesis of
analogs in which key residues occupying the S2, S3,
and S1 0 subsites were modified. Specifically, replace-

Figure 2. Thiocarbazate (�)-1 (IC50 = 56 nM) in the binding subsite of


papain. The indole forms hydrophobic contacts within the S2 subsite,


the –NHBoc group forms hydrophobic contacts within the S3 subsite,


and the 2-ethylphenyl anilide occupies the S1 0 subsite.

ments of the indole side chain, the –NHBoc, and the
2-ethylphenyl anilide of (�)-1 were targeted. Thiocar-
bazates for this study were prepared from the requisite
hydrazides exploiting our previously developed chemis-
try.15 In a one-pot reaction, hydrazides were treated
with carbonyl sulfide gas followed by an appropriate
electrophile (i.e., R2–Br). Preparative reverse phase
HPLC was employed to purify the final products,25


which were assayed for their ability to inhibit cathepsin
L.26


As illustrated by the results listed in Table 1, occupation
of the S2 subsite is essential for cathepsin L inhibition.
Partial occupation, as in (�)-2 where the indole side
chain is replaced with the smaller phenyl group, results
in less potent activity (IC50 = 115 vs 56 nM). Thiocar-
bazate 3, in which the entire indole side chain has been
eliminated, exhibits no inhibition. Also pronounced are
the –NHBoc group’s contributions to potency, as illus-
trated by thiocarbazate 4’s significantly reduced activity
(IC50 = 22 lM). In this case, we reason that the loss of a
key hydrogen bond between the –NHBoc group and the
Asp158 residue leads to diminished activity. These re-
sults support the importance of maintaining hydropho-
bic and hydrogen bonding interactions in the active
site, consistent with the mode of docking proposed.


From the docking studies of thiocarbazate (�)-1,16,24 we
hypothesized that additional room for structural modifi-
cations and ring constraints was available in the anilide
portion of this thiocarbazate (S1 0 subsite). Based on this
observation, a tetrahydroquinoline anilide (�)-5 was
substituted for the 2-ethylphenyl anilide moiety (Table
1).27 An improvement in potency was observed
(IC50 = 41 nM), further supporting our hypothesis. To
explore this area further, two additional analogs were
prepared: thiocarbazate 6, in which constraints were im-
posed by incorporation of an N-phenyl pyrrolidinone
group, and a methyl ester thiocarbazate (�)-7. 28,29 Both
analogs 6 and (�)-7 exhibited reduced activity against
cathepsin L with IC50 values of 110 and 201 nM,
respectively.


Our thiocarbazates are structurally related to oxocar-
bazates (e.g., A) and aza-peptides (e.g., B), known pro-
tease inhibitors (Fig. 3)30–32 that are active by the
virtue of their activated carbonyl groups. Depending
on the nature of the leaving group present, these inhib-
itors often bind and react with the active site serine or
cysteine, resulting in the formation of a stable acyl–en-
zyme complex, which then undergoes slow hydroly-
sis.30,31 Alternatively, oxocarbazate and aza-peptide
inhibitors with poor leaving groups are believed to form
stable tetrahedral intermediates without acyl–enzyme
adduct formation. 18,33,34 To further understand the
cathepsin L inhibitory activity of thiocarbazates, (�)-1
was incubated in the presence of stoichiometric amounts
of cysteine or cathepsin L over prolonged time periods
in the presence of assay buffer. The reactions were mon-
itored by LC–MS for the disappearance of (�)-1 as well
as the appearance of reaction products such as cysteine
adducts and products of hydrolysis. 35 In both
experiments, thiocarbazate (�)-1 was found to remain







Table 1. Synthesis and cathepsin L inhibitory activity of thiocarbazates


N
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NR1
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S
R2


a) SCO (gas), KOH, EtOH
    23 oC, 15 h


b) R2-Br, 23 oC, 1 h
Thiocarbazates


N
H


NH2R1


Hydrazides


Thiocarbazate R1 R2 IC50 (lM)


(�)-1 Boc-LL-Trp


N
H


Et


O


0.056 ± 0.001


(�)-2 Boc-LL-Phe 0.115 ± 0.006


3 Boc-Gly Inactive


4


O


HN


21.797 ± 1.836


(�)-5 Boc-LL-Trp N


O


0.041 ± 0.002


6 Boc-LL-Trp
N


O


0.110 ± 0.003


(�)-7 Boc-LL-Trp


OMe


O
0.201 ± 0.012
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unchanged after greater than 24 h, and no evidence of
newly formed reaction products were detected. As the
formation of a stable acyl–enzyme complex would have
resulted in the generation of a new product based on the
leaving group embedded in (�)-1, we hypothesize that a
stable acyl–enzyme adduct is not formed. These data are
consistent with detailed kinetic analysis16 indicating that
(�)-1 is a slowly reversible inhibitor of cathepsin L.


To probe the necessity of the thiocarbazate core in
inhibitors such as (�)-1 and (�)-5, a series of analogs
were prepared in which a carbon, oxygen, or nitrogen
atom replaced the sulfur atom. This series was designed
to incorporate the preferred S1 0 subsite substituent, a
tetrahydroquinoline anilide. Toward this end, the corre-
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sponding diacyl hydrazine (�)-9, aza-peptide (�)-11,
and oxocarbazate (�)-13 were prepared as illustrated
in Scheme 1.


Diacyl hydrazine (�)-9 was prepared from succinanilic
acid36 8 via an EDC-mediated coupling reaction with
Boc-LL-Trp-NHNH2. Aza-peptide (�)-11 was generated
via the reaction of preformed isocyanate 10 with Boc-
LL-Trp-NHNH2.37 Oxocarbazate (�)-13 was synthesized
using a three-component protocol using Boc-LL-Trp-
NHNH2, a-bromoanilide 12, and carbon dioxide.38,39


While yields for these analogs were modest (33-65%), 1
mmol scale reactions yielded material of >99% purity
for biological assay. When tested for inhibition of
cathepsin L, diacyl hydrazine (�)-9 was found to be
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inactive and aza-peptide analog (�)-11 displayed only
modest potency. In these cases, the presence of the pre-
ferred tetrahydroquinoline anilide could not compensate
for the lack of an activated carbonyl [e.g., (�)-9] or
unoptimized carbonyl reactivity (e.g., (�)-11]. In con-
trast, oxocarbazate (�)-13, in which an oxygen atom
was substituted for the sulfur atom of (�)-5, was the
most potent cathepsin L inhibitor identified within this
study (IC50 = 7 nM).40,41


As in the case of (�)-1, oxocarbazate (�)-13 and
thiocarbazate (�)-5 were found to be unreactive to
transesterification by cysteine and DTT nucleophiles.
Furthermore, (�)-13 remained intact for greater than
24 h when incubated with cathepsin L under stoichi-
ometric conditions, and in the presence of assay buf-
fer.26 Electrostatic potential calculations were also
conducted to determine the relative electrophilicities
of the carbonyls within the tetrahydroquinoline
substituted inhibitors; however the results from these
studies gave no clear correlation between electrophi-
licity and activity, further supporting our hypothesis
that both reactivity and binding interactions dictate
potency.


In summary, through the design, synthesis, and assay
of a series of thiocarbazates we have characterized the
activity of a novel family of cathepsin L inhibitors.

Based on these studies we conclude that full occu-
pancy of the S2, S3, and S1 0 subsites is required for
potent inhibition. With these requirements met, the
activated carbonyl group is positioned in close prox-
imity to the Cys25 active site residue. Although we
observed no evidence of reaction between the protein
and the inhibitors, changes in the functionality adja-
cent to the putative reactive carbonyl (i.e., sulfur, car-
bon, oxygen, and nitrogen analogs) strongly influenced
potency. In the course of these studies, we designed
and synthesized a highly potent cathepsin L inhibitor,
oxocarbazate (�)-13, that contains a preferred tetrahy-
droquinoline anilide group. Future efforts in our labo-
ratory will focus on the thiocarbazate chemotype and
its potential to exhibit broad cysteine protease inhibi-
tory activity.

Acknowledgments


Financial support for this work was provided by the
NIH (5U54HG003915-02 and 5U54HG003915-03). We
thank Dr. Carlo E. Ballatore and Mr. Onur Atasoylu
for electrostatic potential calculations and Professor
Barry S. Cooperman for helpful discussions. Finally
we thank Dr. G. T. Furst and Dr. R. Kohli at the Uni-
versity of Pennsylvania for assistance in obtaining NMR
and high-resolution mass spectra.







3650 M. C. Myers et al. / Bioorg. Med. Chem. Lett. 18 (2008) 3646–3651

References and notes


1. McGrath, M. E. Annu. Rev. Biophys. Biomol. Struct. 1999,
28, 181.


2. Lecaille, F.; Kaleta, J.; Brömme, D. Chem. Rev. 2002, 102,
4459.


3. Vasiljeva, O.; Reinheckel, T.; Peters, C.; Turk, D.; Turk,
V.; Turk, B. Curr. Pharm. Des. 2007, 13, 385.


4. Felbor, U.; Dreier, L.; Bryant, R. A. R.; Ploegh, H. L.;
Olsen, B. R.; Mothes, W. EMBO J. 2000, 19, 1187.


5. Schedel, J.; Seemayer, C. A.; Pap, T.; Neidhart, M.;
Kuchen, S.; Michel, B. A.; Gay, R. E.; Müller-Ladner, U.;
Gay, S.; Zacharias, W. Gene Ther. 2004, 11, 1040.


6. Esser, R. E.; Angelo, R. A.; Murphey, M. D.; Watts, L.
M.; Thornburg, L. P.; Palmer, J. T.; Talhouk, J. W.;
Smith, R. E. Arthritis Rheum. 1994, 37, 236.


7. Hill, P. A.; Buttle, D. J.; Jones, S. J.; Boyde, A.; Murata,
M.; Reynolds, J. J.; Meikle, M. C. J. Cell. Biochem. 1994,
56, 118.


8. Chandran, K.; Sullivan, N. J.; Felbor, U.; Whelan, S. P.;
Cunningham, J. M. Science 2005, 308, 1643.


9. Schornberg, K.; Matsuyama, S.; Kabsch, K.; Delos, S.;
Bouton, A.; White, J. J. Virol. 2006, 80, 4174.


10. Kaletsky, R. L.; Simmons, G.; Bates, P. J. Virol. 2007, 81,
13378.


11. Simmons, G.; Gosalia, D. N.; Rennekamp, A. J.; Reeves,
J. D.; Diamond, S. L.; Bates, P. Proc. Natl. Acad. Sci.
U.S.A. 2005, 102, 11876.


12. Rafati, S.; Salmanian, A.-H.; Hashemi, K.; Schaff, C.;
Belli, S.; Fasel, N. Mol. Biochem. Parasitol. 2001, 113, 35.


13. Myers, M. C.; Napper, A. D.; Motlekar, N.; Shah, P. P.;
Chiu, C.-H.; Beavers, M. P.; Diamond, S. L.; Huryn, D.
M., ; Smith, A. B., III Bioorg. Med. Chem. Lett. 2007, 17,
4761.


14. Penn Center for Molecular Discovery (PCMD): http://
www.seas.upenn.edu/~pcmd/. Molecular Library Screen-
ing Center Network (MLSCN): http://nihroad-
map.nih.gov/molecularlibraries/ Molecular Libraries
Small Molecular Repository (MLSMR): http://
mlsmr.glpg.com/MLSMR_HomePage/index.html Pub-
Chem: http://pubchem.ncbi.nlm.nih.gov/


15. Myers, M. C.; Shah, P. P.; Diamond, S. L.; Huryn, D. M.;
Smith, A. B., III Bioorg. Med. Chem. Lett. 2008, 18, 210.


16. Shah, P. P.; Myers, M. C.; Beavers, M. P.; Purvis, J. E.;
Jing, H.; Grieser, H. J.; Sharlow, E. R.; Napper, A. D.;
Huryn, D. M.; Cooperman, B. S.; Smith, A. B., III.;
Diamond, S. L. Mol. Pharm., in press.


17. PubChem substance number for (�)-1 is SID 26681509.
18. Otto, H.-H.; Schirmeister, T. Chem. Rev. 1997, 97, 133.
19. Schirmeister, T.; Kaeppler, U. Mini-Rev. Med. Chem.


2003, 3, 361.
20. Hernandez, A. A.; Roush, W. R. Curr. Opin. Chem. Biol.


2002, 6, 459.
21. Falgueyret, J-P.; Oballa, R. M.; Okamoto, O.; Wesolow-


ski, G.; Aubin, Y.; Rydzewski, R. M.; Prasit, P.;
Riendeau, D.; Rodan, S. B.; Percival, M. D. J. Med.
Chem. 2001, 44, 94.


22. Marquis, R. W.; James, I.; Zeng, J.; Trout, R. E.
L.; Thompson, S.; Rahman, A.; Yamashita, D. S.;
Xie, R.; Gress, C. J.; Blake, S.; Lark, M. A.;
Hwang, S.-M.; Tomaszek, T.; Offen, P.; Head, M.
S.; Cummings, M. D.; Veber, D. F. J. Med. Chem.
2005, 48, 6870.


23. Tsuge, H.; Nishimura, T.; Tada, Y.; Asao, T.; Turk, D.;
Turk, V.; Katunuma, N. Biochem. Biophys. Res. Commun.
1999, 266, 411.


24. Beavers, M. P.; Myers, M. C.; Shah, P. P.; Purvis, J. E.;
Diamond, S. L.; Cooperman, B. S.; Huryn, D. M.; Smith,
A. B., III., J. Chem. Inf. Model, in press.

25. General procedure to form amino acid-substituted thiocar-
bazates: Boc-protected amino acid hydrazide (1.0 mmol,
1.0 equiv) was added to a 25-mL round-bottomed flask
followed by a solution of KOH in 95% EtOH (0.25 M,
4.4 mL, 1.1 equiv). After stirring for 5 min at 23 �C, a
balloon of carbonyl sulfide gas was attached to the flask.
The flask was purged with the gas (5 s) and a full balloon
was reattached. The reaction was stirred for 15 h at 23 �C.
After stirring overnight, the a-bromo anilide (1.1 mmol,
1.1 equiv) was added in one portion and the reaction was
monitored by LC–MS. The a-bromo anilides were typi-
cally consumed within 20–60 min, and the reaction mix-
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Exploration for new MDR-modulator utilizing tetrahydroisoquinoline as scaffold disclosed 6,7-dime-
thoxy-1-(3,4-dimethoxy)benzyl-2-(N-n-octyl-N0-cyano)guanyl-1,2,3,4-tetrahydroisoquinoline (7) as a
readily accessible medicinal lead. Compound 7 possessed potent MDR reversal activity in the range of
the reference compound verapamil, and had not cardiovascular activity compared to verapamil.


Crown Copyright � 2008 Published by Elsevier Ltd. All rights reserved.

Multidrug resistance (MDR)1 is a major problem in cancer treat-
ment. The typical MDR in tumor cells is mainly associated with a
reduced intracellular drug accumulation and an increased cellular
drug efflux. This phenomenon can be related to the overexpression
of the energy-dependent efflux pump, P-glycoprotein (P-gp),2 a
170-kDa protein that belongs to the ATP-binding cassette super-
family of transporters. Intense efforts to overcome MDR by influ-
encing transporter expressions via signal transduction pathways
or by direct transcriptional control have not been successful in
clinical trials.3 A number of compounds, so-called chemosensitiz-
ers, are able to reverse the effect of Pgp on MDR.4 Tsuruo and co-
workers5 were the first to demonstrate the ability of the calcium
channel blocker, verapamil, to reverse MDR. The cardiovascular ac-
tion of verapamil derivatives has always represented a problem in
the development of MDR modulators possessing this structure and
many efforts have been devoted to identifying more selective
compounds.


Several bisbenzylisoquinoline alkaloids as tetrandrine and berb-
amine show anti-MDR properties and calcium antagonistic activity
in various degrees.6 More than 100 tetrahydroisoquinoline deriva-
tives were designed and synthesized for the search of novel
calcium channel blockers by simplifying and optimizing tetrandrine
in our group.7–12 A series of N-cyanoguanyl-substituted tetrahydro-
isoquinoline derivatives had strong calcium antagonistic activities
but showed almost no cardiovascular activities. Their MDR reversal

008 Published by Elsevier Ltd. All
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activities in vitro were evaluated, and the results showed that these
compounds exerted different degrees of MDR reversal activities. Par-
ticularly, the activity of 6,7-dimethoxy-1-(3,4-dimethoxy)benzyl-
2-(N-n-octyl-N0-cyano)guanyl-1,2,3,4-tetrahydro-isoquinoline (7)
was comparable to that of the control verapamil.13


In this letter, the representative compound 7 was synthesized
and evaluated in several assays of MDR reversal and cardiovascular
activities in vitro and in vivo.


The synthetic route to the target compound 7 is outlined in
Scheme 1. The synthesis of compound 7 utilized 3,4-dimethoxy-
phenylethyamine 1 and 3,4-dimethoxy-phenylacetic acid 2 as the
starting material, which were converted to3 at 190 �C under N2


protection in 84% yield. Treatment of 3 with POCl3 in toluene under
reflux provided 4 in 97% yield, followed by reduction with the yield
of 64%. Next, the reaction at the N-position of compound 5 was
achieved with dimethyl cyanocarbonimidodithioate in 25% yield.
Reaction of key intermediate 6 with n-octylamine in toluene under
reflux gave 7 with the yield of 34%. Compound 7 was characterized
by IR, 1HNMR, mass spectra, and elemental analysis.14


The in vitro MDR reversal activities of compound 7 against
MCF-7, MCF-7/ADR, and K562/A02 cell lines were evaluated by
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) colorimetric assay15 with verapamil as reference drug
(Tables 1 and 2). The results showed that compound 7 exhibited a
well-defined trend in MDR reversal activities.


The in vivo efficacy of compound 7 was evaluated by using the
resistant K562/A02 cell xenografts SCID nude mice.16 The results
displayed that compound 7 had no direct effect on K562/A02 cell
growth. The antitumor activity of adriamycin (ADM) was signifi-

rights reserved.
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Table 3
The effects of compound 7 on K562/A02 cell growing of bearing cancer mice
(�X � s;n ¼ 8)


Group Dose (mg/kg) Tumor weight (g) Inhibitory ratio (%)


0.9% NaCl — 3.54±1.1* �63.1
0.9% NaCl + ADM — 2.15±0.4# 0.9
Verapamil 8 3.61±1.2* �66.4
Verapamil + 7 8 0.3±0.2**,## 86.2
ADM 2 2.17 ± 0.4#


7 8 3.46±1.2* �59.5
2 3.52±1.1* �62.2


7 + ADM 8 0.32±0.2**,## 85.3
4 0.4±0.3**,## 81.6
2 0.64±0.3**,## 70.5


* P < 0.05.
** P < 0.01 vs ADM.
# P < 0.05.


## P < 0.01 vs 0.9%NaCl.
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Figure 1. The effects of compound 7 on cellular Rh123 accumulation in MCF-7/
ADM (n = 3).
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Table 2
Inhibitory effects of compound 7 on the proliferation of K562/A02 cell line by MTT
assay(�X � s;n ¼ 5)


Compound# Reversal adriamycin Reversal vincristine


IC50
* ## IC50


* ##


Control** 18.13 ± 1.2 12.23 ± 0.4
Verapamil 0.40 ± 0.2 45.30 1.55 ± 0.1 7.90
7 0.38 ± 0.3 47.71 1.33 ± 0.1 9.20


* IC50 of adriamycin (lmol/L).
** 0.01‰ DMSO.
# Compounds were tested at 10 lmol/L.


## Reversal fold.


Table 1
Inhibitory effects of compound 7 on the proliferation of MCF-7 cell line and MCF-7/
ADR cell line by MTT assay(�X � s;n ¼ 5)


Compound# IC50
* MCF-7 MCF-7## IC50


* MCF-/ADR MCF-7/ADR##


Control** 96.2 ± 2.6 6864.2 ± 4.9
Verapamil 92.8 ± 1.8 1.0 689.2 ± 8.6 10.0
7 79.7 ± 0.9 1.2 226.8 ± 3.5 30.3


* IC50 of adriamycin (nmol/L).
** 0.01‰ DMSO.
# Compounds were tested at 10 lmol/L.


## Reversal fold.
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cantly potentiated by the coadminstration of compound 7 (8, 4 and
2 mg/kg) in SCID nude mice (Table 3).


The rhodamine 123 (Rh123) accumulation assay was used to
measure the P-gp inhibitory activity of compound 7. The uptake
of Rh123 in cells was followed by monitoring the fluorescence sig-
nal with the method described.17 The results showed that fluores-
cence value of compound 7 was increased obviously compared to
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Figure 2. The effects of compound 7 on Rh123 accumulation in RBMEC (*P < 0.05,
**P < 0.01 vs control) (n = 3).







Table 5
Antiarrhythmic action of compound 7 by aconitine nitrate (�X � s;n ¼ 3)


Group Dose (mg/kg) The dose of aconitine nitrate when antiarrhythmic
(lg/kg)


VP VT VF


Control 20.2±0.1 28.9±0.3 37.0±0.2
7 2 22.4±0.1 26.7±0.1 31.5±0.1
Verapamil 2 30.3±0.2 44.0±0.2 55.0±0.1
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control. P-gp function in MCF-7/ADM cells was inhibited after the
treatment with compound 7. When compound 7 was added at a
concentration of 1, 3 and 10 lmol/L, the inhibitory ratio was
35.18%, 60.47%, and 69.29%, respectively (Fig. 1).


P-gp, which actively transport agents from the cerebral endo-
thelial cells back into the bloodstream, have a major influence on
blood–brain barrier (BBB) permeability to hydrophobic and amphi-
philic drugs.18 In order to further investigate the effect of com-
pound 7 on P-gp, the rat brain microvascular endothelial cells
(RBMEC)19–21 for BBB model have been used. After incubated with
RBMEC, compound 7 of 1, 3, and 10 lmol/L could increase the
intracellular accumulation of Rh123 significantly22 (Fig. 2).


The increase in the efflux of drugs is the major feature of P-gp
mediated MDR. Considering that Rh123 efflux is more sensitive
than that of anticancer drugs, the efflux inhibitory activity of the
compound with Rh123 as a substrate was chosen to quantify the
MDR reversal activity.23 This test was carried out on RBMEC cell
line. A time-dependent Rh123 content curve was performed with
verapamil as reference drug (Fig. 3). The results showed that
Rh123 efflux was decreased in the dose-dependent manner.


In parallel with the mechanisms of MDR modulation it could be
speculated that the ability of the drugs to interact with the mem-
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Figure 3. The effects of compound 7 on Rh123 efflux in RBMEC (*P < 0.05, **P < 0.01
vs control) (n = 3).
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Figure 4. The effects of compound 7 on membrane lipid fluidity in K562/A02 (*P -
< 0.05 vs control).


Table 4
The inhibitory ratio of compound 7 on aorta contractile activity (�X � s;n ¼ 3)


Group Concentration 20 mmol KCl 80 mmol KCl


Verapamil 10�6 mol/L 36.3±0.2% 46.3 ± 0.1%
7 10�6 mol/L 0 ± 0.0% 0 ± 0.0%

brane phospholipids could also play a role.24 Drug/membrane
interactions could lead directly (changes in membrane permeabil-
ity and fluidity) and/or indirectly (inhibition of P-gp phosphoryla-
tion via inhibition of PKC, changes of the conformation and
functioning of the membrane-integrated proteins via changes in
the structure organization of the surrounding membrane bilayer)
to the reversal of MDR.25 Diphenylhexatriene(DPH) was chosen
to quantify the membrane lipid fluidity.26 The results showed that
the membrane lipid fluidity in K562 cell line was not affected by
compound 7 while that in K562/A02 cell line was decreased after
incubated with 10 lmol/L compound 7 (P < 0.05) (Fig. 4). The re-
sults indicated that the mechanism of compound 7 may inhibit
P-gp transport function through decreasing membrane lipid fluid-
ity indirectly.


The in vitro vascular contractile activity of compound 7 were
performed with aorta isolated from SD rats (250–350 g).27 Verapa-
mil was used as reference drug. The results showed that compound
7 had no vascular contractile activity (Table 4).


The in vivo arrhythmogenesis was evaluated following the
method described.28 The dose of aconitine nitrate was determined
after drug injection by echocardiography when ventricular prema-
ture beat (VP), sustained tachycardia (VT), and fibrillation (VF)
happened. The results showed that compound 7 had lower
arrhythmogenic effect than verapamil (Table 5).


In summary, tetrahydroisoquinoline derivative 7 was synthe-
sized and evaluated for its MDR reversal and cardiovascular activ-
ities in vitro and in vivo. Compound 7 might exhibit MDR reversal
activity by directly modulating the function of P-gp or indirectly
inhibition of P-gp transport function through decreasing mem-
brane lipid fluidity. Compound 7 may be a promising MDR reversal
drug candidate. Further biological evaluation, pharmacokinetics
study, long-term toxicity, and mechanistic studies on this new
compound are currently in progress and will be reported in due
course.
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Abstract—Following the identification of a potent IRAK inhibitor through routine project cross screening, a novel class of IRAK-4
inhibitor was established. The SAR of imidazo[1,2-a]pyridino-pyridines and benzimidazolo-pyridines was explored.
� 2008 Elsevier Ltd. All rights reserved.

In the preceding article we demonstrated how a cross
screening hit from another kinase programme yielded
the potent imidazo[1,2-a]pyridino-pyrimidine IRAK-4
inhibitor 1.1 This led to lead compounds 2 (imi-
dazo[1,2-a]pyridino-pyridine) and 3 (benzimidazolo-
pyridine) as our preferred scaffolds for optimisation.
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1, IRAK-4, IC50 216nM 2, IRAK-4, IC50 35nM 3, IRAK-4, IC50 70nM

Initially the SAR of the 5,6-fused bicyclic binding group
was studied on the benzimidazole analogue series due to
the simplicity of the chemistry and readily available
substituted starting materials.2 A series of analogues
were prepared from commercially available benzimidaz-
oles and 2,6-difluoro or 2,6-dibromopyridine by sequen-
tial SNAr displacement reactions and separation of
regioisomers as required (Scheme 1).
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Substitution in the 6-position (R2) resulted in significant
increase in IRAK-4 potency (5- to 25-fold) whereas sub-
stitution at the 5-position (R1) reduced potency irrespec-
tive of whether the 6-position was substituted (Table 1).
With this in mind we embarked on the more involved
synthesis of imidazo[1,2-a]pyridino-pyridines substi-
tuted in the regio-equivalent position (Scheme 2 and Ta-
ble 2). A variety of groups were tolerated in this
position, many giving low nanomolar enzyme inhibition
potencies (selected examples shown, 12–24). The SAR
was not very discernable except that the bulky tertiary
amides were less potent than the primary amide
(23 < 24 < 22). Homology model docking experiments
of this series imply that the 6-substituent points towards
the ATP-ribose region.1 It is plausible that the flat SAR
might be a result of the displacement of a bound water
molecule from this site, thus gaining an entropic advan-
tage in binding which would be largely independent of
spatial complementarily or bonding interactions.


We also focused attention on the pyridine 2-position
substituent. Much of the SAR could be probed by
employing parallel synthesis (Scheme 3). The key bro-
mopyridine intermediate 25 was prepared via Stille cou-
pling3 of the tri-n-butylstannane formed in situ from
trans-metallation of the Grignard derived from 3-bromo
imidazo[1,2-a]pyridine. A variety of N-linked deriva-
tives were prepared using an automated serial micro-
wave reactor,4 either by direct SNAr chemistry
(method b) or by using Buchwald palladium catalysed
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Scheme 1. Synthesis of substituted benzimidazolo-pyridines 3–11. Reagents and conditions: (a) NaH, NMP, 180 �C, microwave (33–90%); (b) HPLC


separation of regioisomers as required; (c) 4-amino-1-Boc piperidine, NMP, 140 �C, microwave (13–75%); (d) HCl, Et2O, DCM.


Table 1. IRAK-4 enzyme inhibition for benzimidazolo-pyridines 3–11


Compound R1 R2 IRAK-4 inhibition,


IC50 (nM)


3 H H 70


4 H OMe 15


5 OMe H 208


6 OMe OMe 181


7 H Cl 3


8 Cl H 112


9 Cl Cl 166


10 H Me 10


11 Me H 1085
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couplings (method c).5 Bifunctional bis-amines were
suitably protected with tert-butoxycarbonyl groups.
The products were purified by mass directed preparative
HPLC6 following deprotection step (d) where required.


The series of aniline and heteroaryl analogues (26–29)
showed some interesting SAR (e.g., 2-PhCN > Ph � 2-
N-methylpyrazol-3-yl > 4-PhCN), albeit with modest
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Scheme 2. Synthesis of 6-substituted imidazo[1,2-a]pyridin-3-yl-pyridin-2-yla


Bu3SnCl, �78 �C to rt; 2,6-dibromopyridine, Pd(PPh3)4, 140 �C, microw


t-Bu3PHBF4 DME, 140 �C, microwave (47%) or 2-(dicyclohexylphosphino)b


DCM, MeOH (40–63%); (d) i-PrMgCl, THF, �78 �C; n-Bu3SnCl, �78 �C to


(61%); (f) KOH, THF, H2O, 140 �C, microwave; (g) 20% (aq) H2SO4, 14


morpholine or dimethylamine (2.0 M in THF), EDCI, HOBt, DCM (38–43


n-Bu4NBr, Pd(PPh3)4, DME, H2O, 140 �C, microwave (47–50%).

potencies (Table 3). Some examples of secondary linked
alkylamines indicated a preference for a free –NH–/NH2


spaced approximately 2–3 carbon atoms from the link-
ing amino group (e.g., 32 > 31 and 34 > 33). The
IRAK-4 potency varied markedly with quite subtle
changes to the positioning of the distal amino group.
For example, the bicyclic analogue 34 was an order of
magnitude less potent than 4-aminopiperidine, 2, whilst
azetidine 37 and 3-(S)-piperidyl 39 had comparable po-
tency. The 3-linked pyrrolidine rac–38 and methylene
spaced 2-linked pyrrolidine rac-36 were �10-fold less
potent than 2 and the methylene spaced 4-linked piper-
idine 35 is 100-fold less potent. Tertiary N-linked alkyl-
amines (40–43) demonstrated that a 2-aminopyridine
free NH was not an essential prerequisite to binding,
consistent with our earlier findings.1 However, these
compounds do not represent especially potent IRAK-4
inhibitors. Once again, the precise positioning and con-
straints of the distal free amino NH/NH2 appeared to be
important for good IRAK potency (rac-42 > 41).


Having assessed the SAR of substituents at different
ends of the molecule the obvious next step was to com-
bine preferred substituents in the same structure (Table
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Scheme 3. Parallel synthesis of 2-amino substituted imidazopyridino-


pyridines 26–43. Reagents and conditions: (a) i-PrMgCl, THF, �78 �C;


n-Bu3SnCl, �78 �C to rt; 2,6-dibromopyridine, Pd(PPh3)4; 66 �C


(71%); (b) R1R2NH, Et3N, n-BuOH, 150 �C, microwave; or (c)


R1R2NH, Pd(OAc)2, Cy2biphen, NaOtBu, toluene, 150 �C, micro-


wave; (d) HCl, Et2O, DCM (77–97%).
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4). The compounds were prepared by constructing the
substituted imidazopyridine from condensing function-
alised 2-aminopyridines with chloroacetaldehyde8 and
halogenating regioselectively in the 3-position with N-
iodo or N-bromosuccinmide.9 Once again, Stille cross-
coupling and Buchwald conditions were used to con-
struct the final compounds (Scheme 4).


In the examples given it was apparent that the SAR was
not additive. Having a substituent in the imidazopyri-
dine 6-position generally increased potency by 4- to
500-fold (44–47). This perhaps suggested the relative
dominance of the 6-substituent in terms of binding over
the pendant 2-amino heterocycles. However, compound
48 is an example where this is not the case. In the ab-
sence of a 6-substituent (R1 = H, 39), potency is a
respectable 19 nM. Introduction of the nitrile group in
the 6-position dropped potency by �5-fold. This high-







Table 4. IRAK-4 inhibition of hybridized substituted imidazo[1,2-a]-


pyridino-pyridines 44–48


Compound R1 R2 IRAK-4, IC50 (nM)


44 Cl NH 6


rac-45 Cl NH 1


rac-46 Cl
NH


9


47 OMe NH 7


48 CN NH


H


95
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lights subtleties in SAR, where optimising two remote
parts of a molecule independently sometimes results in
non-additive effects.


Compounds that exhibited significant IRAK-4 potency
were submitted into a screening cascade to build up a
fuller profile and to prioritise compounds for in vivo
studies (Table 5). This included an IRAK-1 enzyme as-
say.10 IRAK-1 is a related kinase homologue that is
implicated in the same signalling pathway and hence a
dual inhibitor of both IRAK-4 and IRAK-1 could offer
synergistic benefits.11 A variety of functional cell assays
were also used to assess potency, such as LPS-induced
TNFa cytokine release assay.12 Potency in the IRAK
enzyme assays tracked reasonably well with cytokine re-
lease in the cell assays. Good cellular IC50s of 10s–100s
nanomolar were often observed. The physicochemical
profile of this series of compounds was generally good,

R1


N


N


X
R1N


NH2


R1


a, b c


X = I,Br


Scheme 4. Synthesis of hybridised substituted imidazo[1,2-a]pyridino-pyridin


H2O (45–55%); (b) NIS or NBS, MeCN (18–64%); (c) i-PrMgCl, THF,


microwave; (28–44%); (d) Boc-R2–NH2, Pd(OAc)2, dicyclohexyl-1-biphenylp


MeOH.


Table 5. Selected in vitro/cellular potency, in vitro DMPK data and calcula


Compound MWt 2D


PSAa


aLogPa


(Å2)


IRAK-4


IC50


(nM)


Ligand


efficiency


(LE)b


IRAK-1


IC50


(nM)


13 323 68.1 1.7 6 0.52 293


16 318 82.6 1.6 4 0.54 96


44 300 55.5 2.3 6 0.48 195


rac-45 314 60.1 2.3 1 0.48 23


rac-46 328 60.1 2.9 9 0.47 175


a alogP and 2D PSA calculated with Scitegic Pipeline Pilot software. http://w
b Ligand efficiencies approximated from IC50 values: LE (kcal mol�1) = {[�R
c Units for micosomal intrinsic clearance, lL/min/mg of protein.

with few solubility issues,13 and the in vitro DMPK
looked promising with low to moderate microsomal
clearance in both human and rat. Cytochrome P450 lia-
bilities were not a major issue, with many compounds
exhibiting only very weak CYP inhibition.14


We were encouraged by the fact that this series of com-
pounds exhibited high enzyme potencies (frequently
<10 nM at 10 lM ATP), whilst still retaining low molec-
ular weights (300–350). This represents high Ligand Effi-
ciency (LE)15 and suggests further optimisation could be
achieved, designing in selectivity elements whilst retain-
ing IRAK potency and desirable physicochemical prop-
erties. For example, compound 16 has a LE of 0.52
(Table 5). As a point of reference the average kinase
inhibitor has a LE of 0.3.16 The calculated LogP and
PSA are all respectably low (aLog P < 3, PSA < 85Å2),
giving plenty of scope for further elaboration.17


We have described how an active hit identified through
routine cross screening was developed into a new class
of IRAK-4 inhibitor. The SAR of the new lead series
was explored with guidance from the IRAK-4 homology
model developed in-house. Some highly potent (low
nanomolar) IRAK-4 inhibitors with good cellular
TNFa inhibition were prepared and were shown to have
good drug-like properties and encouraging in vitro
DMPK profiles. Initial kinase panel profiling and cell
screening has indicated that some degree of off-target
activity is still evident with this series, despite departing
from the aminopyrimidine motif. However, the scope
for fine tuning and optimising this potent and efficient
class of IRAK inhibitor could lead to the generation
of new therapeutic agents or useful tool compounds
based on the blockade of the IL-1 driven immune
response.
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CYP 2D6


inhibition


(lM)


CYP 3A4


inhibition


(lM)


220 19.5 5.3 41% at 50 lM 31


200 8.3 39.9 42 22


54 13 0.01 21% at 10 lM 11


16 19.2 49.3 15 12


65 29.5 78.1 1.8 8.6
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T lnIC50 (mol L�1)]/# of non-hydrogen atoms}.15
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Abstract—Synthesis, biological evaluation, and SAR dependencies for a series of novel aryl and heteroaryl substituted N-[3-(4-phen-
ylpiperazin-1-yl)propyl]-1,2,4-oxadiazole-5-carboxamide inhibitors of GSK-3b kinase are described. The inhibitory activity of the
synthesized compounds is highly dependent on the character of substituents in the phenyl ring and the nature of terminal hetero-
cyclic fragment of the core molecular scaffold. The most potent compounds from this series contain 3,4-di-methyl or 2-methoxy sub-
stituents within the phenyl ring and 3-pyridine fragment connected to the 1,2,4-oxadiazole heterocycle. These compounds selectively
inhibit GSK-3b kinase with IC50 value of 0.35 and 0.41 lM, respectively.
� 2007 Elsevier Ltd. All rights reserved.

Glycogen synthase kinase 3 (GSK-3) is a serine/threo-
nine kinase that has captured a great attention in mod-
ern drug discovery.1 At least three closely related
isoforms of GSK-3 kinase (GSK-3a, GSK-3b, and
GSK-3b2) play a major role in Hedgehog and Wnt
signaling pathways, regulate cellular mitosis, stem-cell
renewal and differentiation, cellular growth, motility
and apoptosis, circadian rhythm, transcription, insulin-
dependent glycogen synthesis, etc.2–7 Aberrant regula-
tion of GSK-3 kinases has been implicated in a range
of human pathologies including Alzheimer’s disease,
non-insulin-dependent diabetes mellitus (NIDDM) as
well as cancer and inflammatory disorders.5,8 It has be-
come clear that regulation of GSK-3 activity and the
therapeutic potential of small molecule GSK-3 inhibi-
tors constitute the key areas of investigation in the
broader realm of medicinal chemistry. At the present
day more than 40 inhibitors of GSK-3 kinases have been

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2007.11.121
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identified.9–21 However, there are strong evidences high-
lighting the significant cell toxicity, various side-effects,
poor absorption, distribution, metabolism, and excre-
tion of these inhibitors which essentially restricted their
clinical application.


Aryl and heteroaryl substituted 1,2,4-oxadiazole-5-car-
boxamides represent a relatively little explored class of
heterocyclic structures with promising physiological
activities. Thus, they were recently reported as antiplate-
let, antithrombotic agents and partial serotonin antago-
nists.22 Several 1,2,4-oxadiazole- and 1,3,4-oxadiazole-
carboxamides containing different lipophilic moieties
(i.e., 4-biphenyl-, 1-naphthyl, phenylpropyl-, and n-hex-
yl substituents) and additional basic groups which are
mainly alkyl- and aminoalkyl residues have been re-
cently described as antiplatelet and antithrombotic com-
bounds as well as serotonin antagonists.23


In this paper, we describe a synthesis and biological
evaluation for a series of novel nonpeptide small
molecule inhibitors of GSK-3b kinase having general
formula I (Fig. 1). Structures containing this core frag-
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Figure 1. Developed compounds I and known GSK-3b inhibitors II–IV.
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ment represent closely related bioisosteric/topological
analogues of known inhibitors of GSK-3b kinase (Struc-
tures II–IV)24,25 and can reasonably be regarded as po-
tential therapeutic agents targeted for the treatment of
several cognition and neurodegenerative disorders
including Alzheimer’s disease.


Our versatile synthesis of target compounds was accom-
plished according to a sequence of reactions shown in
Scheme 1. The applied strategy was based on previously
reported methods describing several synthetic routes to
3-substituted ethyl 1,2,4-oxadiazole-5-carboxylates and
their carboxamide analogues.26–28 For example, Santilli
and Morris have described a convenient synthesis of
3-[(phenylsulfonyl)methyl]-1,2,4-oxadiazole-5-alkylcarbox-
amides.26 In accordance with this approach, a series of
heterocyclic compounds containing this core fragment
was obtained by the reaction of initial alkyl and halogen
substituted 2-[(phenylsulfonyl)methyl]imidamide-N 0-
oximes with ethyl chloroxalate followed by the reaction
with various aliphatic amines. Unfortunately, 3-hetero-
aryl substituted 1,2,4-oxadiazole-5-alkylcarboxamides
containing N-arylpiperazin fragment have not been de-
scribed previously in scientific papers.

N


R NH2OH


NaHCO3 NH2R


N
OH Cl


1a-e 2a-e


1


1 Py


R2-


55-85% 5


4


1a-e:
a: 3-pyridyl
b: 4-pyridyl
c: 4-pyrimidyl
d: 5-pyrimidyl
e: 5-benzodioxolyl


Scheme 1.

According to the mentioned approach, commercially
available nitriles 1a–e were reacted with hydroxyamine
in EtOH/H2O in the presence of NaHCO3 to give the
corresponding amidoximes 2a–e in good yields. The lat-
ter were dissolved in CHCl3 and then refluxed for 5 h in
pyridine with ethyl chloroxalate to furnish 3-heteroaryl
substituted ethyl 1,2,4-oxadiazole-5-carboxylates 3a–e.
The obtained esters were then easily converted into the
desired heterocyclic compounds 5{1–100} (yield 45–
85%) by reaction with N-aryl substituted 3-piperazin-
1-ylpropan-1-amines 4a–t (Fig. 2).


There are several high throughput- and cell-based bio-
logical assays performed for GSK-3b inhibitors.29–31


For example, for screening against GSK-3b kinase Baki
et al have recently reported a high throughput lumines-
cent assay based on the Kinase-Glo system.29 Cell-based
assay describing the ability of Sfrp-1 and Sfrp-2 pro-
teins, attenuators of Wnt signaling pathway, to inhibit
the accumulation of b-catenin in LiCl-treated cells has
also been reported.30 In our work all synthesized com-
pounds 5{1–100} were tested for their potency to inhibit
GSK-3b catalyzed proteolytic breakdown of its syn-
thetic glycogen-synthase-derived substrate peptide
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(GSM) in enzymatic ADP Hunter assay and cellular le-
vel of b-catenin measured by traditional ELISA proce-
dure in RKO cell-based assay (See Supporting
Information). Among the tested compounds, several
pyridine and pyrimidine substituted N-[3-(4-phenylpi-
perazin-1-yl)propyl]-1,2,4-oxadiazole-5-carboxamides dis-
played a moderate to high inhibitory activity in these
in vitro kinase assays (Tables 1 and 2). Other compounds
from this series have shown insignificant or exhibited no
detectable activity except several minor cases.


The most active compounds within pyridine substituted
series have a single methyl/methoxy or two methyl
substituents in the phenyl ring. These include dimethyl-
phenyl-piperazines 5{1} and 5{3}, methoxyphenyl-
piperazine 5{2}, and methylphenyl-methylpiperazine
5{4} derivatives (Table 1). These compounds have been
shown to have a relatively high activity in the enzymatic
ADP hunter assay (IC50 = 0.35–0.69 lM) and moderate
activity in the RKO Cell-based assay (IC50 = 16–
23 lM). It was disclosed that compounds 5{23} and
5{24} which contain 4-pyridine fragment were at least
in two times less active than compounds 5{1–15}, except
compound 5{22} which displayed comparable potency
to 5{11–15}. Furthermore, these agents were found to
partially inhibit GSK-3b kinase activity in enzymatic
ADP Hunter assay. In the same way as compounds
5{23–24}, a relatively weak potency has also been dem-
onstrated for pyrimidine derivatives 5{16–21} as com-
pared to 3-pyridine containing compounds 5{1–15}.
Among the tested compounds, only four pyridine deriv-
atives were shown to have moderate activity against
GSK-3b in cell-based assay (Table 2). Although further

experiments have indicated a higher potency of 3,5-
pyrimidine derivatives 5{16–21} in contrast to their bio-
isosteric analogues containing 2,4- and 2,6-pyrimidine
fragments in enzymatic assay, whole pyrimidine series
exhibited no detectable activity against GSK-3b kinase
in the RKO cell-based assay. Unfortunately, several
other isosteric modifications of substituents in the
pyrimidine ring of tested compounds as well as classical
bioisosteric transformation of 1,2,4-oxadiazole into the
1,3,4-oxadiazole resulted in unacceptable loss of their
activity. Notable, although the replacement of the phe-
nyl group connected to the nitrogen atom of piperazine
moiety by benzyl fragment has also led to complete loss
of activity, bioisosteric transformation of pyridine het-
erocycle by 1,3-benzodioxole in 2-methyl-benzyl substi-
tuted derivative resulted in clarification of activity up
to IC50 = 0.64 lM. However, the inhibition was insuffi-
cient because 70% of kinase activity was kept even at
10 lM concentration of the tested compound. Addition-
ally, the replacement of the piperazine cycle by diaze-
pam had a disastrous effect on inhibitory activity.
Therefore, it can be tentatively suggested that location
of heteroatoms within pyridine and oxadiazole rings as
well as character of substitution in the aromatic frag-
ment play an essential role in activity of the studied
compounds. In accordance with this suggestion, we have
observed a clear correlation between the inhibitory abil-
ity and mentioned structural features (see Supporting
Information).


To investigate the possible mechanism of action of the
tested compounds on GSK-3b kinase, the kinetic evalua-
tion was performed using various concentrations of an







Table 1. In vitro GSK-3b inhibitory potency of pyridine and pyrimidine substituted N-[3-(4-phenylpiperazin-1-yl)propyl]-1,2,4-oxadiazole-5-


carboxamides 5{1–24} in the enzymatic ADP Hunter assay


N
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R
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5{1-24}


Compound R1 R2 R3 R4 X Y Z IC50
a (lM)


5{1} 3-Me 4-Me H H C C N 0.35 ± 0.07


5{2} 2-OMe H H H C C N 0.41 ± 0.07


5{3} 2-Me 3-Me H H C C N 0.63 ± 0.1


5{4} 3-Me H H Me C C N 0.69 ± 0.1


5{5} 2-Me H H H C C N 0.71 ± 0.15


5{6} 3-Me H Me H C C N 0.71 ± 0.15


5{7} H H H H C C N 0.86 ± 0.18


5{8} 3-Me 6-Me H H C C N 0.86 ± 0.17


5{9} 3-Cl H H H C C N 0.89 ± 0.18


5{10} 3-Me 5-Me H H C C N 0.9 ± 0.16 (partial)


5{11} 3-Me H H H C C N 1.06 ± 0.21


5{12} 4-Me H H H C C N 1.33 ± 0.22


5{13} 2-Me 4-Me H H C C N 1.43 ± 0.22


5{14} 2-F H H H C C N 1.48 ± 0.23


5{15} 2-Me 5-Cl H H C C N 2 ± 0.26 (partial)


5{16} 3-Me H H Me N C N 2.61 ± 0.27


5{17} 2-F H H H N C N 2.99 ± 0.3


5{18} 2-Me 4-Me H H N C N 3 ± 0.3


5{19} 2-Me 5-Me H H N C N 3.38 ± 0.31


5{20} 2-Me 5-Cl H H N C N 3.48 ± 0.31


5{21} 3-Me 4-Me H H N C N 3.5 ± 0.32


5{22} 3-Me H Me H C N C 1.13 ± 0.06


5{23} 3-Cl H H H C N C 4.0 ± 0.6 (partial)


5{24} H H H H C N C 5 ± 0.9


a ATP and GSM concentrations were kept at 100 lM and 50 lM, respectively.


Table 2. In vitro GSK-3b inhibitory potency of compounds which


exhibit activity in the RKO cell-based assay


Compound IC50 (lM)


5{1} 16 ± 2


5{2} 23 ± 4


5{4} 17 ± 3


5{6} 19.15 ± 4


5{22} >50
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exemplified compound 5{4}. In the enzymatic ADP Hun-
ter assay the competitive character of inhibition has been
demonstrated in the experiments, in which the inhibitory
potency was measured in response to increasing concen-
tration of ATP or the peptide substrate up to saturating
the enzyme level. The incremental increase in ATP con-
centration shifted the inhibition curves to the right as
one expected for competitive inhibition (Fig. 3). IC50 va-
lue of compound 5{4} varied from 0.2 to 2.5 lM depend-
ending on ATP concentration and not depend on
concentration of the peptide substrate.


Also, the competitive character of inhibition has been
demonstrated in the experiments, in which the GSK-
3b activity was measured in response to a stepwise

increasing concentration of ATP or the peptide sub-
strate in the presence of different concentrations of the
inhibitor. Transformation of the data in the Linewe-
aver–Burke coordinates revealed an ATP-competitive
type of inhibition (Fig. 4).


As reported in recent studies, the majority of GSK-3
inhibitors are not only acting against GSK-3, but are also
affecting many other structurally unrelated kinases. In
addition, because of high similarity in amino acid se-
quence between GSK-3a (51 kDa) and GSK-3b
(47 kDa) isoforms, it is difficult to identify an inhibitor
that can be selective against GSK-3a or GSK-3b. In spite
of this obstacle, previous immunoblot and biological as-
says revealed that several small molecule agents inhibit
selectively the activation of GSK-3b kinase. For example,
AR-A014418, a selective GSK-3b inhibitor, prevents the
expression of cell-cycle proteins.32 Notable, as reported
in some recent publications, selective inhibition of
GSK-3 activity had no effect on cell viability and/or apop-
tosis in several biological systems.33


Selectivity of the most active compounds 5{1,2} and
5{4} within this series was primarily estimated in the







Figure 3. Effect of compound 5{4} on GSK-3b activity. The kinase


activity was assayed in the presence of indicated concentrations of


ATP and GSM peptide substrate. When ATP concentration was


varied, GSM was kept constant at 500 lM and vice versa.


Figure 4. Lineweaver-Burke transformation of the ATP concentration


curve for GSK-3b kinase at different concentrations of compound


5{4}. The plot demonstrates competitive character of inhibition, as the


inhibitor increased Km without affecting the apparent Vmax. GSM


concentration was kept constant at 500 lM.
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reactions with a panel of active recombinant human
protein kinases and the specific substrates for each indi-
vidual enzyme. These include a set of 4 serine/threonine
(Aurora A, Aurora B, Pim-1, NUAK1) and 4 tyrosine
(JAK2, IGF1R, EphB4, c-Met) kinases, phylogeneti-
cally and structurally unrelated to GSK-3b. The activity
of eight selected kinases was evaluated in the presence of
10 lM of tested compounds. It has been shown that
these agents exhibited a weak inhibition activity against
Pim-1 and no detectable inhibition toward other classes
of kinases. Thus, compound 5{2} was the most potent
inhibitor of Pim-1 kinase (IC50 = 8 lM), but the inhibi-
tion was partial and required higher concentrations of
the tested compound. Therefore, it can be strongly sug-
gested that examined compounds are selective inhibitors
of GSK-3b. Selectivity of the most active compounds
from this series is currently being evaluated against the
additional subset of kinases including CDKs, PKCa/c,
PDK, Akt, etc.


In summary, we synthesized a library of novel N-[3-(4-
phenylpiperazin-1-yl)propyl]-1,2,4-oxadiazole-5-carbox-
amides and tested them in a series of biological experi-
ments. Most of the obtained compounds are efficient
GSK-3b inhibitors. Compounds 5{1} and 5{2} with
3,4-di-methyl and 2-metoxy substituents in aromatic
ring are the most potent compounds from this series
(IC50 = 0.35 and 0.41 lM, respectively). Our primary
data suggest ATP-competitive character of GSK-3b
inhibition. The selected compounds 5{1–4} showed a
high selectivity against GSK-3b. Further biological
studies are continuing.
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Abstract—A series of 2-substituted sulfamoyl arylacetamides of general structure 2 were prepared as potent j opioid receptor ago-
nists and the affinities of these compounds for opioid and chimeric receptors were compared with those of dynorphin A. Compounds
2e and 2i were identified as non-peptide small molecules that bound to chimeras 3 and 4 with high affinities similar to dynorphin A,
resulting in Ki values of 1.5 and 1.2 nM and 1.3 and 2.2 nM, respectively.
� 2007 Published by Elsevier Ltd.

The identification of the mu (l), delta (d), and kappa (j)
subtypes of the opioid receptor led to the suggestions
that agonists selective for receptor subtypes might be
effective analgesics with fewer serious side effects.1 Even
though the arylacetamide series of j opioid receptor
agonists lack l opioid receptor-mediated side effects,
the utility of these agonists as antinociceptive agents is
limited due to side effects such as dysphoria, diuresis,
and psychotomimesis.2–4 In clinical trials, the naturally
occurring peptide j opioid receptor agonist, dynorphin
A, mediates analgesia without dysphoria, diuresis, and
psychosis, indicating that the antinociceptive effects of
j opioid receptor agonists could be dissociated from
their side effects.5,6 A metabolically stable analog of
dynorphin A, E2078, is an effective analgesic in post-sur-
gical patients at doses that produce no side effects.7 This
exemplifies that there are opportunities for identifying
metabolically stable small peptides or small molecule j
opioid receptor agonists as effective analgesics that lack
the side effect profile of the arylacetamides.


This distinction in the side effect profiles of arylaceta-
mides and dynorphin A could in part be related to the
different binding regions for the j opioid receptor8,9


which were observed through the use of chimeric recep-
tors composed of sequences derived from j and l opioid
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receptors. These different modes of binding have led to a
hypothesis that different domain selectivity of agonists
that bind to the j receptor might be related to different
patterns of side effects.9 Therefore, in an effort to dis-
cover small molecule j opioid receptor agonists that
have a therapeutic profile similar to that of dynorphin
A and related compounds, we have recently described10


the design and construction of two l/j chimeric recep-
tors composed primarily of amino acid residues derived
from the l opioid receptor for the screening of
compounds.


The chimeric receptors used in this study include one of
the chimeric receptors used in the earlier study (desig-
nated chimera 3)10 and another chimeric receptor (desig-
nated chimera 4). These receptors are depicted in Figure
1 in which filled circles represent amino acids derived
from the j opioid receptor and open circles represent
amino acids derived from the l opioid receptor. For chi-
mera 3, the 25 amino acids of the putative second extra-
cellular loop of the l opioid receptor were replaced with
the 28 amino acids (8 identical) of the putative second
extracellular loop of the j opioid receptor. The chimera
4 construct was made using a synthetic oligonucleotide
corresponding to the Bcl1–Sty1 region (343 bp) of the
human j opioid receptor in which amino acid numbers
86–178 were replaced with the corresponding amino
acids of the human l opioid receptor. This construct is
a human j opioid receptor where the first and second
intracellular loops, the first extracellular loop, and the
second and third transmembrane regions were replaced
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Figure 1. Schematic representation of chimeric receptors.


3668 V. Kumar et al. / Bioorg. Med. Chem. Lett. 18 (2008) 3667–3671

with the corresponding regions from the human l opi-
oid receptor. DNA sequencing was used to verify each
construct.


Competitors of [3H]diprenorphine binding from a vari-
ety of structural classes bound to these chimeras with
affinities similar to those with which they bound to the
l opioid receptor. In contrast, dynorphin A analogs
bound to the chimeras with the affinities close to those
with which they bound to the j opioid receptor. Phar-
macological characterization of [35S]GTPcS binding
mediated by chimera 3 showed that it behaved as if it
were a l opioid receptor with high affinity for dynorphin
A analogs.10 These two chimeric receptors were used to
screen for compounds that bind to the j opioid receptor
in a dynorphin-like fashion. The compounds will be
used to test the hypothesis that binding domain selectiv-
ity can be used as a guide in identifying j opioid recep-
tor selective agonists as analgesics with reduced side
effect profiles.
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After screening of non-peptide j opioid receptor ago-
nists of different templates (Upjohn, Glaxo, ICI, and
Dupont), compound 1 of the ICI template, having a 2-
sulfamoyl substitution in the phenylacetamide moiety,
was identified as a lead because it bound to chimera 3
and chimera 4 receptors with Ki values of 400 nM and
110 nM, respectively, while having a Ki value
>1000 nM at the l opioid receptor. Another observation
was made during the evaluation of these compounds
that phenylacetic acids with electron rich groups such
as methoxy or dimethoxy tended to have higher affinities
for the chimeras than unsubstituted compounds.

Our initial approach was to introduce 4,5-dimethoxy or
4,5-methylenedioxy groups in compound 1, and vary
only the amine portion of the 2-sulfamoyl group and
the substitution in the 3 position of the pyrrolidine.
We have synthesized a novel series of 2-substituted sul-
famoyl arylacetamides of general structure 2 as potent j
opioid receptor agonists and compared the affinities of
these compounds for l, d, j opioid and chimeric recep-
tors with those of dynorphin A. Once a compound from
this series having a profile similar to that of dynorphin A
is identified, in vivo testing in various analgesic models
will be performed, not only to evaluate the analgesic
properties, but, more importantly, to assess the side ef-
fect profiles.


The diamines 3 and 3a (Scheme 1) were prepared
according to published methods from (S)-phenylgly-
cine.11,12 As mentioned earlier, the 4,5-dimethoxy
and 4,5-methylenedioxy substituted phenylacetic acids
were selected to take advantage of the electron rich

phenyl ring in providing the regioselective syntheses
of the arylacetamide portion of the target
compounds.


A general synthetic pathway was designed for the con-
densation of diamines 3 and 3a with the sulfamoyl phen-
ylacetic acid 8 in the presence of EDCI/HOBT/Hunig’s
base (Scheme 1). The desired compounds 2 were purified
by chromatographic methods and converted to either
hydrochloric or methanesulfonic acid salt for the final
isolation. The yields of these compounds are shown in
Table 1.







Table 1. Opioid and chimeric receptor binding
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N
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Compound R1R2 R X Yield (%) j Ki (nM) l Ki (nM) d Ki (nM) j-Mediated


[35S]GTPcS


EC50 (nM)


Chimera


3 Ki (nM)


Chimera


4 Ki (nM)


ICI 199441 (1) 0.044 53 24 0.30 14 1.0


Dynorphin A (2) 0.21 9.4 5.9 1.1 0.31 0.18


1 H NHCH3 H 8.4 >1000 >1000 11 400 110


2a OCH3 H at 2-Position H 65 2.8 >1000 500 6.0 300 120


2b OCH3 N(CH3)2 H 55 0.50 42 56 0.26 3.2 2.5


2c OCH3 N(CH3)2 OH 45 1.6 25 9.3 0.24 6.4 2.8


2d OCH3 N(CH3)CH2Ph H 46 0.68 21 1.5 0.54 3.3 4.8


2e OCH3 N H 67 0.31 14 5.4 0.11 1.5 1.2


2f OCH3 N OH 49 1.1 5.9 0.85 0.12 38 8.3


2g OCH3 N NCH3 H 62 1.3 52 23 0.39 4.8 6.8


2h OCH3 N NCH3 OH 74 3.8 27 4.4 0.71 ND ND


2i OCH3 N 0 H 75 0.55 15 9.4 0.17 1.3 2.2


2j OCH3 N 0 OH 77 1.4 9.0 1.8 0.34 ND ND


2k O–CH2–O H at 2-Position H 70 0.70 450 580 0.43 220 68


2l O–CH2–O N(CH3)2 H 48 0.22 47 110 0.10 5.2 0.71


2m O–CH2–O N(CH3)2 OH 41 0.54 34 6.2 0.11 4.5 0.50


2n O–CH2–O N(CH3)CH2Ph H 82 0.19 6.5 3.4 0.12 5.5 1.7


Notes: A series of concentrations of each compound was tested for its ability to inhibit [3H]-diprenorphine binding to j, l, d, and chimeric receptors


and Ki values determined as described in Refs. 14,15 The values shown are geometric means of at least 3 determinations. The ability of compounds to


stimulate j opioid receptor-mediated [35S]GTPcS was determined as described in Ref. 16. ND = not done.
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Scheme 1. General synthesis of targets (example).
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The sulfamoyl acids (8) were prepared by a slight mod-
ification of published method.13 The preparation of
these acids is described in Scheme 2. The regioselectivity
of sufamoyl substituents was directed by the electronic
and steric properties of the methylphenylacetates (4).
The mixtures of the ester 7 were readily separated by
column chromatography and each was characterized be-
fore hydrolysis to give 2-sulfamoyl acids 8.

Our attempts to prepare the 4,5-dimethoxy substituted
analog of compound 1 failed due to the presence of a
reactive proton on the sulfamoyl nitrogen. Although
the 2-sulfamoyl phenylacetic acids (9) were readily syn-
thesized, the condensation reactions with diamine 3 or
3a failed to give the desired products 10. In the presence
of condensing agents such as EDCI, these acids under-
went intramolecular cyclization to give the benzothiaz-
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Scheme 2. General method for preparing sulfamoyl aryl acetic acids.
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Scheme 3. Condensation of sulfamoyl phenylacetic acids (9).
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ones (11, R = CH3) in excellent yields (>85%) and the
diamines were recovered quantitatively (Scheme 3). To
prevent the formation of benzothiazones, during these
reactions, the sulfamoyl phenylacetic derivatives in Ta-
ble 1 were prepared only from secondary amines lacking
the reactive proton.


The new compounds were initially evaluated in vitro for
opioid receptor binding affinities. Determinations of
affinities for j, l, and d opioid receptors were conducted
by displacement of bound [3H]diprenorphine from mem-
branes prepared from cells expressing the cloned human
opioid receptors using previously described meth-
ods.14,15 Opioid receptor-mediated stimulation of
[35S]GTPcS binding16 was used to determine functional
activities of the lead compounds (Table 1). Compounds
that showed at least 10-fold higher affinity for the j opi-
oid receptor than for the l opioid receptor were evalu-
ated for chimeric receptor affinities. The data are
presented in Table 1.


The Ki values for binding to the j opioid receptor for the
new compounds ranged from 0.19 to 3.8 nM with vary-
ing affinities for l and d opioid receptors. Compounds
containing 3 0-S-hydroxypyrrolidine generally have been
reported to show improved j opioid receptor binding

affinities.17,18 However, the sulfamoyl series of com-
pounds showed reduced j opioid receptor binding affin-
ities and gains in binding affinities for the l and d opioid
receptors. These changes in binding affinity were more
pronounced for the d opioid receptor than for the other
opioid receptors (Table 1).


The 4,5-dimethoxy- or 4,5-methylenedioxyphenylacetic
acid derivatives (2a and 2k), which lack the 2-sulfamoyl
substitution, bind to the j opioid receptor with Ki values
of 2.8 nM and 0.70 nM and with good selectivity over
the l and d opioid receptors (Table 1). However, 2a
and 2k exhibited lower affinities for chimera 3 (Ki, 300
and 220 nM) and chimera 4 (Ki, 120 and 68 nM, Table
1). The introduction of a 2-dimethyl aminosulfamoyl
group into 2a and 2k gave compounds 2b and 2l. The
j opioid receptor binding affinities were increased 6-
and 3-fold, respectively, and there were substantial gains
in the affinities for chimeras 3 and 4 yielding Ki values of
3.2 and 2.5 nM, respectively, for compound 2b (Table
1). The selectivity with regard to the l and d opioid
receptors was, however, reduced. Even though the chi-
meric receptor affinities of compounds 2b and 2l were
approximately 10- to 4- fold lower than those of dynor-
phin A, these were the first non-peptide compounds of
the series which bound to the chimeric receptor with
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higher affinities than would be predicted by their affini-
ties at the l opioid receptor. This may indicate interac-
tions in the chimeric binding with residues derived from
the j opioid receptor.


Further improvements in binding and selectivity were
expected upon replacement of the pyrrolidine with 3 0-
S-hydroxypyrrolidine, which resulted in compounds 2c
and 2m. But these and other compounds of this series
did not improve the receptor affinities and in most in-
stances the affinities were decreased relative to the corre-
sponding pyrrolidine compounds (Table 1). This
structural modification affected primarily binding to
the d opioid receptor. Thus, only a limited number of
analogs having 3 0-S-hydroxypyrrolidine were prepared.


Replacement of one of the methyl groups of 2b with a
bulky group such as benzyl (2d) had no significant effect
on the binding affinities to either l or j opioid receptors.
Again, the primary effect was on the reduction in affinity
for the d opioid receptor. Similarly, no changes in the
chimeric receptor affinities were observed, indicating
available space in the binding pocket for further struc-
tural modifications at this position. The cyclic amine
derivatives of these sulfamoyl compounds, such as 2e,
bound to the opioid receptors with affinities that were
comparable to dynorphin A bound (Table 1). The affin-
ities for the chimeric receptors 3 and 4, however, were
increased, yielding Ki values of 1.5 nM and 1.2 nM,
respectively, compared to acyclic amines. Similarly the
corresponding morpholine analog 2i bound to chimeric
receptors 3 and 4 with Ki values of 1.3 and 2.2 nM. As
noted above, the corresponding 3 0-S-hydroxypyrrolidine
derivatives of these cyclic amines demonstrated less
desirable receptor binding profiles. The decrease in bind-
ing affinities for chimeric receptors was observed for the
N-methyl-piperazine analog (2g, Table 1) and the corre-
sponding 3 0-S-hydroxypyrrolidine derivatives (2h, Table
1), indicating the sensitivity of the receptors to those of
the basic functionality in this part of the molecule. The
chimeric receptor affinities of compounds having the
4,5-methylenedioxy group (2k–2n, Table 1) were compa-
rable to the dimethoxy analogs.


In conclusion, compounds 2e and 2i have been identified
as small molecules having in vitro profile comparable to
that of dynorphin A. Future studies will be to evaluate
these compounds in antinociceptive models and further

optimization for chimeric receptor affinities will be
undertaken.
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