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Total synthesis and biological evaluation of viscolin, a 1,3-diphenylpropane as a novel potent pp 6155-6160

anti-inflammatory agent
Chung-Ren Su, Yuh-Chiang Shen, Ping-Chung Kuo,
Yann-Lii Leu, Amooru G. Damu, Yea-Hwey Wang and Tian-Shung Wu*
OCH
Total synthesis of viscolin, a 1,3-diphenyl propane, employing the Wittig reaction is reported. It  Ho 3QCH3 OH
exhibits leukocyte inhibitory activity by suppressing free radicals, possibly through modulation of O O
PKC activity and calcium mobilization, and NO production with moderate free radical-scavenging OCH;
effects that gives viscolin the potential to be anti-inflammatory agent for the treatment of oxidative OCH;
stress-induced diseases. 1

Binding of f-PIP, a pyrrole- and imidazole-containing triamide, to the inverted CCAAT pp 6161-6164
box-2 of the topoisomerase Ila promoter and modulation of gene expression in cells

N. Minh Le, Alan M. Sielaff, Amanda J. Cooper, Hilary Mackay, Toni Brown,

Minal Kotecha, Caroline O’Hare, Daniel Hochhauser, Moses Lee”

and John A. Hartley
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Identification of novel, orally bioavailable spirohydantoin CGRP receptor antagonists pp 6165-6169

Ian M. Bell,” Rodney A. Bednar, John F. Fay, Steven N. Gallicchio, Jerome H. Hochman,
Daniel R. McMasters, Cynthia Miller-Stein, Eric L. Moore, Scott D. Mosser, Nicole T. Pudvah,
Amy G. Quigley, Christopher A. Salvatore, Craig A. Stump, Cory R. Theberge,

Bradley K. Wong, C. Blair Zartman, Xu-Fang Zhang, Stefanie A. Kane, Samuel L. Graham,
Joseph P. Vacca and Theresa M. Williams
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Allyl and benzyl iodides by the anomalous action of iodotrimethylsilane pp 6170-6172
Qing Zhu* and Matthew S. Tremblay
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OH OEt

R = allylic or benzylic

Iodotrimethylsilane (TMSI), routinely used for the dealkylation of ethers and esters, was found to efficiently convert allyl and benzyl
phosphotriesters into the corresponding iodides.

Discovery and initial development of a novel class of antibacterials: Inhibitors of pp 6173-6177
Staphylococcus aureus transcription/translation

Scott D. Larsen,” Matthew R. Hester, J. Craig Ruble, Gregg M. Kamilar,
Donna L. Romero, Brian Wakefield, Earline P. Melchior,
Michael T. Sweeney and Keith R. Marotti
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Natural inhibitors targeting osteoclast-mediated bone resorption pp 6178-6180
Guang-Zhi Zeng, Ning-Hua Tan,” Xiao-Jiang Hao, Quan-Zhang Mu and Rong-Tao Li
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Ten natural inhibitors 1-10 were found for human cathepsin K (1-7), matrix metalloproteinase 9 (8-9), and integrin o33 (10),
respectively. They are novel natural inhibitors for these three enzymes.

Synthesis of antimicrobial 2,9,10-trisubstituted-6-oxo-7,12-dihydro-chromeno[3,4-b]quinoxalines pp 61816184
Sandeep A. Kotharkar and Devanand B. Shinde*

1
wo CHl, 0_0 EtOH o ‘N]@R
+ Br, >
= 2 1
) @ oA m @
H,N R

A simple and general method for the preparation of some novel antimicrobial coumarin condensed quinoxaline derivatives is
reported.
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Facile synthesis of substituted thiophenes via Pd/C-mediated sonogashira coupling in water
Sirisilla Raju, P. Rajender Kumar, K. Mukkanti, Pazhanimuthu Annamalai and Manojit Pal*

Pd/C-Cu catalysis
R = CH,CH OH
2 aminoethanol [ 2~
[ L + HC=C-R <

H O, heat

pp 6185-6189

NC-100717: A versatile RGD peptide scaffold for angiogenesis imaging

Bard Indrevoll, Grete Mork Kindberg, Magne Solbakken, Emma Bjurgert,
John Henrik Johansen, Hege Karlsen, Marivi Mendizabal and Alan Cuthbertson™
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pp 6190-6193

The development of a robust platform for the in vivo targeting of the integrins associated with angiogenesis is described.
Derivatization of the core peptide NC-100717 with a range of reporter groups by amide bond formation at the g-amino group of
lysine gave a variety of molecular probes suitable for diagnostic imaging. All conjugates had affinities in the low nanomolar range.

Inhibitors of Plasmepsin II—potential antimalarial agents
Olivier Corminboeuf,” Guillaume Dunet, Mehdi Hafsi, Julien Grimont, Corinna Grisostomi,

pp 6194-6199

Solange Meyer, Christoph Binkert, Daniel Bur, Andrew Jones, Lars Prade, Reto Brun and Christoph Boss

Optimization of a lead compound which showed low nanomolar activity on the isolated

enzyme Plasmepsin II but above micromolar activity on a cell-based assay using /\/\/@ n /Q
Plasmodium falciparum infected human red blood cells allowed the discovery of compounds \

with submicromolar activity in the whole cell-based assay and without assay to assay shift.
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New pyrimido[5,4-blindoles and [1]benzothieno|3,2-d]pyrimidines:

High affinity ligands for the o;-adrenoceptor subtypes

Giuseppe Romeo,” Luisa Materia, Gabriella Marucci, Maria Modica, Valeria Pittala,
Loredana Salerno, Maria Angela Siracusa, Michela Buccioni,

Piero Angeli and Kenneth P. Minneman

new pyrimido[5,4-blindole and [1]benzothieno[3,2-d|pyrimidine derivatives are reported.

pp 6200-6203

The synthesis and the binding and functional properties for the o;-AR subtypes of some /\
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Carbonic anhydrase inhibitors: X-ray crystallographic studies for the binding of 5-amino- pp 6204-6208
1,3,4-thiadiazole-2-sulfonamide and 5-(4-amino-3-chloro-5-fluorophenylsulfonamido)-
1,3,4-thiadiazole-2-sulfonamide to human isoform II

Valeria Menchise, Giuseppina De Simone,” Anna Di Fiore, Andrea Scozzafava and Claudiu T. Supuran®
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Structural correlation between lipophilicity and lipopolysaccharide-sequestering activity pp 6209-6212
in spermine-sulfonamide analogs

Mark R. Burns,” Scott A. Jenkins, Nicolas M. Vermeulen, Rajalakshmi Balakrishna, Thuan B. Nguyen,

Matthew R. Kimbrell and Sunil A. David*

SAR in a series of aryl and aliphatic spermine-sulfonamide analogs showed a strong correlation between ®+
hydrophobicity of the substituent and lipopolysaccharide-sequestration activity.

Discovery and in vitro/in vivo studies of tetrazole derivatives as Kv1.5 blockers pp 6213-6218
Shengde Wu,” Andrew Fluxe, Jim Sheffer, John M. Janusz, Benjamin E. Blass, Ron White,

Chris Jackson, Richard Hedges, Michael Murawsky, Bin Fang, Gina M. Fadayel, Michelle Hare

and Laurent Djandjighian

A novel class of tetrazole-derived Kv1.5 blockers is disclosed. In in vitro studies, several
compounds had ICsy ranging from 180 to 550 nM. In vivo studies indicated that
compounds 2f and 2j increased right atrial ERP about 40% without affecting
ventricular ERP.

Fish venom (Pterios volitans) peptide reduces tumor burden and ameliorates oxidative stress pp 6219-6225
in Ehrlich’s ascites carcinoma xenografted mice

M. Sri Balasubashlm, S. K_arthlgayan, S. T. Somasundaram, . PCNA expression in liver of EAC and
T. Balasubramanian, V. Viswanathan, P. Raveendran and V. P. Menon FV treated mice

. . . 100 ~
The present study was carried out to assess the effect of Pterios volitans venom

(mixture of peptides) on Ehrlich’s ascites carcinoma (EAC) and its influence on
antioxidant status in the liver. Among six groups of albino mice, three were treated
with sublethal doses of venom, along with the standard drug, 5-fluorouracil. In
EAC-bearing mice, mean life span and antioxidants were significantly decreased,
whereas, body weight, tumor volume, viable tumor cell count, lipid peroxidation,
and expression of proliferating cell nuclear antigen were significantly increased.
These changes were brought back to near normal in treatment groups. The findings
are further confirmed by histopathological observations.

% of PCNA expression
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Xanthine mimetics as potent dipeptidyl peptidase IV inhibitors pp 6226-6230

Ravi Kurukulasuriya,” Jeffrey J. Rohde, Bruce G. Szczepankiewicz, Fatima Basha,
Chunqui Lai, Hwan-Soo Jae, Martin Winn, Kent D. Stewart, Kenton L. Longenecker,
Thomas W. Lubben, Stephen J. Ballaron, Hing L. Sham and Thomas W. von Geldern
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Synthesis and antibacterial activity of C6-carbazate ketolides pp 6231-6235

Manomi A. Tennakoon,” Todd C. Henninger, Darren Abbanat,
Barbara D. Foleno, Jamese J. Hilliard, Karen Bush and Mark J. Macielag

A novel series of ketolides containing various heteroaryl groups linked to the macrolide
core via a Co-carbazate functionality has been successfully synthesized. Select
compounds of this series display in vitro and in vivo (sc dosing) activity comparable
to telithromycin.

5-(1 H-Benzimidazol-1-yl)-3-alkoxy-2-thiophenecarbonitriles as potent, selective, inhibitors pp 6236—6240
of IKK-¢ kinase

Paul Bamborough, John A. Christopher,” Geoffrey J. Cutler, Marion C. Dickson,
Geoffrey W. Mellor, James V. Morey, Champa B. Patel and Lisa M. Shewchuk
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The identification and hit-to-lead exploration of a novel, potent, and selective series of substituted benzimidazole-thiophene
carbonitrile inhibitors of IKK-¢ kinase is described. Compound 12e was identified with an IKK-g enzyme potency of pICs, 7.4, and
has a highly encouraging wider selectivity profile, including selectivity within the IKK kinase family.

Discovery of potent and selective inhibitors of 11-HSD1 for the treatment of metabolic syndrome pp 6241-6245

Steven Richards,” Bryan Sorensen, Hwan-soo Jae, Marty Winn,
Yixian Chen, Jiahong Wang, Steven Fung, Katina Monzon, Ernst U. Frevert, Peer Jacobson,
Hing Sham and J. T. Link

High throughput screening efforts have identified a novel class of A ? al b 9 cl
dichloroaniline amide 113-HSD1 inhibitors. SAR studies initiated from N 0 N
dichloroaniline 4 focused on retaining the potency and selectivity profile S\Q:NH ) HN)\\N 'J\Q:N H,
of the lead. cl

cl
4 13c
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In silico identification and biochemical characterization of novel inhibitors of NQO1 pp 6246-6254
Karen A. Nolan, David J. Timson, Ian J. Stratford* and Richard A. Bryce*

®+

DNA sequence recognition in the minor groove by hairpin microgonotropens pp 6255-6261
Alexandra L. Kahane and Thomas C. Bruice®

Universal polyethylene glycol linkers for attaching receptor ligands to quantum dots pp 6262-6266
Ian D. Tomlinson, Anthony P. Gies, Paul J. Gresch, Joel Dillard, Rebecca L. Orndorff,

Elaine Sanders-Bush, David M. Hercules and Sandra J. Rosenthal* )

(i) Phthalimide, PPhs, DIAD; (i))HNOs; (iii) DCC, NHS, zerz-butyl 1-(4-(6-aminohexyl)- |
2,5-dimethoxyphenyl)propan-2-ylcarbamate; (iv) (a) TFA, (b) hydrazine hydrate. AL, dl e
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Improved 3D-QSAR CoMFA of the dopamine transporter blockers
with multiple conformations using the genetic algorithm

Hongbin Yuan and Pavel A. Petukhov*

Multiple conformations of the ligands with the flexible 3a-substituent satisfy the same pharmacophore model.






Contents | Bioorg. Med. Chem. Lett. 16 (2006) 6143-6154 6149

Isobrassinin and its analogues: Novel types of antiproliferative agents pp 6273-6276

Péter Csomos, Istvan Zupko, Borbala Réthy, Lajos Fodor,” George Falkay and
Gabor Bernath
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3D QSAR studies of AChE inhibitors based on molecular docking scores and CoMFA pp 6277-6280

Nagaraju Akula, Laurent Lecanu,” Janet Greeson and Vassilios Papadopoulos

Comparison of the FlexX and FlexiDock, ligand—protein complexes of compound 3B. The bound inhibitor is shown as ball and
stick model. Magenta colored ligand is FlexX docked structure where orange color structure is FlexiDock. The backbone of the
protein structure is rendered as shaded ribbon with color by property and the labeled protein residues are in capped stick model with
color by atom.

Characterization of ATP-independent ERK inhibitors identified through in silico analysis pp 6281-6287
of the active ERK2 structure
Fengming Chen, Chad N. Hancock, Alba T. Macias, Joseph Joh,

Kimberly Still, Shijun Zhong, Alexander D. MacKerell, Jr.* and Paul Shapiro®
A

(A) Disruption of ERK interactions with substrates by targeting
the CD and ED docking domains. (B) Expanded view of CD
(Asp316, 319) and ED (Thrl57, 158) docking domains.

Toward a rational design of selective multi-trypanosomatid inhibitors: A computational docking stady  pp 6288-6292
L. Michel Espinoza-Fonseca® and José G. Trujillo-Ferrara
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Tetrahydroisoquinoline PPARY agonists: Design of novel, highly selective non-TZD antihyperglycemic pp 6293-6297
agents

James R. Henry,” Yihong Li, Alan M. Warshawsky, Joseph T. Brozinick, Eric D. Hawkins,

Elizabeth A. Misener, Daniel A. Briere, Chahrzad Montrose-Rafizadeh, Richard W. Zink,

Nathan P. Yumibe, Rose T. Ajamie, Brad Wilken and Viswanath Devanarayan
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Novel tetrahydroisoquinolines have been developed as potent PPAR ligands.
Study on synthesis and biological activity of a pp 6298-6301
galactosylated piperazinyl porphyrin
He-Ping Li”

CHO

5,10,15,20-tetra[4-(4’-Galactosylpiperazinyl)phenyl]porphyrin  (TGPP)
is reported. The biological activity on cancer cells and the pharmaco- R CHaCH,COOH
kinetics are also reported. - > R

reflux 0.5 h

H
N
W

The synthesis of TGPP

Synthesis and anti-microbial activity of pyrazolylbisindoles—Promising anti-fungal compounds pp 6302—-6305

Ganesabaskaran Sivaprasad, Paramasivan T. Perumal,” Vaiyapuri R. Prabavathy and
Narayanasamy Mathivanan

The synthesis and anti-fungal activity of pyrazolylbisindoles is reported.

Design, synthesis, and anti-inflammatory activity both in vitro and in vivo of new betulinic pp 6306—6309
acid analogues having an enone functionality in ring A

Tadashi Honda,” Karen T. Liby, Xiaobo Su, Chitra Sundararajan, Yukiko Honda,

Nanjoo Suh, Renee Risingsong, Charlotte R. Williams, Darlene B. Royce,

Michael B. Sporn and Gordon W. Gribble*

The new betulinic acid analogue 10, at oral dosing of 2 pM, causes significant induction of the anti-inflammatory, cytoprotective
enzyme, heme oxygenase-1, in the liver.
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Redesign of aminoglycosides for treatment of human genetic diseases caused by premature pp 6310-6315
stop mutations

Igor Nudelman, Annie Rebibo-Sabbah, Dalia Shallom-Shezifi,

Mariana Hainrichson, Ido Stahl, Tamar Ben-Yosef* and Timor Baasov*

OH
A series of new derivatives of paromomycin was designed, synthesized, HI—?O & HO o)
and evaluated for read-through activity of premature stop codon HoN NH2NH HOH N NH,
mutations. Compound 3 showed excellent activity in cultured mamma- HO OM/ 2 2 Oo/m/NHz
lian cells. O OH —_ HN o OH
OH NH, S # 3
HN O © OoH HO OH

OH paromomycin

Discovery and design of benzimidazolone based inhibitors of p38 MAP kinase pp 6316-6320

Abdelhakim Hammach, Antonio Barbosa, Faith Corbo Gaenzler, Tazmeen Fadra,
Daniel Goldberg, Ming-Hong Hao, Rachel R. Kroe, Pingrong Liu, Kevin C. Qian,
Mark Ralph, Christopher Sarko, Fariba Soleymanzadeh and Neil Moss™
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In silico modeling of protein tyrosine phosphatase 1B inhibitors with cellular activity pp 6321-6327
Xin Hu”

The cellular activity of PTP1B inhibitors in relation to the 3D structure we investigated gl .

using classical VolSurf analysis. A model based on the VolSurf descriptors for a set of : . -\.- N

80 compounds of PTP1B inhibitors was analyzed using the PCA approach. The PCA 3.0 \

model was applied to predict the cellular activities of an external data set of 40 PTP1B g i

inhibitors and satisfactory results were obtained. Further PLS analysis revealed useful i S VRN
information about the behavior of the VolSurf descriptors in predicting the cellular ) :
permeability and pharmacokinetic properties of PTP1B inhibitors.
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Synthesis and evaluation of aminomethyl dihydrocinnamates as a new class of PPAR ligands pp 6328-6333
Alan M. Warshawsky,” Charles A. Alt, Joseph T. Brozinick, Allen R. Harkness, Eric D. Hawkins,

James R. Henry, Donald P. Matthews, Anne R. Miller, Elizabeth A. Misener,

Chahrzad Montrose-Rafizadeh, Gary A. Rhodes, Quanrong Shen, Jennifer A. Vance,

Uko E. Udodong, Minmin Wang, Tony Y. Zhang and Richard W. Zink

COH
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AMC Template (8)

PPAR ligands with varied subtype selectivity have been synthesized using an achiral aminomethyl dihydrocinnamate (AMC)
template.
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Binding affinity prediction of non-peptide inhibitors of HIV-1 protease using COMBINE model pp 6334-6337
introduced from peptide inhibitors

Shinya Nakamura, Isao Nakanishi* and Kazuo Kitaura

The COMBINE analysis predicted binding affinities of 2 b or oW
. L - Training set Test set o o
2 P Ay
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Intelligent fluorescent nucleoside in sensing cytosine base: Importance of hydrophobic pp 6338-6341
nature of perylene fluorophore

Subhendu Sekhar Bag, Yoshio Saito, Kazuo Hanawa,

Satoshi Kodate, Isamu Suzuka and Isao Saito*

4 4

P
Mismatch (PerU- C) Match (PerU- A)

Rotation of glycosyl bond; Per is involved in Per is extruded to the outside of major groove
intercalative stacking into major groove

_ Highly Polar —— Weak Fluorescence @.'.

Design, synthesis, and preliminary biological evaluation of novel ethyl 1-(2'-hydroxy-3'-aroxypropyl)- pp 6342-6347
3-aryl-1H-pyrazole-5-carboxylate

Fang Wei, Bao- Xlang Zhao," Bin Huang, Lu Zhang, Chun Hui Sun, Wen-Liang Dong,
D hi Ying Mi -
ong-Soo Shin* and Jun-Ying Miao* N'N coo, JOQ

\ /
: (D 2. 2. _N OH 2
A series of ethyl 1-(2’-hydroxy-3'-aroxypropyl)-3 . ?>\/O K,COR/CH,CN N Y oo R
1 3 X -_— 2\v2lls
aryl-1H-pyrazole-S-carbO)fylate derivatives (15 \© 81C. 15-18h
compounds) was synthesized and the effects of R ] ) R2/ 54%~93% yields 3
all of the compounds on A549 cell growth were
: : 1aR'=H 2aR2=H 3aR'=R2=H 3h R'=Cl, R = 4-NO,
investigated. 1bR'=Cl 2b R? = 4-Cl 3bR'=H, R2=4-Cl 3i R'=Cl, R2=2-NO,
1c R' = OMe 2¢ R?=4-NO, 3¢ R'=H, R2=4-NO, 3j R'=Cl, R =2-OMe
2d R?=2-NO, 3d R'=H, R?=2-NO, 3k R'=0Me, R®=H
2e R? = 2-OMe 3e R'=H, R?=2-OMe 3l R' = OMe, R? = 4-Cl
3f R'=Cl,R?2=H 3m R' = OMe, R? = 4-NO,
3gR'=Cl, R?=4-Cl 3n R'=0Me, R?=2-NO,

30 R'=OMe, R?=2-OMe

Hydroxyl radicals scavenging activity of N-substituted chitosan and quaternized chitosan pp 6348-6350
Zhanyong Guo, Hongying Liu, Xiaolin Chen, Xia Ji and Pengcheng Li*
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R = phenyl; 2-hydroxyl-phenyl; furfuryl.
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Synthesis and antibacterial activity of novel neamine derivatives

Nobuto Minowa,* Yoshihisa Akiyama, Yukiko Hiraiwa, Kazunori Maebashi,
Takayuki Usui and Daishiro Ikeda
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pp 6351-6354

Design and synthesis of an artificial ladder-shaped polyether that interacts with glycophorin A

Kohei Torikai, Hiroshi Yari, Megumi Mori, Satoru Ujihara, Nobuaki Matsumori,
Michio Murata and Tohru Oishi*

ALP

GpA oligomer dimer

e S e

pp 6355-6359

Desosamine in multicomponent reactions
Sepp Achatz and Alexander Démling”

Design, synthesis and screening of desosamine-moiety containing MCR products is reported.

OTHER CONTENTS

Summary of instructions to authors

*Corresponding author
@ Supplementary data available via ScienceDirect

pp 63606362
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View of the crystal structure of the DB819-d(CGCGAATTCGCG), complex, looking down the minor groove of the DNA (see
Campbell, N.H.; Evans, D.A.; Lee, M.P.H.; Parkinson, G.N.; Neidle, S. Bioorg. Med. Chem. Lett. 2006, 16, 15). The DB819
molecule is shown in space-filling mode. Visualisation produced with the VMD program. [Humphrey, W.; Dalke, A.; Schulten, K.

J. Mol. Graphics 1996, 14, 33.]
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Fish venom (Pterios volitans) peptide reduces tumor burden
and ameliorates oxidative stress in Ehrlich’s ascites
carcinoma xenografted mice

M. Sri Balasubashini,® S. Karthigayan,b S. T. Somasundaram,® T. Balasubramanian,

b

V. Viswanathan,® P. Raveendran® and V. P. Menon®*

& Department of Biochemistry, Annamalai University, Annamalai Nagar 608 002, India
YCAS in Marine Biology, Annamalai University, Parangipettai 608 502, India
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Abstract—The present study was carried out to assess the effect of Pterios volitans venom (mixture of peptides) on Ehrlich’s ascites
carcinoma (EAC) and its influence on antioxidant status in the liver. Among six groups of albino mice, three were treated with sub-
lethal doses of venom, along with the standard drug, 5-fluorouracil. In EAC-bearing mice, mean life span and antioxidants were
significantly decreased, whereas, body weight, tumor volume, viable tumor cell count, lipid peroxidation and expression of prolif-
erating cell nuclear antigen were significantly increased. These changes were brought back to near normal in treatment groups. The

findings are further confirmed by histopathological observations.

© 2006 Elsevier Ltd. All rights reserved.

Oxidative stress is potentially harmful to cells and reac-
tive oxygen species (ROS) are implicated in the etiology
and progression of many diseases including cancer. In
normal conditions, antioxidant defense systems are able
to detoxify ROS and prevent the damage to cellular
macromolecules and organelles. Under conditions of
excessive oxidative stress, however antioxidants are
depleted and ROS can damage cellular components
and interfere with critical cellular activities.!

Cancer cells have highly elevated protective mechanism
to prevent lipid peroxidation. Several studies have dem-
onstrated that lipid peroxidation is significantly de-
creased in tumor cells and tissues compared with that
of corresponding normal cells.? The primary mechanism
whereby cancer cells prevent lipid peroxidation is that,
they have relatively low levels of the components of
NADPH-cytochrome-P450 electron transport chain,

Keywords: Fish venom; PCNA; Tumor metastasis.
* Corresponding author. Tel./fax: +91 4144 238343; e-mail: cmrana@
sify.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.09.025

which results in less favorable conditions for the initia-
tion and propagation of lipid peroxidation.?

Cancer chemotherapy using antioxidant formulations is
an exciting pharmaceutical research involving the use of
either natural or synthetic components to delay, inhibit
or reverse the development of cancer in normal or prene-
oplastic conditions. The approach of testing venom as
antitumor agents dates back to the beginning of the past
century when Calmette et al.* reported on the antitu-
mour activity of snake venom (Naja species venom) on
adenocarcinoma cells. Since then many reports have ap-
peared on this subject and controversies still exist.”> In
addition to the snake venom, bee venom has been
reported to have antiproliferative effect in vitro and
reduction in tumor growth in vivo.® However, the
marked curative properties of the snake venom are al-
ways hindered by their high toxicities; in most cases
the venom are cytotoxic to normal cells same as they
are toxic to that of malignant cells’ surprisingly, it has
been reported that a South Indian scorpion venom pos-
sesses superoxide dismutase (SOD) activity® and radical
scavenging proteins have been reported recently in the
tentacles of jellyfish toxin.’
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Thus, this study attempts to characterize and docu-
ment the exact role of lionfish (Pterios volitans) ven-
om on EAC-bearing mice to prolong the survival
time by influencing the biochemical changes and anti-
oxidant enzyme levels that are important for studying
the anti-tumor effect. The biochemical markers cho-
sen, namely reduced glutathione (GSH) content, glu-
tathione peroxidase (GPx), glutathione reductase
(GST) SOD, catalase (CAT) activities, and the extent
of lipid peroxidation, are measured in liver, because
it is well established that liver enzymes are more sen-
sitive indicator of a distant neoplasm than blood.!°
The biochemical findings are further confirmed by
the histopathological studies and immunohistological
staining of proliferating cell nuclear antigen (PCNA)
in liver.

Venom preparation. Specimens of P. wvolitans were
obtained from the local aquarium, killed (by cooling),
and the venomous spines were removed and stored in
10% glycerol solution at —80 °C, and the venom was
prepared as described by Church and Hodgson.!! The
protein was estimated by Lowry et al.'> The concentra-
tion was adjusted to 1 mg/ml; aliquoted and stored at
—20 °C until use.

Toxicity assay. The LDs, was determined by the
method of Litchfield and Wilcox.!? Male albino mice
of Swiss Webster strain (22 =2 g) were used and the
study was approved by the Institutional Ethical
Committee. LDs, was found to be 42.5pg
protein/kg bw.

Animal and ascites tumor. Adult male Swiss albino mice
of 10- to 12-weeks old (22 + 2 g) were obtained from
the Central Animal House, Rajah Muthiah Medical
College, Annamalai University. The animals were
maintained under controlled conditions of temperature
(23 £ 2 °C), humidity (50 £ 5%), and light (10 and 14 h
of light and dark cycles, respectively) and were on
commercial standard pellet diet and water ad libitum.
The first inoculum of Ehrlich’s ascites carcinoma
(EAC) was kindly provided by the Amala Cancer
Research Institute, Thirissur, Kerala. EAC were there-
after propagated by weekly intraperitoneal injection of
0.3 ml freshly drawn ascites fluid (diluted 1:5 in sterile
saline) from a donor mice-bearing ascites tumor of
6- to 8-day-old, into three mice each with a mean
body weight of 22 £ 2 g. Transplantation was carried
out using a sterile disposable syringe under aseptic
conditions.

Experimental design. In the present study 72 animals
were divided into six groups of 12 animals.

Group 1:

Normal (received 100 pl of sterile saline by ip)
Group 2:

EAC control (received 100 pul of sterile saline by ip)
Group 3:

EAC induced mice + 1% of LDsy dose of venom in
100 pl of sterile saline (0.425 pg/kg bw by ip—Ilow dose:
LD)

Group 4:

EAC induced mice + 5% of LDs, of dose venom in
100 pl of sterile saline (2.125 ng/kg bw by ip—medium
dose: MD)
Group 5:

EAC induced mice + 10% of LDs, dose of venom in
100 pl of sterile saline (4.25 pg/kg bw by ip—high dose:
HD)
Group 6:

EAC induced mice + Standard 5-fluorouracil (5-FU-
20 mg/kg bw)

Total experimental period was 10 days and after admin-
istering the last dose, 6 animals in each group were fast-
ed overnight, anesthetized, and sacrificed by cervical
decapitation. The liver tissues of animals were stored
in —20 °C for further analysis. The remaining animals
were left to calculate the mean survival time.

Antitumor effect of venom was assessed by observing
the changes with respect to body weight, ascites tumor
volume, packed cell volume, viable and non-viable tu-
mor cell count, mean survival time (MST), and percent-
age increase in life span (%ILS). MST of each group
containing six mice were monitored by recording the
mortality daily for six weeks and % ILS was calculated
using following equation.'#

MST = (day of first death + day of last death)/2

%ILS =[(Mean survival time of treated group/mean
survival time of control group) — 1] x 10

Preparation of tissue homogenate. The liver tissues were
excised and homogenates were prepared in 3 volumes
(w/v) phosphate buffer (0.1 M, pH 7.4), centrifuged at
12,000g for 20 min at 4 °C, and the supernatant was
used for assays.

For the estimation of lipid hydroperoxides (LOOH),
0.1 ml of tissue homogenate (supernatant) was treated
with 0.9 ml of Fox reagent and incubated at 37 °C for
30 min. The color developed was read at 560 nm color-
imetrically by the method of Jiang et al.!> Lipid hydro-
peroxide levels are expressed as mmol/mg tissue.

Levels of thiobarbituric acid reactive substances
(TBARS) in tissue homogenate were estimated by the
method of Okhawa et al.'® To 0.2 ml tissue homogenate,
0.2ml of 8.1% SDS, 1.5ml of 20% acetic acid, and
1.5ml of 0.8% TBA were added. The mixture is made
up to 4 ml with distilled water and then heated in a
water bath at 95 °C for 60 min. After cooling, 1 ml of
water and 5 ml n-butanol/pyridine mixture were added
and shaken vigorously. After centrifugation at 600g
for 10 min, the absorbance of the organic layer was mea-
sured at 532 nm. 1,1,3,3-Tetramethoxypropane was used
as the standard. The levels of TBARS were expressed as
mmol/mg tissue.

Determination of SOD and CAT enzyme activities. SOD
was assayed according to the technique of Kakkar
et al.'” based on the reduction of NBT*" to a blue for-
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mazan (MF") by O,~. The color developed was mea-
sured spectrophotometrically at 550 nm and was ex-
pressed in terms of 50% NBT reduction/min/mg protein.

CAT was assayed as described by Sinha.!® The reaction
mixture contained 1.0 ml phosphate buffer (0.01 M, pH
7.0), 0.1 ml tissue homogenate, and 0.4 ml H-,O,
(0.2 M). The reaction was stopped by the addition of
2.0 ml dichromate—acetic acid reagent (5% potassium
dichromate and glacial acetic acid, 1:3 ratio). The absor-
bance was measured colorimetrically at 620 nm and the
values were expressed as pumol of H,O, utilized/min/mg
protein.

Determination of glutathione and glutathione dependent
enzymes. A tissue level of reduced GSH was determined
by the method of Boyne and Ellman.'” Homogenates
were immediately precipitated with 0.1 ml of 25% tri-
chloroacetic acid and the precipitate was removed after
centrifugation. Free SH groups were assayed in a total
volume of 3.0 ml by the addition of 2.0 ml DTNB
(0.6 mmol), 0.9 ml phosphate buffer (0.2 M, pH 8.0),
and 0.1 ml homogenate. The absorbance was recorded
at 412 nm. GSH values were expressed as mmol GSH/
mg tissue.

GPx activity was measured by the method of Flohe
and Gunzler.?® Briefly, the reaction mixture contained
0.2 ml phosphate buffer (0.4 M, pH 7.0), 0.1 ml sodi-
um azide (10mmol), 0.2ml tissue homogenate,
0.2ml GSH (30 mmol), and 0.1 ml H,O, (0.2 mmol).
The contents were incubated at 37 °C for 10 min,
and the reaction was arrested by addition of 0.4 ml
of 10% TCA and the reaction mixture centrifuged.
Supernatant was assayed for GSH content by using
Ellman’s reagent and expressed as umol of GSH uti-
lized/min/mg protein. The protein was estimated by
the Lowry et al.!?

GST activity was determined spectrophotometrically by
the method of Habig and Jakoby.?! The reaction mix-
ture contained 1.7 ml phosphate buffer (100 mmol, pH
6.5, 0.1ml GSH (30 mmol), and 0.1 ml CDNB
(30 mmol). After preincubating the reaction mixture at
37 °C for 5 min, the reaction was started by the addition
of 0.1 ml tissue homogenate and the absorbance was fol-
lowed for 5 min at 340 nm. The specific activity of GST
was expressed as pumol of GSH-CDNB conjugate
formed/min/mg protein using an extinction coefficient
of 9.6 mmol/cm.

Table 1. Effect of fish venom on body weight changes and survival time

Histopathological analysis. For histopathological study,
liver of two animals from each group was stored in
10% formalin. They were later sectioned using a micro-
tome, dehydrated in graded alcohol, embedded in paraf-
fin section, and stained with hematoxylin and eosin
(H&E), and viewed under microscope.

Immunohistological studies. Briefly, cut tissue sections
were deparaffinized and endogenous peroxidase was
quenched by incubation in 3% hydrogen peroxide in
methanol for 30 min. Non-specific binding was blocked
with normal sheep serum (51%) in PBS (containing
0.14 N NaCl and 0.005 N Na,H,PO,) and then the tis-
sue sections were incubated at 4-8 °C overnight with
1:50 diluted PCNA mouse monoclonal antibody (Dako,
CA, USA). Immunostaining was performed using bio-
tin—streptavidin peroxidase method. The staining inten-
sity has been graded as: —, no staining; +, mild staining;
++, moderate staining; +++, intense staining. The stain-
ing in percentage was done by counting about 300 cells
in different fields of the tissue.

Statistical  analysis. Values are expressed as
means £ SD of 6 animals in each group. Data within
the groups were analyzed using one-way analysis of
variance (ANOVA) followed by Duncan’s Multiple
Range Test (DMRT). A value of P <0.05 was consid-
ered statistically significant.

Effect of fish venom on mean survival time and tumor
growth. The toxicity assay of Pterios volitans venom ex-
tract on the albino mice was used to arrive at sublethal
concentrations required for the present study. Based on
the values, three different concentrations of the fish ven-
om were fixed (1%, 5%, and 10% of LDs, values as given
in the experimental design). Table 1 shows the changes
in the body weight, percentage increase in life span,
mean survival time, tumor volume, packed cell volume,
and viable and non-viable tumor cell count. The normal
animals, those who received saline alone, did not show
any significant changes in all the parameters studied.
The EAC-bearing mice showed increased body weight
due to the increased ascites volumes by actively prolifer-
ating peritoneal cells, whereas the bodyweight was de-
creased in treated groups. In the EAC control group,
the mean survival time was 16.0 days, whereas, it in-
creased significantly in all treated groups. A better effect
was observed in medium dose treatment with an increase
in the life span by 99.5%, when compared to the carci-
noma control group. Increased life span and decreased

Parameters Normal EAC control FV (LD) FV (MD) FV (HD 5-FU
+Saline  (10° cells/ml)  + EAC + EAC + EACQ) + EAC

Body weight/g 22+20  40.20+0.3 30.50 + 0.4 24.6 +0.3% 29.4 +0.02 25.2+0.02

Mean survival time/d — 16.00 + 0.1 232 +0.1% 359 +0.19°  30.40 + 0.2 39.5+0.3*

Increase life span % — — 34.12 99.5 68.75 119.49

Tumor volume/ml — 4.5+0.07 3.37 £0.03* 0.8+0.01* 241+0.01° —

Packed cell volume/ml — 2.11%0.84 1.4+0.04*  0.23%0.01° 1.2+001* —

Viable tumor cell count/10'® cells L™ — 12.30 £0.07 0.32£0.01*  0.68 +0.04* 0.84 £0.06° —

Non-viable tumor cell count/10" cells L™} — 0.89 * 0.05 1.62 +£0.06° — 1.57 £0.05¢  —

(Values are means = SD, n =6, p <0.01 vs EAC control group, Body weight of normal mice 22 + 2 g).
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Table 2. Changes in the levels of TBARS, hydroperoxides, and GSH content in liver of EAC and FV treated mice

S.No Groups TBARS mmol/100 g Hydroperoxides mmol/100 g GSH mmol/100 g
1. Normal 0.94 £0.02" 0.75£0.01" 3.35+0.09

2. EAC control 1.82 +£0.01 1.95 +0.02 1.20 £ 0.01

3. EAC + FV (LD) 1.20 £ 0.01 1.25+0.01 1.90 £ 0.01

4. EAC + FV (MD) 0.90 £0.01* 0.89 £ 0.02" 2.40£0.017

5. EAC + FV (HD) 1.28 £0.01 1.30 £ 0.01 1.98 £ 0.01

6. EAC + 5-FU 0.99 £0.02* 0.85%0.01" 3.65%0.09

(Values are means £ SD, n =6, *p <0.001 vs EAC control group).

Table 3. Showing the changes in the activities of antioxidant enzymes in liver of EAC-bearing and FV treated mice

S.No Groups SOD” U/mg protein CAT® U/mg protein GSTC U/mg protein GPxP U/mg protein
1. Normal 4.49 +0.35% 26.4+0.07* 19.2+0.18* 7.77 £0.72%

2. EAC control 2.09 £0.26 10.8 £0.07 8.24 + .0.06 4.32+0.01

3. EAC + FV (LD) 3.15+£0.01 12.5+0.03 10.53 £ 0.01 5.45+0.05

4, EAC + FV (MD) 3.90 £0.03* 19.5+0.01* 15.9 £ .009* 6.7 £0.05%

5. EAC + FV (HD) 2.98 £0.01 13.0 £ 0.04 11.35£0.07 5.78 £ 0.04

6. EAC + 5-FU 3.96 £ 0.35% 20.4+£0.07% 16.2 £ 0.18* 6.97 £0.72%

(Values are means + SD, n =6, *p <0.001 vs EAC control group).

A Amount of enzyme required to give 50% inhibition of NBT reduction.

B Micromoles of H,O, utilized per min.
€ Micromoles of CDNB conjugated with GSH/min.
D Micromoles of GSH utilized/min/mg protein.

bodyweight resulted in the decreased tumor volume,
packed cell volume, and viable tumor cell count in a
dose dependent manner.

Biochemical findings. Tables 2 and 3 depict the effect of
treatment with FV on lipid peroxidation as evidenced
by the formation of TBARS and hydroperoxides in liv-
er. The lipid peroxidation indices were significantly in-
creased in the liver of EAC-bearing mice when
compared to the normal ones. Treatment with FV not
only decreases the tumor burden, but also the oxidative
stress on liver and a better effect was observed with the
medium dose treatment of the venom. Regarding the
antioxidant status, the tumor implant have decreased
the activities of enzymes like SOD, CAT, GPX, GST,
and GSH levels in the liver. Again treatment with vari-
ous doses of FV was found to restore the above levels to
near normal.

Histological findings. Figure l1a shows the hepatocytes of
normal liver with portal trait. The liver tissue of EAC
(Fig. 1b) bearing mice shows the presence of carcinoma
cell clumps in between the liver tissue, that are anaplas-
tic in nature. The photomicrographs of FV treated liver
appear to be normal without any tumor cell invasion

(Figs. lc-f).

Immunostaining of PCNA. Figures 2 and 3 depict the ef-
fect of lionfish venom on PCNA expression in hepato-
cytes of EAC-bearing mice and are compared with the
expression in normal mice. In EAC-bearing mice the
mean expression of PCNA (84%) was significantly high-
er than that of normal hepatocytes (43%). Administra-
tion of lionfish venom decreased the expression of
PCNA in all the three doses tested and a significant de-
crease was observed with the medium dose treatment of
lionfish venom (51%).

The present study was carried out to evaluate the antitu-
mor and hepatoprotective efficacy of the fish venom—
P.volitans. A reliable criteria on for assessing the
potential of any anticancer agent is the prolongation
of life span of the animals.>> A decrease in tumor vol-
ume and viable tumor cell count observed by us can
be considered as an important marker of reduced tumor
burden and enhanced the life span of EAC-bearing
mice. Andreani et al.?® have suggested that an increase
in the life span of ascites bearing animals by 25% is con-
sidered as an indicative of significant drug activity. This
suggests that the cytotoxic activity of fish venom on the
EAC cells might be due to mechanisms other than direct
cytolytic effect.

In this context several authors have reported the anti-
cancer potential of snake venom and exact mechanism
of them are not still understood.® Lipps®* has suggested
that venom acts directly on the tumor cells and causes
their lysis. But, Markland®® has suggested that venom
act indirectly by destroying the microenvironment pro-
duced by the tumor cells. In our earlier work we have
demonstrated that fish venom induces apoptosis and
causes DNA fragmentation by activation of caspase in
EAC cells.?®

Cell proliferation, a characteristic feature of cancer, is
inversely proportional to lipid peroxidation and can-
cer itself imparts an oxidative stress on the host
organism. This is illustrated by the rapid elevation
of lipid peroxidation products and impaired antioxi-
dant status of animals xenografted with various tu-
mors.?”  Several studies have demonstrated that
tumor-bearing animals can experience a systemic
change of antioxidant enzymes in organs distant from
the tumor.'® A study by Zatrowski and Nathan?®
suggested that tumor cells produce substantial
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Figure 1. Showing the histological changes of EAC xenografted and FV treated mice liver. (a) 20x H&E: showing hepatocytes of normal liver. (b)
20x H&E: showing tumor cell clumps in between the liver tissue that are anaplastic in nature (—). (c—e) 2 0 X H&E: showing normal hepatocytes of
FV treated mice without any tumor mass. (f) 20x H&E: showing normal hepatocytes of 5-FU treated mice without any tumor mass.

PCNA expression in liver of EAC and
FV treated mice
100 -

80 -
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20 A
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Groups

Figure 2. PCNA expression in liver of EAC and FV treated mice.

amount of hydrogen peroxide (H,O;), which may be
released into circulation for being transported to the
liver for detoxification.?® Furthermore, growing tu-

mors sequester essential antioxidants from host tis-
sues and meet their demand.?® Therefore, the
observed elevated levels of TBARS and hydroperox-
ides in liver of EAC-bearing mice may be due to
the excessive generation of H,O, (by peritoneal cells)
that has been transferred to liver for detoxification
along with the sequestration of antioxidants by tumor
cells.’! Whereas, treatment with FV effectively de-
creased the levels of TBARS and hydroperoxides
depicting their protective role on the liver by decreas-
ing the tumor burden.

The increased levels of lipid peroxidation in liver of
tumor-bearing animals could attribute to the observed
decrease in GSH levels, GPx and GST activities. GST
and GPX are biotransformation enzymes involved in
the detoxification of xenobiotics, carcinogens, free radi-
cals, and peroxides by conjugating these toxic substanc-
es with GSH, ultimately protecting the cells and organs
from oxidative stress.?’ Treatment with different doses
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Figure 3. Illustrating the PCNA expression pattern in liver of EAC-bearing and FV treated mice (20x). (a) PCNA expression in normal liver. (b)
Overexpression of PCNA in EAC-bearing mice liver. (¢) Decreased expression of PCNA in venom (LD) treated mice. (d) Significantly decreased
expression of PCNA in venom (MD) treated mice. (e) Decreased expression of PCNA in venom (HD) treated mice. (f) Decreased expression of

PCNA in 5-FU treated mice liver.

of FV was observed to decrease the tumor burden, hence
decrease the oxidative stress, which in turn results in the
restored activities of GST, GPx, and GSH levels.

SOD and CAT are considered as the primary antioxi-
dant enzymes, since they are involved in the direct elim-
ination of active oxygen species.>?> CAT depression both
in activity and immunoreactivity in liver is a well-estab-
lished phenomenon accompanying tumor burden.?? De-
creased SOD activities were also seen in liver, spleen,
kidney, lungs, and leg muscle in EAC-bearing mice.?*
Our results are in agreement with the above findings
and treatment with FV effectively reduced the oxidative
stress in EAC-bearing mice and thereby restored the
activities of enzymic antioxidants. In this context
Ramanaiah and Venkaiah® has reported that, scorpion
venom has the SOD activity whose action is inhibited
by specific antivenom. Apart from this, in the past few

years several peptides have been reported to exert differ-
ent mechanisms of action in free radical mediated oxida-
tive sequences by radical scavenging and metal ion
chelation.®

The biochemical findings are supported by the histo-
pathological study, where the liver of EAC-bearing mice
shows the presence of anaplastic tumor cells in between
the liver tissue, which were absent in all treatment
groups. In all the above studied parameters, the medium
dose treatment of lionfish venom than that of other two
low and high doses respectively, this may be correlated
with the findings of Abu-sinna et al.” who has suggested
a dose dependent effect of snake venom on EAC cells
wherein, the low dose may not be sufficient and high
dose might have produced any other effects, respectively.
Hence the medium dose of lionfish venom is thought to
be of optimum to treat the cancer cells.
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The observed results are further confirmed by the immu-
nohistogical staining of PCNA in EAC-bearing and ven-
om treated mice. PCNA, an auxiliary protein of the
DNA polymerase 9, is a proliferation-associated marker
expressed in proliferating cells. Its maximal expression is
attained during the late G1- and S-phase period of the
cell cycle.*® PCNA has been used in different neoplasm
to measure the growth fraction of the tumors in relation
to clinical behavior, expression, size of tumor, and dis-
tant metastases are indicators of an aggressive biological
behavior. PCNA is a cell cycle-related antigen and its
expression progressively increases incrementally as the
tissue progresses from normal through premalignant
stages to carcinoma.?”-3® The observed result, increased
expression of PCNA in EAC-bearing mice, and which
decreases upon treatment with lionfish venom are in line
with previous studies with various anticancer and anti-
metastatic compounds.’® Even though several studies
have been carried out on the PCNA expression, we for
the first time report that the PCNA expression decreases
on treatment with lionfish venom. Thus, the present
study clearly demonstrates the antitumor; hepatoprotec-
tive, and antimetastatic effects of FV on EAC-bearing
mice and further studies are warranted for better under-
standing of the exact role of lionfish venom.
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Abstract—A new series of 2,9,10-trisubstituted-6-oxo0-7,12-dihydro-chromeno[3,4-b]quinoxalines was synthesized and submitted to
antibacterial and antifungal activities. Result of the antimicrobial screening showed the compound 4j being the most effective among
the various treatments in antimicrobial screening. Compounds 4c, 4d, 4k, and 41 showed moderate activity against the microorgan-

isms tested.
© 2006 Elsevier Ltd. All rights reserved.

Nitrogen-containing heterocyclic compounds are indis-
pensable structural units for both the chemists and the
biochemists. Among the various classes of heterocyclic
compounds, quinoxalines form an important compo-
nent of pharmacologically active compounds. Quinoxa-
line ring is a part of various antibiotics such as
hinomycin, levomycin, and actinoleutin!-?> that are
known to inhibit growth of Gram positive bacteria
and are active against various transplantable tumors.?
In addition quinoxaline derivatives are also associated
with a wide spectrum of biological activities ranging
from antihelmintic and anticancer to antimicrobial
(as antifungal and antibacterial) antidepressant and
anti-inflammatory agents.*3

4-Hydroxycoumarin and its analogues are well known
for their anticoagulant activity® along with antimicrobi-
al activities. Also, 3-substituted 4-hydroxycoumarin
generates considerable interest'” in designing the synthe-
sis of number of derivatives as probable HIV protease
inhibitors with high therapeutic index.

Literature survey reveals that quinoxaline having cou-
marin constituent possesses antibacterial activity.'!
Recently some biologically active new heterocyclic com-
pounds containing quinoxaline and coumarin moieties
have been synthesized.!?

Keywords: Quinoxallinones; Antimicrobial activity.
* Corresponding author. Tel.: +91 0240 2400431x525,469; e-mail:
devanandshinde@gmail.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.09.040

In view of the vast biological importance of quinoxaline
and coumarin derivatives, we tried to synthesize 2,9,10-
trisubstituted-6-0x0-7,12-dihydro-chromeno[3,4-b]quin-
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Table 1. Experimental data of 2,9,10-trisubstituted-6-o0xo-7,12-dihydro-chromeno[3,4-b]quinoxalines (4a—3n)

Compound R R! Mp (°C) Yield (%) Molecular formula Elemental analysis %
Molecular weight C Caled Found H Caled Found N Caled Found
4a H H 185 75 Cy5HoN,O, 71.99 4.03 11.19
250 71.90 4.00 11.13
4b CH; H 245 78 Ci6H12N>0, 72.72 4.58 10.60
264 72.69 4.52 10.55
4c OCH; H 252-253 75 Ci6H12N,O3 68.57 4.32 9.99
280 68.52 4.28 9.95
4d Br H 245 70 Cy5sHoBrN,O, 54.74 2.76 8.51
329 54.70 2.72 8.48
4e Cl H 240 73 C;5sHyCIN,O, 63.28 3.19 9.84
284 63.25 3.15 9.80
4f F H 223-225 78 Cy5sHoFN,O, 67.16 3.38 10.44
268 67.25 3.46 10.51
4g NO, H 201-202 71 Cy5sHoN;04 61.02 3.07 14.23
295 61.10 3.12 14.30
4h H CH; 243-246 75 Cy7H14N>0, 73.37 5.07 10.07
278 73.32 5.02 10.02
4i CH; CH; 252-255 78 Ci3H16N-O, 73.96 5.52 9.58
292 73.92 5.48 9.52
4j OCH; CH; 275 78 CisH16N,0; 70.12 5.23 9.09
308 70.08 5.19 9.05
4k Br CH; 275 80 C;7H3BrN,0O, 57.16 3.67 7.84
357 57.12 3.62 7.80
41 Cl CH; 272 80 C;7H3CIN,O, 65.29 4.19 8.96
312 65.25 4.16 8.90
4m F CH; 268 78 Cy7H13FN,O, 68.91 4.42 9.45
296 68.88 4.49 9.38
4n NO, CH; 252 71 Cy7H13N504 63.16 4.05 13.00
323 63.10 4.01 13.08
Table 2. Antimicrobial activity® of synthesized compound
Compound Zone of inhibition (mm)®
Bacteria Fungi
Staphylococcus Bacillus Escherichia Pseudomonas Aspergillus Fusarium
aureus subtilis coli aeruginosa favus oxysporum
4a 2 1 2 3 2 3
4b 3 2 3 4 2 2
4c 8 5 6 7 5 6
4d 8 4 5 6 4 5
4e 6 3 4 5 3 4
4f 5 3 3 4 2 3
4g 5 4 4 4 4 3
4h 4 2 3 4 2 3
4i 5 3 4 5 2 4
4j 11 9 9 10 6 8
4k 9 7 6 7 4 5
41 7 5 8 9 3 4
4m 6 5 7 8 3 4
4n 5 4 4 5 4 4
Standard antibiotic® 12 10 11 10 9 8

#These results are average results of four experiments.

° The compounds were used at the concentration of 100 pg/ml.
¢Streptomycin for bacteria and Nystatin for fungi, were used at the concentration of 30 pg.

oxalines. Various substituted 4-hydroxycoumarin and
1,2-diphenylamine, were refluxed in ethanol to obtain
the desired products'® and to investigate their antimicro-
bial activity (Fig. 1).

The quinoxaline derivatives synthesized were tested to
evaluate their antibacterial and antifungal activities at

100 pg/ml in DMSO. All the compounds (4a—4n) were
found to have antimicrobial activities against different
species of bacteria and fungi in our studies, (Table

2).'% The obtained results mainly indicate that com-
pound 4j was the most effective, 4c, 4d, de, 4f, 4g, 4k,

41, 4m, and 4n showed moderate activity, while 4a, 4b,
4h, and 4i exhibited scarce activity.
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In spite of the scarce number of compounds tested this
preliminary study evidences that the substituents on
both quinoxaline and coumarin moieties exert signifi-
cant influence on antimicrobial activities.

Furthermore, in comparison with antibiotics commonly
used in therapy, our most potent compound (4j) shows
comparable (although less potent) activities. Further
studies are in progress to optimize these lead compounds
and to characterize the mode of action.
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General procedure: 3-Bromo-6-substituted-4-hydroxy-
coumarins (2a-2g) A mixture of 0.01 mol of 4-hydroxy-
coumarin in 50 ml of chloroform in a 250 ml flask. Cool it
in an ice water bath. Add very slowly with constant
stirring (about 15 min) from a dropping funnel 0.01 mol of
bromine, stir the mixture by keeping the temperature
below 10 °C, and keep it overnight. 3-Bromo-4-hydroxy-
coumarin commences as white needles. Filter and dry it.

Washed with cold chloroform to give 2a. All other
compounds of this series were synthesized by following
the above procedure.
2,9,10-Trisubstituted-6-oxo0-7,12-dihydro-chromeno[3,4-b]
quinoxalines (4a—4n): A solution of equimolar amount of
(0.01 mol) of 3-bromo-4-hydroxycoumarin (2a—2e) and
appropriate diamine in ethanol (25 ml) was refluxed for 4—
6 h. The reaction was monitored by TLC. After comple-
tion of reaction, reaction mixture was cooled and poured
into crushed ice. The crude compounds were purified by
recrystallization with diethyl ether—hexane or by silica gel
column chromatography to afford pure desired com-
pounds. All other compounds of this series were synthe-
sized by following the above procedure. The physical data
of these compounds have been recorded in Table 1.
6-Ox0-7,12-dihydro-chromeno [3,4-b]quinoxalines (4a):
'H NMR (DMSO-dg) :6=4.02 (2H, br s, NH), 6.20
(2H, m, H-8,11), 6.34 (2H, m, H-9,10), 7.20 (1H, m, H-2),
7.25 (1H, m, H-4), 7.40 (H, m, H-3), 7.60 (1H, m, H-1).
I3CNMR (50 MHz [*H¢] DMSO) 6: 161, 149.2, 132.1, 131,
127.1, 126.2, 125.4, 124.1, 120.2, 118.2, 114.7, 102.1.
Mass (ES/MS) : m/z 249 (M-H).
2-Methyl-6-0x0-7,12-dihydro-chromeno|[3,4-b]quinoxa-
lines. (4b): '"H NMR (DMSO-dg) :6 = 2.29 (3H, s), 4.01
(2H, br s, NH), 6.20 (2H, m, H-8,11), 6.34 (2H, m,
H-9,10), 7.01 (1H, d, H-4), 7.18 (1H, d, H-3), 7.35 (1H, d,
H-1).

BCNMR (50 MHz [?H¢] DMSO) & = 161, 147.1, 133.8,
133.2, 132.6, 127.6, 126.8, 118.6, 115.0, 102, 20.8.

Mass (ES/MS): m/z 263 (M-H).
2-Methoxy-6-0x0-7,12-dihydro-chromeno[3,4-b]quinoxa-
lines. (4¢): 'H NMR (DMSO-dg):d = 4.01 (2H, br s, NH),
3.25 (3H, s), 6.20 (2H, m, H-8,11), 6.34 (2H, m, H-9,10),
6.88 (1H, d, H-3), 7.01 (1H, d, H-4), 7.10 (1H, d, H-1).
3CNMR (50 MHz [*H¢] DMSO) o: 161, 157.2, 142.1,
132.1, 131, 129.6, 121.1, 118.2, 118.1, 114.8, 112.6, 111,
101.1, 54.8.

Mass (ES/MS): m/z 279 (M-H).
2-Bromo-6-0x0-7,12-dihydro-chromeno[3,4-b]quinoxalines
(4d): 'H NMR (DMSO-dg): 6 =4.01 (2H, br s, NH), 6.19
(2H, m, H-8,10), 6.31 (2H, m, H-9,10), 7.01 (1H, d, H-4),
7.58 (1H, d, H-3), 7.72 (1H, d, H-1).

3CNMR (50 MHz [*H¢] DMSO) 6 = 161, 148.9, 132.5,
132.4, 131.3,130.7, 129.07, 129.3, 122.8, 118.9, 118.5, 115,
102.8.

Mass (ES/MS): m/z 328 (M-H).
2-Chloro-6-0x0-7,12-dihydro-chromeno[3,4-b]quinoxalines
(4e): '"H NMR (DMSO-dg):  =4.01 (2H, br s, NH), 6.19
(2H, m, H-8,10), 6.31 (2H, m, H-9,10), 7.08 (1H, d, H-4),
7.40 (1H, d, H-3), 7.58 (1H, d, H-1).

I3CNMR (50 MHz [*H¢] DMSO) 6§ = 161, 147.3, 132.2,
131.1, 129.6, 127.8, 126.8, 121.9, 118.6, 115, 102.8.

Mass (ES/MS): m/z 283 (M-H).
2-Fluoro-6-0x0-7,12-dihydro-chromeno[3,4-b]quinoxalines
(4f): '"H NMR (DMSO-dq): 6 = 4.03 (2H, br s, NH), 6.19
(2H, m, H-8,10), 6.31 (2H, m, H-9,10), 7.08 (1H, d, H-4),
8.10 (1H, d, H-3), 8.32 (1H, d, H-1).

13CNMR (50 MHz [*Hg] DMSO) 6 = 155.1, 142.4, 132.2,
131.1, 129.6, 127.8, 126.8, 121.9, 118.6, 114.8, 102.8.
Mass (ES/MS): m/z 267 (M-H).
2-Nitro-6-0x0-7,12-dihydro-chromeno[3,4-b]quinoxalines
(42): "H NMR (DMSO-dg): 6 = 4.03 (2H, br s, NH), 6.19
(2H, m, H-8,10), 6.31 (2H, m, H-9,10), 7.08 (1H, d, H-4),
8.10 (1H, d, H-3), 8.32 (1H, d, H-1).

I3CNMR (50 MHz [*Hg] DMSO) 6 = 163.1, 158.4, 145.2,
131.1, 129.6, 127.8, 126.8, 121.9, 118.6, 114.8, 102.8.
Mass (ES/MS): m/z 294 (M-H).

9, IO-Dimeth?/l-6-oxo-7, 12-dihydro-chromeno[3,4-b]quinox-
alines (4h): 'H NMR (DMSO-dy): 6 =2.31 (6H, S), 4.08
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(2H, br s, NH), 6.85 (2H, d, H-8,11), 7.17 (1H, m, H-4),
7.19 (1H, m, H-2), 740 (IH, m, H-3), 7.58 (IH, m,
H-1).

BCNMR (50 MHz[’H¢] DMSO) §: 161, 149.2, 131, 129.1,
128.1, 127, 126.2, 125.2, 124.1, 120.1, 115.1, 101.1, 13.2.
Mass (ES/MS): m/z 277 (M-H).
2,9,10-Trimethyl-6-ox0-7,12-dihydro-chromenol3,4-b]quin-
oxalines (4i): '"H NMR (DMSO-dy): & = 2.31 (9H, s), 4.08
(2H, br s, NH), 5.81 (2H, d, H-8-10), 7.03 (1H, d, H-4),
7.20 (1H, d, H-3), 7.39 (1H, d, H-1).

I3CNMR (50 MHz [*Hg] DMSO) 6 = 161, 146.2, 133.2,
131, 129.1, 128.1, 127.4, 126.4, 126.1, 120.1, 115.2, 102.1,
20.1, 13.9.

Mass (ES/MS): m/z 291 (M-H).
9,10-Dimethyl-2-methoxy-6-0x0-7,12-dihydro-chromeno-
[3,4-b]quinoxalines (4j): 'H NMR (DMSO-dy): 6 = 2.31
(6H, s), 3.69 (3H, s), 4.08 (2H, br s, NH), 5.81 (2H, d, H-
8,11), 6.91 (1H, d, H-3), 7.01 (1H, d, H-4), 7.09 (1H, d,
H-1).

I3CNMR (50 MHz [*Hg] DMSO) 6: 161, 157.2, 142.1, 131,
129.1, 128.1, 127.2, 121.1, 115.2, 112.2, 111.1, 102.1, 55,
14.2.

Mass (ES/MS): m/z 307 (M-H).
2-Bromo-9,10-dimethyl-6-0x0-7,12-dihydro-chromeno-
[3,4-b]quinoxalines (4k): "H NMR (DMSO-dg): 6 = 2.31 (6H,
s), 3.69 (3H, 5), 4.08 (2H, br s, NH), 5.81 (2H, d, H-8,11), 6.91
(1H, d, H-3), 7.01 (1H, d, H-4), 7.09 (1H, d, H-1).

I3CNMR (50 MHz, [*Hg] DMSO) 6 = 161.5, 149, 131.1,
130.6, 129.4, 129, 128.7, 128.6, 122.6, 119, 116, 102.8, 13.8.
Mass (ES/MS): m/z 356 (M-H).
2-Chloro-9,10-dimethyl-6-0x0-7,12-dihydro-chromeno-
[3,4-b]quinoxalines (4)H NMR (DMSO-d): 6 = 2.31 (6H,
s),4.08 (2H, br's, NH), 5.81 (2H, d, H-8,11), 7.18 (1H, d, H-
4),7.38 (1H, d, H-3), 7.58 (1H, d, H-1).

14.

BCNMR (50 MHZz[*H] DMSO0) 6 = 161, 147.2, 131, 129.3,
129.1,128.1, 127.2, 126.0, 121.3, 115.3, 102.1, 14.2, 14.1.
Mass (ES/MS): m/z 311 (M-H).
2-Fluoro-9,10-dimethyl-6-0x0-7,12-dihydro-chromeno-
[3,4-b]quinoxalines (4m): 'H NMR (DMSO-dg): 6 = 2.31
(6H,s),4.08 (2H, brs, NH), 5.81 (2H, d, H-11), 7.18 (1H, d,
H-4), 7.38 (1H, d, H-3), 7.58 (1H, d, H-1).

BCNMR (50 MHz[*H] DMS0) 6 = 161, 147.2,131,129.3,
129.1,128.1, 127.2, 126.0, 121.3, 115.3, 102.1, 14.2, 14.1.
Mass (ES/MS): m/z 295(M-H).
2-Nitr0-9,10-dimeth?11-6-ox0-7,12-dihydr0-chr0meno[3,4-
blquinoxalines (4n): 'H NMR (DMSO-d): 6 = 2.31 (6H, s),
4.08 (2H, brs, NH), 5.81 (2H, d, H-8,11), 7.18 (1H, d, H-4),
7.38 (1H, d, H-3), 7.58 (1H, d, H-1).

I3CNMR (50 MHz[*H¢]| DMSO) 6 = 161, 147.2, 131, 129.3,
129.1, 128.1, 127.2, 126.0, 121.3, 115.3, 102.1, 14.2, 14.1.
Mass (ES/MS): m/z 322 (M-H).

Antimicrobial assay: The antimicrobial activity of the
compounds was assayed by antimicrobial susceptibility test.®
One hundred microliters of 24 h growth of each microor-
ganism was spread on the surface of nutrient agar for
bacteria (Mac Conkey’s agar for Escherichia coli) and potato
dextrose agar for fungi, in Petri plates. Fifty microliter
compounds at the concentration of 100 pg/ml in DMSO
saturated on discs of 6 mm diameter were kept on agar
surface. The plates were refrigerated for 2 h to allow pre-
diffusion of the compounds from the discs into the seeded
agar layer and then incubated at 37 °C for 24 h for bacteria
and 28 °C for 48 h for fungi. Zones of inhibition were
measured in millimeter and size of the disc was subtracted
from the zone size to measure final activity. DM SO saturated
disc served as solvent control or negative control and
Streptomycin saturated discs (30 pg) for bacteria and Nys-
tatin (30 pg) for fungi as reference or positive control.
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Abstract—In order to obtain an carcinoma-selective drug, the synthesis and characterization of 5,10,15,20-tetra[4-(4’-galactosylpip-
erazinyl)phenyl]porphyrin (TGPP) is reported. The biological activity on cancer cells and the pharmacokinetics are also reported as
preliminary results showing a very high liver to skin ratio and short retention time in tissues, and thus promising activity in

photodynamic therapy.
© 2006 Elsevier Ltd. All rights reserved.

Recently, promising porphyrin photosensitizers have
been developed for photodynamic therapy (PDT).!"3
Numerous porphyrins have been synthesized and tested
for in vitro and in vivo phototoxicity, but reasons for
selectivity of the compound remain recondite. Besides
the subtle balance between hydrophobicity and hydro-
philicity, charge distribution, symmetry and configura-
tion of the molecules were suggested as important
factors influencing the selective accumulation and sub-
cellular distribution. The glycosylated porphyrins owing
to good solubility in aqueous solution and specific mem-
brane interaction have been applied in cancer PDT as
promising photosensitizers.*® In such compounds, the
nature and number of carbohydrate residues and hydro-
phobic substituents linked to the macrocycle allow a
large variability in the hydrophilic or hydrophobic char-
acters. Although a number of porphyrin-based photo-
sensitizers have been approved for clinical trials,
however, they are not very selective, causing skin sensi-
tivity for some weeks.” Moreover, PDT treatment also
was not suitable for therapy of the cancer locating at
the deeper tissue of the body.®

Piperazine-containing compounds are widely used in
pharmaceutical industry. Especially, some substituted
piperazine compounds have distinctive anticancer
activity.”'* But so far, all clinical chemical anticancer

Keywords: Porphyrin; Galactosyl; Piperazinyl; Synthesis; Biological
activity.
* Tel./fax: +86 731 2618234; e-mail: lihepinghn@163.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2006.09.020

drugs, including piperazine-containing drugs, the cyto-
toxicity of drugs on normal cells is caused for the drugs
could not efficiently concentrate in tumour tissue. The
side effects exist inevitably for patients, the dosages of
the drugs have to be reduced in clinical to mitigate the
side effects of drugs. But this will prevent the drugs from
bringing their efficacy into play and results in the cura-
tive effect decreasing. Therefore, it is very promising to
synthesize some new compounds as anticancer drugs
that can accumulate to higher concentrations in malig-
nant tumours than in normal tissue. It has been reported
that nitrogenous heterocycle porphyrins have better
anticancer activity than the corresponding nitrogenous
heterocycles in the absence of light.!> We sought to
develop an anticancer drug approach that can accumu-
late in neoplastic tissue to higher concentrations than in
surrounding normal tissue.

The asialoglycoprotein receptor (ASGR) is known to be
present only on hepatocytes at a high density of 500,000
receptors per cell and retained on several human hepato-
ma cell lines. This receptor system can not only recog-
nize terminal B-D-galactose or N-acetylgalactosamine
residues, but can also internalize them within mem-
brane-bound vesicles or endosomes.!® ASGR are con-
sidered a particularly attractive target in many drug
carrier studies. The use of such nature molecules with
galactosylated or lactosylated residues in targeting drug
has resulted in significant targeting efficacy to the liver.!”
Galactose is known as a specific adhesive ligand to
ASGR of hepatocyte. Lactobionic acid (LA), bearing
a galactosyl group, is usually used as a recognition
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moiety for the hepatocyte-targeting drug.'®!° It seems a
good idea to link a galactose-guided drug moiety to
porphyrin ring to avoid or mitigate the side effect of
drugs. We now report the synthesis and the biological
activity studies of 5,10,15,20-tetra[4-(4'-galactosylpiper-
azinyl)phenyl]porphyrin (TGPP), a structural change
which is accompanied by a short retention time in tissues
together with a promising activity. Cell uptake and pho-
todynamic properties are compared to those of the
structurally related 5,10,15,20-tetra(4-aminophenyl)por-
phyrin (TAPP), a drug which is one of the most potent
photosensitizers discovered to date.

TGPP is a symmetrical-galactosylated piperazinylporph-
yrin. The key of the synthesis of TGPP is how to intro-
duce galactosylated piperazine to the porphyrin ring.
We tried to couple iodoporphyrin with various galac-
tosylated piperazines to synthesize target molecules at
room temperature according to Buchwald method.?
However, the reaction did not proceed, even after stir-
ring over an extended period of time. The coupling of
TAPP with N,N’-di(2-bromoethyl)galactosamide at
room temperature can obtain the corresponding galac-
tosylated piperazinyl porphyrin, but the components
of products are too complicated to purify. TGPP is syn-
thesized by the direct condensation of pyrrole with the
appropriate benzaldehyde (3) under Adler’s condi-
tions.?! Benzaldehydes bearing substituted piperazines
were prepared according to the literature.>?>2* N-galac-
tosylamino-N’-phenylpiperazine was synthesized by the
formation of amide bonds between the secondary amino
group of the N-phenylpiperazine?® and the carboxylic
acid group of lactobionic acid according to the method
reported by Bernkop-Schniirch et al.>> As shown in reac-
tion formula, the carboxylic moieties of lactobionic acid
were activated by N,N’-dicyclohexylcarbodiimide
(DCC), forming an intermediate product, which reacted
with the secondary amino group of N-phenylpiperazine.
The efficacy of the purification method for the resulting

NH,
HN(CH,CH,0H),
1
CHO
R CHaCH,COOH
—  » R
H reflux 0.5 h
N
\ /]
H OHH H
HOOC CH,0H
OHH & &4
HO
Ol
H ) Lactobionic acid
(LA)

Figure 1. The synthesis of TGPP.
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N-galactosylamino-N’-phenylpiperazine could be veri-
fied by controls which were prepared in exactly the
same way as the conjugate but omitting DCC during
the coupling reaction, exhibiting a negligible amount
of product. In order to optimize the synthesis of N-galac-
tosylamino-N'-phenylpiperazine, the influence of the
coupling reaction time was evaluated. Results demon-
strated that the yield increased with increasing reaction
time, but when the reaction time lasted more than 72 h,
the yield could not increase obviously, indicating that
the coupling reaction already came to equilibrium. Other
factors that can influence the yield, such as pH of the
reaction mixtures and the weight ratio of N-phenylpiper-
azine to lactobionic acid, were already studied, as far as
pH of coupling reaction was concerned, alkaline pH
would benefit the reaction greater than acidic pH. There-
fore, tetramethylethylene diamine solution was selected
to the catalyst of the coupling reaction. Our approach
to porphyrin-based drugs makes use of a convenient
reaction for converting an aldehyde and pyrrole to the
corresponding meso-substituted porphyrin. The reaction
provides a means for converting prefunctionalized benz-
aldehyde to the corresponding porphyrin. In this paper,
the functional groups selected are those drugs that be
used in the treatment of cancers. The synthetic route of
TGPP is summarized in Figure 1. Whilst this work was
in progress, a different piperazinylporphyrin'> has been
reported.

The structure of TGPP is characterized by elementary
analysis, MS, 'H NMR, IR and UV-vis.26 The 'H
NMR spectra at —2.46 ppm show the characteristic
single peak for porphyrin. The molecular ion peak and
elementary analysis further confirm its structure.

As expected from the presence of four galactosylated
groups, the compound is soluble in polar solvent such
as methanol and water. The lipophilic and hydrophilic
properties were characterized by the partition coefficient

CHO
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Figure 2. Anticancer activity of cis-Pt, 5-Fu and TGPP in cancer cells
(Bel-7404, MCG, and HNE1) determined by MTT assay. Cancer cells
were incubated for 18h in solution (6.25 pg/ml). ‘0’ represented
without irradiation, and ‘i’ represented with irradiation (at 650 nm and
20 Jfem?).

of the compound between the two non-miscible solvents
octanol and water. The octanol/water partition ratios
were 18 for compound TGPP and 42 for TAPP indicat-
ing that TGPP was more hydrophilic than TAPP. In
order to study the anticancer activity of TGPP, with
and without irradiation, the cytotoxic effects of TGPP
and two common anticancer drugs, cis-Platinum (cis-
Pt) and 5-fluorouracil (5-Fu), on three human tumour
cell lines, Bel-7404 (a liver cancer cells), MCG (a stom-
ach tumour cells) and HNEI1 (a nasopharyngeal carci-
noma cancer cells), were determined using the MTT
method.'>?” The results of the pre-screenings are given
in Figure 2.

One can see from Figure 2 that the death rates ranged
from 24% to 19% for TGPP, 40-33% for cis-Pt and
43-29% for 5-Fu when cells were incubated for 18 h at
37°C under an atmosphere of air containing 5%
CO,without light. The results showed that the dark tox-
icity of TGPP was weaker to those of cis-Pt and 5-Fu in
this condition. However, the death rates ranged from
96% to 98% for TGPP after 18 h incubation and
20 J/em? irradiation (Fig. 2), showing presence of photo-
sensitizing toxicity.

Structurally, TGPP consists of two parts: TAPP and
galactosylated piperazine compound. In order to study
whether TGPP and two corresponding structure parts
(galactosylated piperazine and TAPP) have anticancer
activity to cancer cell, they were tested in vitro against
cancer cell by MTT method in the absence of light.!”
The IDsq (50% of cell death) values of the cancer cell
to these compounds are listed in Table 1.

Table 1 shows that TGPP have smaller ID5, values than
that of galactosylated piperazine. This indicates that

Table 1. IDs, values in pg/ml of TGPP and some compounds

Compound Bel-7404 MCG HNEI1
TGPP 29 35 33
TAPP 33 24 28
Galactosylated piperazine >50 >50 >50

TGPP have better anticancer activity than galactosylat-
ed piperazine. It is interesting that TAPP, which is an
anticancer drug too, would be a good carrier for toxic
moieties to arrive at improved anticancer drugs. The
possible reason might be that TAPP with anticancer
drugs can intercalate into the base pairs of DNA strong-
ly. The molecular mechanism for the anticancer activi-
ties of TGPP is being further studied.

The distribution of TGPP was examined in different
selected tissues of tumour-bearing female KM mice.
TGPP (10 mg/kg) was administered by ip injection.
The animals were sacrificed during different points
of time (six mice at 24 h and three mice at other
points of time), varying between 1h and 1 week, after
administration. The skin, muscle, tumour, and the liv-
er were recovered. About 200 mg of tissues was
homogenized in THF. The homogenates were centri-
fuged at 3000 rev/min for 15 min, and the fluorescence
of the supernatants was measured, setting the excita-
tion wavelength at 420 nm and recording the emission
spectrum from 500 and 800 nm. Serum samples, iso-
lated from the blood by centrifugation, were diluted
with suitable volumes of 500 ul THF and the TGPP
content was measured by fluorescence. In all the
cases, TGPP amounts were determined by the inter-
polation of emission intensity and TGPP concentra-
tion plotted on a standard curve. The results are
shown in Figure 3.

This suggests that TGPP is rapidly distributed in tissues
and rapidly eliminated. The highest concentrations were
observed in the liver at 3 h post-injection treatment; the
concentration of TGPP decreased rapidly in all tissues
after 24 h, and very low sensitizer quantity was detected
in these tissues after 144 h. The low quantity detected in
the skin could be favourable, as it would cause photo-
sensitization. The higher quantity of TGPP in liver
can be explained by the presence of four galactosylated
moieties which can recognize ASGR. The shorter reten-
tion time of TGPP in tissues can decrease prolonged
cutaneous photosensitivity. Further developments and

100+
80
B 3 h

- EE24h
£ 601 B 144 h
(@]
[
o
& 404
(O]
}_

20 1

0- T T T T
liver tumour muscle skin

Figure 3. Biodistribution of TGPP in tumour-bearing mice: Recover-
ies of TGPP from tumour-bearing KM mice injected with 10 mg/kg of
drug. Values represent the average of the three experiments.
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improvements of this approach are in progress using
various sugar units, and more extensive biological stud-
ies will be reported elsewhere.
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Abstract—N-substituted chitosan and quaternized chitosan were synthesized and their antioxidant activity against hydroxyl radicals
was assessed, respectively. Compared with the antioxidant activity of chitosan, the results indicated that the two kinds of chitosan
derivatives had different scavenging ability on hydroxyl radicals, which should be related to the form of amido in the two kinds of

chitosan derivatives.
© 2006 Elsevier Ltd. All rights reserved.

Chitosan, a natural cationic polymer prepared by N-de-
acetylation of chitin, is the second abundant natural re-
source next to cellulose. Because chitosan is
biodegradable and non-toxic, it has attracted people’s
attention for its unique physicochemical characters
and bioactivities.'* With the development of the study
of chitosan on biomedicine, the antioxidant activity of
chitosan and its derivatives has been studied according-
ly.>8 But, there are less researches which reported the
relation between the antioxidant activity and the molec-
ular structure. Generally, there are such forms of amido
as primary amine (-NH,, chitosan), imine (—-C=N,
Schiff bases of chitosan), secondary amine (-NHR’, N-
substituted chitosan), and quaternary ammonium
(-N"RR’R”, quaternized chitosan). And the last one
can be synthesized from chitosan step by step according
to the above-mentioned order. For these four kinds of
compounds, the hydroxyl radicals’ scavenging activity
of Schiff bases has been investigated earlier, and it is
the only one which has been measured except for chito-
san. Among various reactive oxygen species, hydroxyl
radicals have the strongest chemical activity, which
can damage a wide range of essential biomolecules such
as amino acids, proteins, and DNA.? And then, in this
paper, the two other kinds of derivatives—N-substituted

Keywords: N-substituted chitosan; Quaternary chitosan; Antioxidant

activity.
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ac.cn
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chitosan and quaternized chitosan were synthesized and
the antioxidant activity against hydroxyl radicals was
assessed. And the possible reason was discussed.

Chitosan was purchased from Qingdao Baicheng Bio-
chemical Corp. (China). The degree of deacetylation
was 97% and the viscosity average-molecular weight
was 7.6 x 10°. N-substituted chitosan and quaternized
chitosan derivatives were synthesized as follows:? Three
grams of chitosan was dissolved into 100 ml H,O at rt,
and various aldehydes were added, respectively, with
stirring. After 2 h, 10% NaBH, (1.5-fold excess to added
aldehyde) was added and the reaction was carried out
for 2 h. The solution was precipitated in acetone and
the precipitants were filterted. And then the N-substitut-
ed chitosan derivatives (a, b, and ¢) were obtained after
drying at 60 °C for 24 h. One gram of N-substituted
chitosan was dispersed into 50 ml N-methyl-2-pyrroli-
done (NMP) for 12 h at rt. To this mixture, 0.12 ml
NaOH (1 M), 1.5 g Nal, and 4 ml CH;I were added,
and each reaction was carried out with stirring at
50 °C for 20 h. The solution was precipitated by excess
acetone and the precipitations were filtered. The quat-
ernized chitosan derivatives (A, B, and C) were obtained
by drying at 60 °C for 24 h (Scheme 1).

The elemental analysis results, yield, and degree of N-
substitution chitosan or quaternization chitosan are
shown in Table 1, and the IR spectrum data of the
quaternized chitosan derivatives are shown in Figure
1. As shown in Figure 1, the IR spectrum of chitosan
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Scheme 1. Synthetic pathway of the derivatives of chitosan.
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Table 1. The elemental analysis results, yield, and degree of N-substitution or quaternization of the chitosan derivatives

Compound Yield (%) Elemental analysis (%) Degree of N-substitution
or quaternization (%)
C N H
a 65.3% 60.88 571 6.78 90.8
b 68.5% 57.33 5.49 6.40 87.5
c 58.7% 54.33 5.89 6.14 934
A 55.3° 44.88 3.71 5.46 86.3
B 59.2° 43.55 3.65 5.36 80.5
C 53.4° 39.67 3.72 5.12 90.7

#Yield is the ratio of N-substituted chitosan and added chitosan.

®Yield is the ratio of quaternized chitosan and added N-substituted chitosan.

3000 2000 1000
Wavenumbers (cm—1)

Figure 1. The IR spectra data of quaternized chitosan.

shows peaks assigned to the saccharine structure at
895 and 1155cm ' Characteristic peaks of amme
(N-H) vibration deformation appeared at 1618 cm™
for chitosan. After quaternized, new peaks appear at
about 1662 cm™', which were assigned to the quater-
nary ammonium salt. There are peaks at about
1415-1430 cm ™', which were assigned to the character-
istic absorption of N-CHj3.” Moreover, (A) and (B)
have peaks at about 1400, 1470, 1500, and
1580 cm™! corresponding to the phenyl groups,'® and
(C) has peaks at 1472, 1404, and 758 cm™' corre-
sponding to the furfuryl group.!' Above-mentioned re-
sults demonstrate that the quaternized chitosan
derivatives were obtained.

The antioxidant activity was carried out according to
Wang,!? The reaction mixture, total volume 4.5 ml, con-

120 - —o—chitosan —0—a

—A—b —X—c
= 100 | —X—A —o—B
S ——C
(=]
[=}
= 80 |
5
3
5 60t
5 =
EXT {
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-
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S
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Figure 2. Scavenging effect of the different derivatives of chitosan on
hydroxyl radicals.

taining the samples of chitosan derivatives (a, b, c, A, B,
and C), was incubated with EDTA-Fe** (220 M), saf-
ranine O (0.23 uM), and H,0, (60 uM) in potassium
phosphate buffer (150 mM, pH 7.4) for 30 min at
37 °C. The absorbance of the mixture was measured at
520 nm. Hydroxyl radicals bleached the safranine O,
so increased absorbance of the reaction mixture indicat-
ed decreased hydroxyl radicals’ scavenging ability and
the capability of scavenging hydroxyl radicals was calcu-
lated using the following equation:

Scavenging effect(%)
= [(Asample 520nm — Ablank 520nm)/
(Acontrol 520nm — Ablank 520nm)] X 100

where Apjank 520nm Was the absorbance of the blank (dis-
tilled water instead of the samples), Acontrol 520nm 18 the
absorbance of the control (distilled water instead of
H,0,).
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All data are expressed as means = SD. Data were ana-
lyzed by an analysis of variance (P <0.05) and the
means separated by Duncan’s multiple range test. The
results were processed by computer programme: Excel
and Statistical software (1999).

The hydroxyl radicals, generated by the Fenton reaction
in this system, were scavenged by the derivatives of
chitosan. Figure 2 shows the % scavenging effect of
chitosan and its derivatives. The scavenging effect on
hydroxyl radicals of chitosan increases with the increase
of the concentration, and the % scavenging effect was
60% at the concentration of about 0.7 mg/ml, and the
ICso is 0.48 mg/ml. For the N-substituted chitosan
derivatives, the antioxidant activity against hydroxyl
radicals was very soft and the scavenging effect was no
more than 20% at the concentration from 0.04 to
0.7 mg/ml. On the other hand, the antioxidant activity
of all the quaternized chitosan derivatives was better
than that of chitosan and N-substituted chitosan deriv-
atives, and the % scavenging effect were 84.6, 87.3, and
100% for A, B, and C, respectively.

Polysaccharides with scavenging effect on hydroxyl rad-
icals have the same structural feature that all have one
or more alcohol or phenolic hydroxyl groups, and the
scavenging ability was related to these groups. For
chitosan, there two kinds of hydroxyl groups at C3
and C6, and part of the relationship between the groups
and the antioxidant activity had been studied.® There
are not only hydroxyl groups but also amido groups,
and the antioxidant activity of chitosan and its deriva-
tives is affected by the amido groups. Furthermore, the
antioxidant activity is affected by the form of amido
groups of chitosan. For imine (—C=N, Schiff bases of
chitosan), primary amine (-NH,, chitosan), secondary
amine (-NHR', N-substituted chitosan), and quaternary
ammonium (-NRR'R”, quaternized chitosan), the quat-
ernized chitosan derivatives have the best scavenging
effect against hydroxyl radicals. The Schiff bases and
N-substituted chitosan derivatives have soft ability.

The difference between quaternized chitosan and the
other chitosan derivatives above mentioned is that quat-
ernized chitosan has high positive charge density, and
the best antioxidant activity against hydroxyl radicals
of quaternized chitosan may have been caused by this
positive charge. However, there is no report about the
antioxidant activity of positive charge. And so, the po-
tential mechanism of these results needs to be further
researched.
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Abstract—A series of pyrazolylbisindole derivatives have been synthesized by reacting substituted pyrazole aldehydes with substi-
tuted indoles using phosphotungstic acid, a Keggin type heteropoly acid as catalyst. The synthesized pyrazolylbisindoles were eval-
uated for anti-microbial activities. The effect of pyrazolylbisindoles on the mycelial growth of plant pathogenic fungi is revealed.
Entries 3¢ and 3d emerged as the most interesting compounds in this series exhibiting excellent anti-fungal activity.

© 2006 Elsevier Ltd. All rights reserved.

Bisindolyl metabolites affect the central nervous system
and are used as tranquilizers.! Various indolyl deriva-
tives display diverse pharmacological activities and are
useful in the treatment of fibromyalgia, chronic fatigue
and irritable bowel syndrome.? Vibrindole, a bis-
indolylmethane, was demonstrated to exhibit anti-bacte-
rial activity. Pyrazole nucleus has pronounced
pharmacological applications as anti-anxiety, anti-py-
retic, analgesic and anti-inflammatory drugs. Certain
pyrazoles show significant bacteriostatic, bactericidal
and fungicidal activities, antiviral/antitumour activities.
In continuation of our work in the biological activities
of pyrazole moiety® we herein report the screening re-
sults of the anti-bacterial and anti-fungal activities of
pyrazolylbisindoles. The present study was carried out
to investigate the anti-bacterial and anti-fungal inhibi-
tions of pyrazolylbisindoles.

The electrophilic substitution reaction of indoles with
aromatic aldehydes yields the corresponding bis-
indolylmethanes.* Protic acids,” Lewis acids,® clays,’
LDPE,? iodine,” amberlyst'® as well as ionic liquids'!
are known to promote these reactions. However, many
Lewis acids are deactivated or sometimes decomposed
by nitrogen containing reactants. Even when the desired
reactions proceed, more than stoichiometric amounts of

Keywords: Pyrazolylbisindoles; Anti-microbial screening; Plant path-

ogenic fungi; Human pathogenic bacteria.
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Lewis acids are required because the acids are trapped
by nitrogen. Many of the procedures involve expensive
reagents,'? long reaction time,'* and low yield of the
products,'# strongly acidic conditions and cumbersome
experimental and product isolation procedures.'>

In this paper, we report the synthesis of pyrazolyl
bisindoles using readily available phosphotungstic acid,
Keggin type heteropoly acid. Among a wide variety of
heteropoly acids, the Keggin is the most stable and more
easily available. The phosphotungstic acid has the highest
acid strength and fairly high thermal stability in the ser-
ies.!® Heteropoly acids are stable, relatively nontoxic,
crystalline and preferable with regard to safety and ease
of handling. The heteropoly acids are efficient catalysts
for the synthesis of vitamins E, K1 and C,'” pinacol rear-
rangement,'® esterification,'® and cyclotrimerisation of
aldehydes,?® Prins reaction,?! Friedel-Crafts reaction
and Beckman rearrangement under mild conditions.??
Silica supported phosphotungstic acid was found to be
an active and recyclable catalyst for the Diels—Alder
reaction.??

In view of the emerging importance of the use of hetero-
geneous solid acids as reusable catalysts in organic
synthesis, we wish to disclose a simple and efficient proce-
dure for the synthesis of pyrazolylbisindoles using phos-
photungstic acid, a Keggin type heteropoly acid.
Accordingly, treatment of pyrazolyl aldehyde’* (1a-h)
with substituted indoles (2a-h) in the presence of phos-
photungstic acid resulted in the formation of pyrazolylbi-
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sindoles (3a—h) in 93% yield (Scheme 1). The structure of
each of the compounds was identified from spectroscopic
data.®

The scope and generality of this procedure is illustrated
with respect to various substituted pyrazole aldehydes
and indoles and the results are summarized in Table 1.

The catalyst offers several advantages including mild
reaction conditions, cleaner reactions, shorter reaction
times, high yield of the products as well as simple exper-
imental and isolation procedures, which make it useful
for the synthesis of bisindolylmethanes.

In the present study, anti-microbial activities of eight
different newly synthesized pyrazlolylbisindoles were
evaluated?® against three human pathogens such as Can-
dida albicans (yeast), and Staphylococcus epidermidis
and Pseudomonas aeruginosa (bacteria). Anti-fungal
activity of these compounds was also tested against
two plant pathogenic fungi viz., Rhizoctonia solani and
Curvularia lunata under in vitro condition. The biologi-
cal screening results of pyrazoylbisindoles with 10%
DMSO as a control for anti-microbial inhibition are
tabulated below (Tables 2 and 3).

Effect of pyrazolylbisindoles on the growth of human
pathogens. Out of the eight compounds, seven exhibit-
ed different levels of inhibitory effects against three hu-
man pathogens namely C. albicans, S. epidermidis and
P. aeruginosa at a concentration of 1 mmol. The com-
pound 3e (0.622 mg/mL) significantly inhibited the
growth of human pathogens compared to rest of the
compounds and control. The inhibition ranged from
20% to 30% as compared to control. Excluding the

R2

QN/N\

=0
1 (a-d)

e
2 (a-c)

1a: R'=Cl, 1b: R'=OCHjs
1c: R'=Br, 1d: R'=H

Scheme 1. Synthesis of pyrazolylbisindoles.

Table 1. Synthesis of pyrazolylbisindoles

N

2a: R?=Br, R%,R*=H,
2b: R2=NO,, R3,R4=H
2¢: R2=H, R?%=Phenyl, R*=CH,CHz
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Table 2. Effect of pyrazolylbisindoles on the growth of human
pathogens

Compound Zone of inhibition (cm)

C. albicans S. epidermidis P. aeruginosa
3a 0.65(6.7) 0.0%(0.0) 0.09(0.0)
3b 0.0%(0.0) 0.0%(0.0) 0.09(0.0)
3c 0.040.0) 0.0%(0.0) 1.4%(15.6)
3d 2.2°(24.4) 0.0%(0.0) 1.5°(16.7)
3e 2.7%(30.0) 2.13(23.3) 1.8%(20.0)
3f 0.09 (0.0) 0.0%(0.0) 1.3%(14.4)
3g 0.5%(5.6) 1.4%(15.6) 1.4° (15.6)
3h 0.09(0.0) 0.7°(7.9) 0.0%0.0)
Control 0.0%0.0) 0.0%0.0) 0.040.0)
CD (0.05%) 0.1 0.08 0.12

In a column, means followed by the same letter do not differ signifi-
cantly (LSD test; P < 0.05). Figures in brackets are % inhibition as
compared to control.

compound 3b other compounds inhibited the growth
of one or more human pathogens ranging from 6.7%
to 24.4% (Table 2).

Effect of pyrazolylbisindoles on the growth of plant
pathogenic fungi. Among the eight compounds, seven
exhibited anti-fungal activity against both the plant
pathogens ranged from 13.3% to 96.7% at a concen-
tration of 1 mmol. Among the eight compounds test-
ed, the compound 3c (0.652mg/mL) significantly
inhibited C. lunata (96.7%) and R. solani (93.9%) com-
pared to rest of the compounds and control. The com-
pound 3d was rated as the second best with
remarkable anti-fungal activity. Among the eight com-
pounds evaluated, 3f did not show any anti-fungal
activity (Table 3).

Phosphotungstic acid

Acetonitrile
Room Temperature
25-30 min

S.No. Compound From R! R? R? R* Time (min) Yield (%)
1 3a (1a + 2a) Cl Br H H 25 90
2 3b (1b + 2b) OCH; NO, H H 30 88
3 3c (1b + 2a) OCH; Br H H 25 91
4 3d (1c +2a) Br Br H H 25 90
5 3e (1d + 2a) H Br H H 25 89
6 3f (1d + 2b) H NO, H H 30 87
7 3g (1a+2¢) Cl H Ph CH,CH, 25 85
8 3h (1c +2¢) Br H Ph CH;CH, 25 83
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Table 3. Effect of pyrazolylbisindoles on mycelial growth of plant
pathogenic fungi

Compound Mycelial growth (cm)

C. lunata R. solani
3a 7.69 (15.6) 7.49 (17.8)
3b 1.4° (84.4) 4.8°(53.3)
3c 0.3* (96.7) 0.5% (93.9)
3d 0.8%°(91.1) 1.7° 81.1)
3e 4.7° (47.8) 5.3° (41.1)
3f 9.0° (0.0) 9.0° (0.0)
3g 5.2° (42.2) 7.3¢ (18.8)
3h 7.89 (13.3) 7.59(16.7)
Control 9.0° (0.0) 9.0° (0.0)
CD (0.05%) 0.71 0.73

In a column, means followed by the same letter do not differ signifi-
cantly (LSD test; P < 0.05). Figures in brackets are % inhibition of
fungal growth as compared to control.

The results obtained clearly indicate that the series of pyr-
azolylbisindoles discussed here are active towards growth
inhibition of pathogenic plant fungi and select human
pathogens under this investigation. In general, most of
the compounds exhibited excellent anti-fungal activity
against plant pathogens. The compounds 3¢ and 3d may
be promoted as fungicides for the control of crop diseases
in agriculture as they showed more than 80% inhibitory
activity against the test plant pathogens. However, fur-
ther studies are required to determine their potential
against wide range of plant pathogens, MIC and mode
of actions.
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General procedure for the synthesis of pyrazolylbisindoles:
a mixture of corresponding pyrazole aldehyde (1 mmol),
indole (2 mmol) and phosphotungstic acid (20 mol%) in
acetonitrile was stirred at room temperature for 25-30 min.
After completion of the reaction, as indicated by TLC, the
solvent was removed under reduced pressure. The residue
was poured on crushed ice and filtered to give the crude
product which was column chromatographed with a mix-
ture of ethyl acetate and pet. ether (20: 80) using silica gel to
afford pure pyrazolyl bisindoles.
5-Bromo-3-{(5-bromo-1H-indol-3-yl)[3-(4-chlorophenyl)-
1-phenyl -1H-pyrazol-4-yljmethyl}-1H-indole, compound
3a: orange colour solid (20% ethyl acetate—petroleum
ether); mp 134-136 °C. '"H NMR (500 MHz, DMSO-dq): 6
5.91 (s, 1H), 6.98 (s, 2H), 6.99 (t, J = 7.45, 2H), 7.11 (dd,
J=1745,23,2H), 7.22 (t, J = 7.45, 1H), 7.29 (d, J = 7.45,
2H), 7.30-7.40 (m, 6H), 7.65 (d, J=7.45, 2H), 7.75 (d,
J =745, 2H), 7.98 (s, 1H), 11.06 (br s, 2H). °C NMR
(125 MHz, CDCl;): 6 149.21, 139.88, 135.89, 133.05,
132.60, 129.98, 129.73, 129.08, 128.84, 128.56, 126.76,
126.00, 125.41, 124.07, 121.50, 118.70, 117.65, 114.26,
111.53, 30.56; IR (KBr): 3428, 2923, 1598, 1500, 1453,
1093, 757 cm™ ', MS: m/z 656 (M"*). Anal. Calecd for
C3,H,Br,Cl Ny: C, 58.52; H, 3.22; N, 8.53. Found: C,
58.51; H, 3.23; N, 8.54.
5-Nitro-3-{(5-nitro-1H-indol-3-yl)[3-(4-methoxyphenyl)-
1-phenyl-1 H-pyrazol-4-yljmethyl}-1 H-indole, compound
3b: orange colour solid (20% ethyl acetate—petroleum
ether); mp 166-168 °C. '"H NMR (500 MHz, DMSO-dy): 6
5.88 (s, 1H), 6.83 (t, J=7.45, 2H), 6.94 (s, 2H), 6.99 (t,
J=1745,2H),7.21 (t,J =745, 1H), 7.23, (d, J = 7.45, 2H),
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7.32(d,J =17.45,2H),7.37(t,J = 7.45,4H), 7.66 (d, J = 8.0,
2H),7.74(d, J = 7.45,2H), 8.05 (s, 1H), 10.83 (brs, 2H). '*C
NMR (125 MHz, CDCly): 6 159.53, 140.74, 140.47, 129.96,
129.43, 128.37, 128.22, 126.03, 125.97, 125.00, 124.46,
124.14, 120.81, 118.57, 117.14, 116.54, 116.47, 114.52,
112.64, 55.16, 30.51; IR (KBr): 3401, 2930, 1604, 1518,
1464, 1095, 751 cm ™' ; MS: m/z 584 (M™*). Anal. Calcd for
C33H4NgOs: C, 67.80; H, 4.14; N, 14.38. Found: C, 67.78;
H, 4.13; N, 14.36.
5-Bromo-3-{(5-bromo-1H-indol-3-yl)[3-(4-methoxyphe-
nyl)-1-phenyl-1 H-pyrazol-4-yljmethyl}-1 H-indole, com-
pound 3c: orange colour solid (20% ethyl acetate—
petroleum ether); mp 146-148 °C. 'TH NMR (500 MHz,
DMSO-dg): 6 3.72 (s, 3H), 5.84 (s, 1H), 6.89 (d, J = 7.45,
2H), 6.98 (s, 2H), 7.11 (dd, J=17.45,1.75, 2H), 7.21 (t,
J=17.45,1H),7.30-7.32 (m, 2H), 7.39 (t, J = 7.45,2H), 7.55
(d,J=745,2H),7.75(d, J = 7.45, 2H), 7.97 (s, 1H), 11.06
(br s, 2H). *C NMR (125 MHz, CDCl): § 159.51, 150.27,
135.93, 135.40, 129.93, 129.39, 128.51, 126.14, 125.89,
124.92, 124.02, 121.44, 121.28, 118.49, 117.92, 114.50,
114.22, 111.48, 100.00, 55.10, 30.48; IR (KBr): 3423, 2925,
1603, 1501, 1451, 1096, 758 cm ™~ '; MS: m/z 652 (M*). Anal.
Calcd for C33H,4Br,N4O: C, 60.76; H, 3.71; N, 8.59. Found:
C, 60.78; H, 3.72; N, 8.58.
5-Bromo-3-{(5-bromo-1H-indol-3-yl)[3-(4-bromophenyl)-
1-phenyl-1H-pyrazol-4-yl] methyl}-1H-indole, compound
3d: Pink colour solid (20% ethyl acetate—petroleum ether);
mp 214-216 °C. "H NMR (500 MHz, DMSO-dj): 6 5.91 (s,
1H), 6.97 (d, 2H, J =17.45), 7.11 (dd, J=7.45, 1.75, 2H),
7.24(t,J =7.45,1H),7.24(t,J = 7.45,1H),7.29(d, J = 7.45,
2H), 7.37 (d, J = 1.10, 2H), 7.41 (t, J = 7.45, 2H), 7.50 (d,
J=1745,2H),7.59 (d, J = 7.45,2H), 7.76 (d, J = 7.45, 2H),
7.98 (s, 1H), 11.05 (brs, 2H). '>*C NMR (125 MHz, CDCl5):
0 149.48, 139.86, 137.63, 135.89, 135.16, 131.98, 129.99,
129.81, 129.13, 128.77, 126.72, 126.05, 124.12, 121.47,
119.40, 119.03, 118.73, 118.27, 111.50, 30.45; IR (KBr):
3422, 2925, 1596, 1501, 1453, 1094, 757 cm™'; MS: m/z 701
(M™). Anal. Calcd for C3,H»;Br3Ny: C, 54.81; H, 3.02; N,
7.99. Found: C, 54.79; H, 3.01; N, 7.97.
5-Bromo-3-[(5-bromo-1H-indol-3-yl)(1,3-diphenyl-1H-
pyrazol-4-yl)methyl]-1 H-indole, compound 3e: red colour
solid (20% ethyl acetate—petroleum ether); mp 248-250 °C.
"H NMR (500 MHz, DMSO-d): & 5.89 (s, 1H), 7.01 (dd,
J=1745,2.3,2H),7.22 (t,J = 7.45, 1H), 7.31-7.35 (m, 7TH),
7.39 (t, J=7.45, 2H), 7.64 (d, J=17.45, 2H), 7.76 (d,
J =745, 2H), 8.02 (s, 1H), 11.09 (br s, 2H). '*C NMR
(125 MHz, CDCl;): 6 150.46, 139.98, 135.92, 133.72,
129.99, 129.04, 128.53, 128.51, 128.42, 128.13, 126.56,
125.94, 125.34, 124.06, 121.38, 118.63, 117.91, 114.26,
111.55, 29.99; IR (KBr): 3417, 2923, 1597, 1500, 1452,
1097, 753 cm™'; MS: m/z 622 (M"). Anal. Caled for
C;,H»2BrNy: C, 61.76; H, 3.56; N, 9.00. Found: C, 61.74;
H, 3.55; N, 8.99.
5-Nitro-3-[(5-nitro-1H-indol-3-yl)(1,3-diphenyl-1 H-pyra-
zol-4-yl)methyl]-1 H-indole, compound 3f: yellow colour
solid (20% ethyl acetate—petroleum ether); mp 176-178 °C.
'"H NMR (500 MHz, DMSO-dq): 6 6.23 (s, 1H), 7.19 (t,
J=17.45,1H),7.24 (d, J = 1.55, 2H), 7.28-7.34 (m, 3H), 7.39
(t,J =17.45,2H),7.50(d, J = 7.45,2H),7.67 (d,J = 7.45,2H),
7.77 (d, J =745, 2H), 7.93 (dd, J = 7.45, 2.3, 2H), 8.05 (s,
1H), 8.26 (d, J=1.55, 2H), 11.66 (br s, 2H). '°C NMR
(125 MHz, CDCl5): 6 150.44, 140.76, 140.44, 139.93, 133.60,
129.95,129.03,128.71, 128.46, 128.32, 128.13, 126.63, 125.96,
124.84, 120.76, 118.70, 117.16, 116.50, 112.70, 29.83; IR
(KBr): 3350,2925, 1597, 1516, 1472, 1095, 739 cm™'; MS: m/z
554 (M™). Anal. Calcd for C5,H»,NgO4: C, 69.31; H, 4.00; N,
15.15. Found: C, 69.29; H, 4.01; N, 15.14.

1-Ethyl-2-phenyl -3-{(1-ethyl-2-phenyl -1 H-indol-3-yl)[3-(4-
chlorophenyl)-1-phenyl-1H-pyrazol-4-yl]  methyl}-1H-in-

26.

217.

dole, compound 3g: yellow colour solid (20% ethyl acetate—
petroleum ether); mp 194-196 °C. '"H NMR (500 MHz,
DMSO-dy): 0 1.11(t, 6H), 3.76 (s, 3H), 3.86 (q, J = 7.45,4H),
5.68 (s, 1H), 6.72-6.78 (m, 5H), 6.90 (t, J = 7.45, 2H), 7.08—
7.12 (m, 4H), 7.13-7.19 (m, 5H), 7.22 (d, J = 7.45, 2H), 7.25
(s, 1H), 7.28 (t, J = 7.45, 2H), 7.33-7.37 (m, 4H), 7.53-7.56
(m, 3H). '3C NMR (125 MHz, CDCls): § 159.05, 152.02,
140.21, 137.37,135.94,132.37, 130.40, 129.70, 129.29, 129.19,
128.67,128.59,127.94,127.73,126.44, 125.47, 120.96, 120.63,
119.15,118.72,115.74,113.55, 109.36, 47.52, 38.36, 15.43; IR
(KBr): 3429, 2928, 1599, 1500, 1456, 1088, 742 cm™"; MS: mi/z
707 (M™). Anal. Caled for C45H39CIN4: C, 81.51; H, 5.56; N,
7.92. Found: C, 81.50; H, 5.55; N, 7.91.

1-Ethyl-2-phenyl -3-{(1-ethyl-2-phenyl-1 H-indol-3-yl)[ 3-(4-
bromophenyl)-1-phenyl-1H-pyrazol-4-ylimethyl}-1H-in-
dole, compound 3h: brown colour solid (20% ethyl acetate—
petroleum ether); mp 202-204 °C. 'H NMR (500 MHz,
DMSO-dy): 6 1.13 (t, J = 7.45, 6H), 3.87 (q, J = 7.45, 4H),
5.72 (s, 1H), 6.79-6.93 (m, 6H), 7.10 (t, J = 7.45,4H), 7.14—
7.25 (m, 10H), 7.30 (d, J = 7.45, 2H), 7.37 (t, J = 7.45, 2H),
7.41-7.43 (m, 2H), 7.58 (d, J=3.02, 2H). '*C NMR
(125 MHz, CDCl;): 6 158.22, 150.33, 140.16, 136.35,
135.84, 133.71, 132.36, 131.35, 130.40, 129.16, 128.75,
128.24, 127.88, 127.70, 127.35, 125.86, 120.94, 120.73,
120.64, 119.20, 118.82, 115.73, 109.39, 38.43, 31.34, 15.49;
IR (KBr): 3429, 2928, 1599, 1499, 1457, 1063, 742 cm™!;
MS: m/z 751 (M™). Anal. Calcd for C4gHsoBr Ny: C, 76.69;
H, 5.23; N, 7.45. Found: C, 76.68; H, 5.21; N, 7.46.
Materials and methods for anti-microbial activity: test
organisms and their maintenance: the human pathogenic
bacterial cultures such as Candida albicans, S. epidermidis
and P. aeruginosa and plant pathogenic fungi viz., R. solani
and C. lunata were obtained from the Centre for Advanced
Studies in Botany, University of Madras, Chennai, India,
and the biological screening of pyrazolylbisindoles was
performed there itself. The human pathogens viz., Candida
albicans, S. epidermidis and P. aeruginosa were maintained
on nutrient agar (NA) consisting of the following (g/L): beef
extract 1.0; yeast extract 2.0; peptone 5.0; NaCl 5.0; agar
15.0; distilled H,O 1 L (pH 7.2) and the plant pathogens
namely, R. solani and C. lunata, were maintained on potato
dextrose agar (PDA) that contained (g/L) potato 200.0;
dextrose 20; agar 15.0; distilled H,O 1 L (pH 6.5) in slants or
Petriplates at room temperature (28 £ 2 °C). Effect of
pyrazolylbisindoles on the growth of human pathogenic
bacteria: The anti-bacterial activity of the compounds
against human pathogens was evaluated by the agar
diffusion method.?’” About 1 mL of inoculum of each test
pathogen was added to the molten NA medium and poured
into sterile Petriplates under aseptic conditions. After
solidification, a 5 mm well was made in the centre of each
plate using a sterile cork borer. Each compound was
dissolved in 10% DMSO at 1 mmol concentration and filter
sterilized using 0.25 pm filter paper. Each well received
50 pL. solution of each compound and the plates were
incubated at room temperature. Sterile DMSO (10%) was
used as control. After 48 h, the appearance of inhibition
zone around the well was observed. Effect of pyrazolylbi-
sindoles on the growth of plant pathogenic fungi: The anti-
fungal activity of compounds was tested by measuring the
mycelial growth of test fungi using poison plate technique.?’
Each compound amended PDA was poured into 9 cm
Petriplates and they were inoculated with 5 mm mycelial
discs of the test fungi. PDA containing 10% DMSO served
as control. The plates were incubated at room temperature
for 6 days and the mycelial growth was measured.
Pandurangan, A.; Mathivanan, N.; Prabavathy, V. R
Kabilan, V.; Murugesan, V.; Murugesan, K. Indian J.
Exp. Biol 1995, 33, 357.
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Abstract—Iodotrimethylsilane (TMSI), routinely used for the dealkylation of ethers and esters, has been found to efficiently convert
allyl and benzyl phosphotriesters into the corresponding iodides under mild, Brensted-neutral conditions. In contrast, alkyl and aryl
phosphotriesters were dealkylated to the corresponding phosphates under identical conditions.

© 2006 Elsevier Ltd. All rights reserved.

Phosphate esters are ubiquitous in many classes of bio-
molecules' and natural products.? Accordingly, methods
for the preparation and synthetic manipulation of phos-
phate esters are necessary for us to study and control
the important biological processes in which they partici-
pate.? Typical synthetic routes to phosphate esters pro-
ceed through the unsymmmetrical phosphotriester,
which can be selectively dealkylated to give the desired
phosphate ester. Organosilicon reagents, such as iodotri-
methylsilane (TMSI)*, are often the reagent of choice,
since they usually dealkylate phosphotriesters efficiently
under mild, Brensted-neutral conditions (Scheme 1A).
The relatively high Lewis acidity of the silicon and the
strong nucleophilicity of iodide make TMSI a competent
reagent for cleaving oxygen containing groups, such as es-
ters, lactones, ethers, ketals, and carbamates, as well as for
the conversion of alcohols and sulfoxides to iodides and
sulfides, respectively.’ During the course of our research
related to the synthesis of biologically relevant phosphate
esters,® we observed the unexpected conversion of allyl
and benzyl diethylphosphotriesters to the corresponding
iodide in high yield and purity when exposed to standard
cleavage conditions with TMSI (Scheme 1B).

Given the importance of phosphate esters and the seem-
ing prevalence of TMSI as a key reagent in their synthe-
sis, we thought it prudent to examine this anomalous

Keywords: Phosphates; Protecting groups; lodotrimethylsilane; Allyl

iodides; Benzyl iodides.

* Corresponding author. Tel.: +86 571 88320781; fax: +86 579 8832
0781; e-mail: chmzhug@hotmail.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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A normal:

TMSI o
B — I' OH
X O/P\OEt rt, 20 min O/P\OH
o] TMSI o
I' _OEt —— |' OH
O/P\OEI. rt, 20 min O/P\OH

B anomalous:
O
|l_OEt
P
RTX"07 o
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R
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P
/ s \O / 1
. (j/\o Et R @/\
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Scheme 1. The anomalous action of iodotrimethylsilane.

iodination under a variety of conditions (Table 1). A
typical procedure involved addition of TMSI (1-4
equiv) to a room temperature solution of the phospho-
triester in CH3CN. After 20 min, aqueous workup gave
the corresponding iodide in 78-95% yield as assessed by
GC, with isolated yields ranging from 45% to 89%
(Table 1, entries 1-4). Four equivalents of TMSI gave
the best yield. The reaction also proceeded in other sol-
vents, although none proved to be better than CH;CN
(Table 1, entries 5-8).

The substrate scope of this anomalous iodination was
explored with a variety of allyl diethylphosphates under
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Table 1. Optimization of the reaction conditions

ﬁ,OEt
@/\/\o, P\OEt L ©/\/\I
rt, 20 min
Entry Solvent TMSI (eqs) Yield A® (Yield B)®
1 CH;CN 1 45(78)
2 CH;CN 2 79(90)
3 CH;CN 3 87(95)
4 CH;CN 4 89(95)
5 CH,Cl, 4 86(95)
6 DMSO 4 46(70)
7 Hexane 4 20(40)
8 Benzene 4 60(75)

#isolated yield.
®GC yield.

Table 2. Iodination of allylic phosphate esters®
TMSI

RIN"r t, 20 min RN

Entry R R/ Yield A® (yield B)®

1 Ph OP(O)(OEt),  89(95)

2 2-NO,CeH, OP(O)(OEt),  78(95)

3 4-CH;0C¢H4 OP(O)(OEt),  82(90)

4 4-CH;C¢H,4 OP(O)(OEt),  94(95)

5 2-CH;CgH4 OP(O)(OEt),  92(95)

6 4-CIC¢H, OP(O)(OEt),  90(95)

7 4-CNC¢H,4 OP(O)(OEt),  94(95)

8 2,4-di-MEOCgH;  OP(O)(OEt), n.p.°

9 CH; OP(O)(OEt),  68(95)
10 Ph OMs n.r.t

@ All reactions were performed at room temperature with four equa-
tions TMSI for 20 min.

®Isolated yield.

¢ GC purity without purification.

9No desired product.

¢No reaction.

the optimized conditions. Several cinnamyl diethylphos-
phates substituted with both electron-releasing and elec-
tron-withdrawing were efficiently converted to the
iodide (Table 2, entries 1-7). A notable exception was
2,4-dimethoxycinnamyl diethylphosphate (Table 2, en-
try 8): no product was formed and decomposition of
the substrate was observed, most likely due to instability
of the electron-rich arene to TMSI.” Crotyl diethylphos-
phate also served as a competent substrate for the iodin-
ation, although in lower isolated yield (Table 2, entry 9).
It should be noted that cinnamyl mesylate did not form
the corresponding iodide, with no conversion of the
starting material being observed after exposure to the
reaction conditions (Table 2, entry 10).

A number of substituted benzyl diethylphosphates were
also converted to the corresponding iodides upon
exposure to TMSI at room temperature in CH;CN
(Table 3)8. Electron-rich and electron-deficient benzyl
diethyl phosphates were all converted to the iodides in
excellent yield (Table 3, entries 1-5), and a methyl substi-
tuent in the A-position was tolerated (Table 3, entry 6).

Table 3. Todination of benzylic phosphate esters®

R' (o]
I! _OEt
Z oo S -z | !
R—\ | rt, 20 min X

Entry R R’ Yield A®
(yield B)®

1 H H 83(90)

2 4-NO, H 64(90)

3 4-Br H 82(95)

4 3-CH, H 95(95)

5 4-Cl H 93(95)

6 H CH; 81(90)

# All reactions were performed at room temperature with four equa-
tions TMSI for 20 min.

® Isolated yield.

¢ GC purity without purification.

Me, _Me
Me_ | .Me _Si
Icl’ OEt sIi Me K¢ OEt
|
P Me tpr_
|
1 2
Me Me
Me/SI‘
| _OEt
_P.
0% “OEt

3

Scheme 2. The proposed mechanism for the iodination.

A proposed mechanism for the iodination is shown in
Scheme 2. Formation of a trimethylsiloxy species acti-
vates the phosphorus center for dealkylation. Iodide
ion reacts with this intermediate at the allylic/benzylic
carbon, resulting in dealkylation of the phosphotriester
and formation of the allyl/benzyl iodide.

In conclusion, we found that the action of TMSI
upon allyl/benzyl diethylphosphates was efficient iodin-
ation of the allyl/benzyl moiety, rather than dealkyla-
tive formation of the allyl/benzyl phosphates. Aside
from being a notably high yielding ‘side reaction,’ this
procedure may actually be useful for the preparation
of allyl/benzyl iodides in certain contexts, since the
conditions reported herein are milder than other
known methods.’
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Abstract—Isobrassinin (2-(S-methyldithiocarbamoylaminomethyl)indole (7a), a regioisomer of the cruciferous phytoalexin brassi-
nin (1), exerted marked antiproliferative effects on the HelLa, A431 and MCF7 cell lines (>78.6% inhibition at 30 uM). For
structure—activity relationships, further analogues were synthesized. The highest cytotoxic effect was displayed by 2-phenylimino-
1,3-thiazino[5,6-b]indole (10) (10 uM, 76.8%—HeLa and 46.3%—MCF7). The effect of the natural phytoalexin brassinin was also

determined.
© 2006 Elsevier Ltd. All rights reserved.

Substituted dithiocarbamic acid esters are a common
class of organic molecules. The different derivatives in
this group exhibit a wide range of biological effects (anti-
bacterial,! antifungal,” antioxidant activity,® inhibition
of cardiac hypertrophy,* etc.). A steadily increasing
number of studies have been published on dithiocarba-
mates and their anticancer activity. 4-Metha-
nesulfinylbutyl dithiocarbamic acid methyl ester
(Sulforamate) has proved to be a potential cancer che-
mopreventive compound as a phase II enzyme inducer.’
A series of alkyl/arylsulfonyl-N,N-diethyldithiocarba-
mates display moderate to powerful tumour growth-in-
hibitory properties against several cancer cell lines
in vitro.® 4(3H)-Quinazolinone derivatives with a
dithiocarbamate side chain exhibit antitumour activity
against human myelogenous leukaemia K562 cells.”-®
Pyrrolidine dithiocarbamate stimulates apoptosis by
suppressing the activation of nuclear factor «B
(NF-xB) in various cancer cells (e.g., acute myelogenous
leukaemia® and pancreatic adenocarcinomal!?). A
variety of 4-substituted-piperazine-1-carbodithioic acid

Keywords: 2-Aminomethylindole; Dithiocarbamate; Thiazino[5,6-b]in-

dole; Antitumour activity.

* Corresponding author. Tel.: +36 66 463763; fax: +36 66 526539;
e-mail: fodor@pandy.hu

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.09.016

3-cyano-3,3-diphenylpropyl esters have been found to
be effective against the HL-60 and Bel-7402 cell lines.'!
Different metal [Pt(II), PdI), Au(ll), Cu(Il)]
complexes of dithiocarbamate derivatives (methyl- and
ethylsarcosinedithiocarbamate, N,N-dimethyldithiocar-
bamate, S-methyl-N,N-dimethyldithiocarbamate and
diethyldithiocarbamate) have been prepared and their
cytotoxicities were studied.!””'* The Pt(II) complexes
of these sulfur-containing molecules can act as chemo-
protectants in platinum-based chemotherapy, modulat-
ing cisplatin nephrotoxicity.!>

Besides the compounds mentioned above, probably the
most interesting group of dithiocarbamates exhibiting
antitumour activity are the phytoalexins from crucifer-
ous plants. The phytoalexins are a group of structurally
diverse, low molecular weight, generally lipophilic anti-
microbial substances formed in plants. They are not
present in healthy plant tissue, but are synthetized in
response to pathogen attack or physical or chemical
stress, probably as a result of the de novo synthesis of
enzymes.'® Some of the cruciferae species that have been
examined accumulate a series of specific indole-sulfur
compounds. The basic structures are characterized by
an indole ring variably substituted at positions 2
and/or 3 with nitrogen- and sulfur-containing substitu-
ents.!” Typical representatives of dithiocarbamate and
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thiazino[6,5-b]indole-type phytoalexins from cruciferous
plants are brassinin (1), 1-methoxybrassinin (2), 4-meth-
oxybrassinin (3), cyclobrassinin (4) and sinalbin B (5)
(Fig. 1).

Among these compounds, brassinin (1) and cyclobrass-
inin (4) proved active in inhibiting the formation of pre-
neoplastic mammary lesions in culture.'® The former
also exerts an antiproliferative effect in human acute
T-lymphoblastic leukaemia cells.!® Brassinin and its
derivatives are inhibitors of indolamine 2,3-dioxygenase,
a new cancer immunosuppression target.?’ These com-
pounds can serve as lead compounds for the generation
of more efficient analogues.?!

In our work on the chemistry of sulfur- and nitrogen-con-
taining condensed-skeleton heterocycles,>> 2> we earlier
prepared brassinin (1) and cyclobrassinin (4) and some
of their derivatives.’® As a continuation, our present
aim was the preparation of regioisomers of cruciferous
phytoalexins (1, 4), 2-(S-methyldithiocarbamoylami-
nomethyl)indole (7a, isobrassinin), 2-methylthio-1,3-
thiazino[5,6-bJindole (8a, isocyclobrassinin) and their
analogues, and investigation of their antiproliferative
effects against human cell lines.

The key intermediate, 2-aminomethylindole (6) (Scheme
1), was prepared from commercial indole-2-carboxylic
acid. In the first step, indole-2-carboxamide was ob-
tained by the method of Larock et al.>’ The reduction
of indole-2-carboxamide to 2-aminomethylindole was

R’ i
N~ >S-Me N
N N S SMe
b b
1 R=R'=H 4 R®=H
2 R=OMe,R'=H 5 R?=OMe

3 R=H,R'=0Me

Figure 1. Dithiocarbamate and 1,3-thiazino[6,5-b]indole phytoalexins
from cruciferous plants.
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performed with lithium

tetrahydrofuran.

aluminium hydride in

Starting from amine 6, 2-(S-methyldithiocarbamoylam-
inomethyl)indole (7a, isobrassinin?®) was prepared with
carbon disulfide, using chloroform as solvent and trieth-
ylamine and catalytic 4-dimethylaminopyridine as base,
followed by treatment with methyl iodide.?>*° When
benzyl bromide was used instead of the latter alkylating
agent, 2-(S-benzyldithiocarbamoylaminomethyl)indole
(7b) was obtained in good yield.® The selective Hugersc-
hoff ring-closure of 7a,b with phenyltrimethylammoni-
um tribromide gave 2-methylthio-1,3-thiazino[5,
6-blindole (8a) and its benzyl analogue 8b.3! Thiourea
derivatives 9a,b were synthesized from 2-aminomethy-
lindole with methyl and phenyl isothiocyanates in reflux-
ing chloroform.? The oxidative ring-closure of 9b with
phenyltrimethylammonium tribromide and basic treat-
ment provided 2-phenylimino-1,3-thiazino[5,6-bJindole
derivative 10 (Scheme 1).3!

The cytotoxic activities of the synthetized compounds
were determined by the MTT [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] assay,’® using
the HeLa, MCF7 and A431 cell lines.>* The results are
summarized in Table 1.

Table 1. In vitro tumour cell growth inhibition data (HeLa, MCF7
and A431 cell lines) for the compounds synthesized

Inhibition (%) + SEM®

Compound Concentration

(nM) HeLa MCF7  A431
Cisplatin 10 42.6+29 53.0+23 88.6+0.5
1 30 252+55 21.5%25 NT®
7a 30 83.6+19 862+1.8 78.6+7.0
7b 30 76.1 22 89.0+09 70752
8a 30 445+1.5 <10.0 <10.0
8b 30 458+2.1 373%32 NT®
9a 30 <10.0 <10.0 <10.0
9 30 500+1.8 574+19 457+22
10 30 99.8+03 838+19 NT®
10 10 768+ 12 463+44 NT°

#*SEM—standard error of the mean.
> Not tested.

@j\/H ! : @j\/ : @UVH N 2
N —R N N—-R
H S H H S

7a,b 6 9a,b
bJ bj R% = Ph
7a, 8a: R' = Me
S__SR' 7b, 8b: R' = benzyl S\(Nph
N 9b: R2 = Ph N
H
8a,b 10

Scheme 1. Reagents and conditions: (a) CHCls, Et;N, cat. DMAP, CS,, 0 °C then rt 2 h, Mel (for 7a) or benzyl bromide (for 7b), rt 3 h, 85% (7a),
91% (7b); (b) CH,Cl,, PhMesNBrs, rt 5 min, Et;N, rt 10 min, 76% (8a), 82% (8b), 72% (10); (c) CHCl;, dioxane MeNCS (for 9a) or PANCS (for 9b),

reflux, 2 h, 92% (9a), 95% (9b).
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2-(S-Methyldithiocarbamoylaminomethyl)indole  (7a)
displayed marked antiproliferative effects on the Hela,
A431 and MCF7 cell lines: >78.6% inhibition was ob-
served at 30 pM. Replacement of the methyl group of
isobrassinin by a benzyl group resulted in similarly high
activity: 7b induced 70.7-89.0% inhibition. A compari-
son of the literature data on the in vitro antiproliferative
activities of brassinin (1) and cyclobrassinin (2) reveals
that the latter (containing a thiazine ring) has a lower
cytotoxic effect.?> Isocyclobrassinin (8a) also exerted less
pronounced activity (<10.0-44.5%) than that of 7a. The
isosteric transformation of the dithiocarbamate moiety
of isobrassinin to thiourea led to a loss of inhibitory
activity. For the methyl thiourea derivative 9a, no sub-
stantial inhibition was observed, but the phenyl ana-
logue still exhibited >45.7% activity for all three cell
lines. The most interesting results emerged from the oxi-
dative ring-closure of phenyl thiourea 9b. The highest
cytotoxic effect was induced by 10, which at 10 uM re-
duced the cell growth of HeLa and MCF7 cells by
76.8% and 46.3%, respectively. This is comparable to
the activity of cisplatin (10 pM, 42.6% —HelLa,
53.0%—MCF7). The effects of natural phytoalexin
brassinin® (1) were also determined (30 uM, 25.2%—
HeLa, 21.5%—MCEF7).

In summary, indolylmethyldithiocarbamates and some
analogues were prepared, and were found to have note-
worthy in vitro antiproliferative effects. Isobrassinin (7a)
and its benzyl analogue (7b) are a new type of dithiocar-
bamate antiproliferative agent. The 2-phenylimino-1,3-
thiazino[5,6-b]indole derivative 10, a sulfur analogue of
B-carboline proved to be a novel type of antitumour
compound. Work on the preparation of further deriva-
tives and the screening of their antiproliferative effects
is in progress.
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Melting points were determined on a Kofler apparatus and
are uncorrected. Elemental analyses were performed with
a Perkin-Elmer 2400 CHNS elemental analyser. Merck
Kieselgel 60F,s4 plates were used for TLC and Merck
Silica gel 60 (0.063-0.100) for column chromatography.
NMR spectra were acquired with a Bruker Spectrospin
spectrometer operating at 400.13 MHz for 'H and
100.61 MHz for '*C. Spectra were recorded at 25°C in
CDCl; or DMF-d; as solvent in 5mm NMR tubes.
Proton and carbon spectra were referenced internally to
the TMS signal at 0.00 ppm. All spectra were measured by
using the standard pulse programs installed by Bruker.
General procedure for dithiocarbamates 7a,b: To a stirred
solution of 2-aminomethylindole (6) (0.5 g, 3.5 mmol) in
chloroform (20 mL), triethylamine (0.48 ml, 3.5 mmol)
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and 4-dimethylaminopyridine (0.06 g, 0.5 mmol) were
added. Carbon disulfide (0.23 mL, 3.8 mmol) was next
added dropwise under ice cooling and the mixture was
stirred at the same temperature for 2 h. Methyl iodide or
benzyl bromide (3.5 mmol) in chloroform (5 mL) was then
added dropwise to the solution and it was stirred for 3 h at
RT. The organic phase was extracted in turn with 3%
hydrochloric acid (10 mL) and with water (10 mL), dried
(Na,SO4) and evaporated. The residue was subjected to
column chromatography using n-hexane/ethyl acetate 4:1.
Comzpound 7a: light pink crystalline powder; mp 95-97 °C
(Lit.”® mp 82-84 °C); 'H NMR & (CDCl5): 8.90 (1H, bs,
NH-1), 7.56 (1H, d, J=7.8Hz, H-4), 7.33 (1H, d,
J=17.8Hz, H-7) 7.31 (1H, bs, NH-CH,), 7,18 (1H, t,
J=1.8, H-6), 7.08 (1H, t, J = 7.8, H-5), 6.41 (1H, s, H-3),
5.08 (2H, d, J=35.5Hz CH,), 2.67 (3H, s, CHy); 1°C
NMR ¢ (CDCl,): 201.7, 136.9, 135.0, 128.2, 123.2, 121,1,
120.7, 111,9, 102.7, 44.5, 19.1. Anal. Calcd for
C1HpNLS, (236.36): C, 55.90; H, 5.12; N, 11.85; S,
27.13. Found: C, 55.75; H, 4.88; N, 11.83; S, 27.38.
Compound 7b: light pink crystalline powder; mp 124—
126 °C; '"H NMR § (CDCly): 8.83 (1H, bs, NH-1), 7.55
(1H, d, J = 7.8 Hz, H-4), 7.48-7.22 (7TH, m, H-7, NH-CH,
and Cg¢Hs, overlapping signals), 7,18 (1H, t, J = 7.8, H-6),
7.12 (1H, t, J = 7.8, H-5), 6.40 (1H, s, H-3), 5.06 (2H, d,
J=5.5Hz, NH-CH>), 4.56 (2H, s, S~-CH,); >*C NMR &
(CDCl3): 200.0, 136.9, 136.6, 134.7, 129.7 (2x C), 129.4 (2%
O), 128.3, 128.2, 123.2, 121.1, 120.7, 111.9, 102.8, 44.5,
41.0. Anal. Calcd for C17H6N,S, (312.45): C, 65.35; H,
5.16; N, 8.97; S, 20.53. Found: C, 65.11; H, 5.27; N, 8.92;
S, 20.66.

General procedure for 1,3-thiazino[5,6-b]indoles 8a,b and
10: To an intensively stirred solution of 8a,b or 10
(0.85 mmol) in dichloromethane (10 mL) at RT, phenyl-
trimethylammonium tribromide (0.32 g, 0.85 mmol) was
added in one portion. After stirring for 5 min, triethyl-
amine (0.36 mL, 2.6 mmol) was added in one portion.
After 10 min the mixture was evaporated (water bath
<50 °C) and the residue was purified by column chroma-
tography, using n-hexane/ethyl acetate 3:2 as eluent.
Compound 8a: grey crystalline powder; mp 121-124 °C
(decomp.); "H NMR 6 (CDCly): 8.07 (1H, bs, NH-5), 7.42
(1H, d, J = 7.8 Hz, H-9), 7.33 (2H, d, J = 7.8 Hz H-6), 7,20
(1H,t,J=7.8,H-7),7.14 (1H, t, J = 7.8, H-8), 4.98 (2H, s,
CH,), 2.52 (3H, s, CH3); '*C NMR 6 (CDCly): 158.7,
136.7, 126.3, 125.6, 123.3, 121.1, 118.4, 112.1, 99.7, 49.4,
16.1. Anal. Calcd for C;;H;oN»S, (234.34): C, 56.38; H,
4.30; N, 11.95; S, 27.37. Found: C, 56.22; H, 4.51; N,
11.83; S, 27.45. Compound 8b: light grey crystalline
powder; mp 173-175 °C (dec); '"H NMR 6 (CDCly): 8.08
(1H, bs, NH-5), 7.41 (1H, d, J = 7.8 Hz, H-9), 7.40-7.20
(6H, m, H-6 and C¢Hs, overlapping signals), 7,26 (1H, t,
J=178,H-7),7.18 (1H, t, J = 7.8, H-8), 5.00 (2H, s, NH-
CH>), 435 (2H, s, S-CH>); '*C NMR 4 (CDCly): 157.5,
137.7, 136.7, 131.6, 129.7 (2x C), 129.2 (2x C), 128.0,
126.2, 1234, 121.1, 118.5, 112.0, 100.0, 49.5, 37.6. Anal.
Calcd for C17H14N2S2 (31044) C, 6577, H, 455, N, 902,
S 20.66,. Found: C, 65.52; H, 4.71; N, 9.01; S, 20.91.
Compound 10: light brown crystalline powder; mp 200
204°C (dec); '"H NMR & (DMF-d;): 11.43 (1H, bs,

32.

33.
34.

35.

CH,-NH), 9.04 (1H, bs, NH-5), 7.78 (2H, d, H-2',6"), 7.47
(1H, d, J=7.8 Hz, H-9), 7.39 (1H, d, J=7.8 Hz, H-6),
7.28 (2H, t, J=17.7, H-3',5"), 7.16 (1H, t, J =7.7, H-4"),
7.07 (1H, t, J=17.8, H-7), 7.00 (1H, t, J = 7.8, H-8), 4.83
(2H, s, CH,); >*C NMR 6 (DMF-d;): 163.1, 137.2, 129.1
(2x O), 1284, 126.2, 122.3, 122.2, 122.1, 120.0, 1194
2x C), 1174, 112,5, 98.4, 454. Anal. Calcd for
CisH13N3S (279.36): C, 68.79; H, 4.69; N, 15.04; S,
11.48. Found: C, 68.62; H, 4.91; N, 15.10; S, 11.62.
General procedure for thioureas 9a,b: To a stirred solution
of 2-aminomethylindole (6) (0.29 g, 2 mmol) in chloro-
form (10 mL) and dioxane (10 mL), the corresponding
isothiocyanate (2 mmol) was added in one portion. The
reaction mixture was refluxed for 2 h. After evaporation
the residue was triturated with n-hexane, decanted and
purified by column chromatography using n-hexane/ethyl
acetate 4:1 as eluent. Compound 9a: white crystalline
powder; mp 99-100 °C; "H NMR § (CDCl5): 9.51 (1H, bs,
NH-1), 7.55 (1H, d, J=7.8Hz, H-4), 7.35 (1H, d,
J=8Hz, H-7), 7,17 (1H, t, J = 7.8 Hz, H-6), 7,09 (1H, t,
J=1.8, H-5), 6.36 (1H, s, H-3), 6.05 (2H, bs, 2x NH-CS),
4.89 (1H, s, CH»), 2.87 (3H, d, J = 4.4, CH3); '*C NMR &
(CDCly): 182.9, 136.9, 136.7, 128.1, 123.0, 121.0, 120.6,
112.0, 101.6, 42.4, 31.1. Anal. Caled for C;;H;3N3S
(219.31): C, 60.24; H, 5.97; N, 19.16; S, 14.62. Found: C,
60.10; H, 6.04; N, 19.01; S, 14.81. Compound 9b: white
crystalline powder; mp 168-169 °C; '"H NMR 6 (CDCl,):
9.51 (1H, bs, NH-CS), 8.10 (1H, bs, NH-1), 7.52 (1H, d,
J=17.8Hz, H-4), 7.48-7.18 (7TH, m, H-7, H-6 and C¢Hs,
overlapping signals), 7,12 (1H, t, J=7.8 Hz, H-5), 6.45
(IH, bs, NH-CS), 6.29 (1H, s, H-3), 496 (2H, d,
J=6.0Hz, CH,); “C NMR § (CDCLy): 182.0, 136.9,
136.5, 136.2, 131.0 (2x C), 128.6 (2x C), 128.1, 126.3,
122.9, 121.0, 120.4, 112.0, 101.9, 42.9. Anal. Calcd for
C16H15N3S (281.38): C, 68.30; H, 5.37; N, 14.93; S, 11.40.
Found: C, 68.11; H, 5.53; N, 14.91; S, 11.67.

Mosmann, T. J. Immunol. Methods 1983, 65, 55.

Cervix adenocarcinoma (HeLa), breast adenocarcinoma
(MCF7) and squamous skin carcinoma (A431) cells were
maintained in minimal essential medium supplemented
with 10% foetal bovine serum, antibiotic—antimycotic
agents and non-essential amino acids. Briefly, human
cancer cells were seeded onto a 96-well microplate. On the
second day of the procedure, the original medium was
removed and 200 pL. new medium containing the test
substances was added. The tested compounds were
dissolved in DMSO, in a final concentration never
exceeding 0.1%, which has no substantial effect on cell
growth. After an incubation period of 72 h, living cells
were assayed by the addition of 20 uL of 5 mg/mL MTT
solution. MTT was converted by intact mitochondrial
reductase and precipitated as blue crystals during a 4 h
contact period. The medium was then removed and the
precipitated crystals were dissolved in 100 mL DMSO
during a 60 min period of shaking. Finally, the reduced
MTT was assayed at 545 nm by using a microplate reader.
All in vitro experiments were carried out on two micro-
plates with at least 5 parallel wells.

Mezencev, R.; Mojzis, J.; Pilatova, M.; Kutschy, P.
Neoplasma 2003, 50, 239.
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Abstract—Total synthesis of viscolin, an anti-inflammatory 1,3-diphenylpropane isolated from Viscum coloratum, employing the
Wittig reaction is reported. Key steps in the synthesis of viscolin depend on the selection of protecting groups to maintain the para
hydroxyl group that is the most critical chemical structure influencing the biological activity of viscolin and the utilization of
microwave-assisted Wittig olefination reaction. Anti-inflammatory potency of the synthetic viscolin, its precursor product 16,
and its analogue 17, through their effects on reactive oxygen species (ROS), nitric oxide (NO), and pro-inflammatory cytokine
production in leukocytes and microglial cells were evaluated. Excellent inhibition of ROS and NO production in inflammatory cells
could confer the synthetic viscolin to be a potent anti-inflammatory agent for the treatment of oxidative stress-induced diseases.

© 2006 Published by Elsevier Ltd.

Inflammation contributes to play an important pathoge-
netic role in many inflammatory disorders including
asthma, gout, rheumatoid arthritis, multiple sclerosis,
ischemia-reperfusion injury, etc.! During inflammation,
production of free radicals [e.g., hydrogen peroxide
(H»0,), superoxide anion (O, )] and nitric oxide (NO)
plays a pivotal role for microorganism killing and also
signals the activation of leukocytes and macrophage.
Conversely, over-production of these toxic reactive oxy-
gen and nitrogen metabolites/species (ROS/RNS) may
cause more damage of the surrounding tissues than the
microbe per se.!? Besides, activated leukocytes are pref-
erentially to secrete cytokines [e.g., interleukin-2 (IL-2),
interferon-y (IFN-y), and tissue necrosis factor-o (TNF-
a)] for recruitment of inflammatory cells (e.g., neutro-
phils, macrophages, and microglial cells) to vascular
endothelium and subsequently transmigrate/infiltrate
to injured tissue where they release hydrolytic enzymes
and enormous quantities of free radicals (ROS/RNS)

Keywords: Viscolin; Cytokine; Free radicals; Leukocyte; Microglial

cells; Nitric oxide.
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that result in remarkable tissue damage and immuno-
pathogenesis.® Thus, anti-inflammatory and anti-oxi-
dant therapies are also comprehensive pharmacological
approaches in the treatment of these inflammation-relat-
ed disorders.*> One of these important strategies is to
look for natural compounds and/or their synthetic
derivatives that are capable of inhibiting oxidative stress
for the prevention of free radicals- and cytokine-induced
cellular damage by inflammatory cells infiltrating to the
injured tissue.

Viscolin 1 (Fig. 1) is a naturally occurring 1,3-diphenyl-
propane that was isolated from the Viscum coloratum,’
a hemiparasite herb used in Chinese medicine as a
curative for a number of ailments such as hemorrhage,
pleurisy, gout, heart disease, epilepsy, arthritis, and

OCH;
HO. O OCH; O OH
OCH,

OCH,4

Figure 1. Viscolin.
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hypertension.”-® This compound displayed potent and
selective activity in the inhibition of superoxide anion
generation in human neutrophils activated with N-for-
myl-methionyl-leucyl-phenylalanine  combined  with
cytochalasin B, and it also exhibited DPPH radical-scav-
enging property. Both these actions could mediate its
anti-inflammatory activity. We began a program to ex-
plore the therapeutic potential of viscolin and its ana-
logues. The initial goal was to design a total synthesis
that is capable of producing gram quantities of 1 suitable
for more indepth in vitro and in vivo studies with the
flexibility to produce analogues for exploration of the
structure-activity relationships. Herein, we disclose our
approach toward the first total synthesis and biological
evaluation of viscolin.

In the past, the most widely employed strategy for the
synthesis of 1,3-diphenylpropanes involves the catalytic
hydrogenation of the appropriate chalcones followed
by subsequent Clemmensen reduction which often re-
quires harsh conditions and long reaction time and suf-
fers from poor yields.”!” The retrosynthetic analysis of
viscolin 1 is shown in Scheme 1. The synthetic work be-
gan with preparation of component molecules 3 and 4
required for the convergent approach toward the pro-
jected key intermediate 2 en route to the target com-
pound 1 involving Wittig olefination reaction and
hydrogenation.!! The most critical aspect for the synthe-
sis is in construction of 3 without altering the para

Scheme 1. Retrosynthetic analysis.

CHO
o
OCH,
5
OCH, OCH,
VI vii

OCH;

OCH;,
Vi BnO OCH;

CHO
OCH;

10

OH
i, i [ :[ OPr iii, iv [IOH
OCH;
6

hydroxyl group essential for bioactivity. Compound 4
was expected to be accessible using slight modification
of known methods.

With confidence that the total synthesis of viscolin 1
could be achieved in the above-mentioned manner, the
preparation of a specific embodiment of differentially
protected aldehyde 10 was commenced according to
the reaction sequence shown in Scheme 2.

In anticipation of the Baeyer—Villiger oxidation, it was
necessary to protect the hydroxyl group of o-vanillin 5.
For this purpose, we examined several protective re-
agents such as trimethylsilyl bromide, tert-butyldimeth-
ylsilyl bromide, methoxymethyl bromide, and isopropyl
bromide, and only isopropyl bromide gave the desired
product. The other protective groups would induce per-
oxidation or unsuccessful deprotection in the sequence.
Thus, treatment of 5 with isopropyl bromide gave the
protected vanillin in 94% yield, which was subjected to
Baeyer—Villiger oxidation using m-CPBA, and the
resulting formate ester was hydrolyzed in alkaline condi-
tion to yield the desired phenol 6 in 82% yield over two
steps.!? After protecting the phenolic hydroxyl group of
6 by benzyl chloride followed by selective deprotection
of the isopropyl group by BCls, 7 was obtained.!® Grat-
ifyingly, HsIOg and CrO; in aqueous acetonitrile oxi-
dized phenol 7 to the corresponding benzoquinone 8
in high yield.'* Compound 8 was reduced with Na,S,0,

r : :OCH3

TPh;*P

OCH,

OCHj,
—
OCH;

OCH3
3

OBn

OCH;

OCH,

Scheme 2. Reagents and conditions: (i) (CH3),CHBr, K,CO3;, DMF, 94%,; (ii)) 1—m-CPBA, CH,Cl,; 2—NaOH, CH;O0H, 82%; (iii) BnCl, KI,
K,CO;, acetone, 85%; (iv) BCl;, CH,Cl,, 91%; (v) Hs1Og, CrO;, CH3CN, 91%; (vi) Na,S,04, H,0, 83%; (vii) (CH;3),SO4, NaOH, H,0, 86%; (viii)

POCl;, DMF, 58%.
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and the unstable diol thus obtained was immediately
treated with (CH;3),SOy in the alkaline solution to afford
fully methylated product 9.'5 Subsequently formylation
of 9 with POCI; and DMF finally furnished the desired
aldehyde 10.

For the construction of the other component molecule 4,
vanillin 11 was treated with benzyl chloride and the
ensuing protected product was subjected to Wittig olef-
ination to provide 13. Unfortunately, all of the condi-
tions applied for the Wittig reaction gave either a
mixture of products or the undesired polymers. After
considerable experimentation, however, it was realized
that, to our delight, the required olefination could be
achieved with high degree efficiency under microwave-
assisted conditions.!® Hydroboration of 13 followed by
the treatment with H,O, and NaOH produced the pri-
mary alcohol 14,7 which was converted to phosphoni-
um salt 15 by a successive treatment with I, in the
presence of PPh; and then with PPh; in toluene.
(Scheme 3).

The final stage of total synthesis is shown in Scheme 4.
Wittig reaction of triphenylphosphonium salt 15 pro-
ceeded well in the presence of n-BulLi to afford the prod-
uct 16 having the basic skeleton of viscolin. Finally,

CHO

OCH,4
1

OH
iii iv, v
BnO BnO

OCH,4
14
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reduction of the olefin moiety of 16, accompanied by
removal of the benzyl protecting groups, upon Pd/C cat-
alyzed hydrogenation, furnished viscolin 1 in 73%
yield.'® Importantly, analytical and spectral data ob-
tained for synthetic 1 are in excellent agreement with
those reported for the desired natural material. In order
to evaluate the impact of double bond or hydroxyl
groups on biological activity, benzylated viscolin 17 is
prepared by treating viscolin with benzyl chloride.
(Scheme 4).

To examine the efficacy of the synthetic viscolin 1, its
pro-drug product 16, and its analogue 17 on the sup-
pression of reactive oxygen species (ROS), nitric oxide
(NO), and cytokine production in activated leukocytes
or microglial cells for the use as an anti-inflammatory
agent, we set up in vitro models by exposing peripheral
human neutrophils (PMN), mononuclear cells (MNC),
and murine microglial cells (BV2) to phorbol-12-myris-
tate-13-acetate (PMA, a protein kinase ¢(PKC) activa-
tor), N-formyl-methionyl-leucyl-phenylalanine (fMLP,
a G-protein-coupled activator), or lipopolysaccharide
(LPS) for the induction of ROS, NO, and cytokines.
Their effects on ROS, NO, and cytokines production
in human leukocytes and murine microglial cells were
elucidated.

CHO

BnO
OCH;
13

P*PhyI"

OCH;4
15

Scheme 3. Reagents and conditions: (i) BnCl, KI, K,COs, acetone, 87%; (ii) CH3P"PhsI~, NaH, THF, microwave, 200 W, 10 min, 77%; (iii) 1—I,,
NaBH,4, THF; 2—H,0,, NaOH, 75%; (iv) PPhs, imidazole, I,, CH,Cl,, 85%; (v) PPhs/toluene, quantitative.

P*PhsI

OCH; OCH;
BnO OCH; : BnO OCH; OBn
+ X
CHO  BnO & OCH,
OCHj; OCHj, OCH;
10 15 16
OCH; OCH;3
, Ho OCHj OH i BnO OCH; OBn
O QA —"1 . 20
OCH;, OCH;
OCH; OCH;

17

Scheme 4. Reagents and conditions: (i) n-BuLi, THF, 71%; (ii) H,, Pd/C, 73%; (iii) BnCl, KI, K,COs3, acetone, 85%.
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In human leukocytes, fMLP and PMA both induced
large amounts of ROS production in PMN and MNC,
predominantly through a receptor/G-protein coupling
pathway or the protein kinase ¢(PKC)-dependent path-
way, respectively.>!° Viscolin significantly suppressed
fMLP- and PMA-induced ROS production both in
PMN and MNC. The ICs, values were comparable with
that of quercetin (QC), a potent anti-inflammatory com-
pound of the plant origin (Table 1). Viscolin is 3-10
times more effective in the inhibition of ROS production
induced by fMLP than that of PMA, indicating that a
G-protein coupling pathway could be the major site tar-
geted by viscolin. Although less potent than viscolin,
products 16, and 17 showed a minor to mediocre activity
in the inhibition of fMLP- and PMA-induced ROS pro-
duction with a maximum inhibition percentage of
around 37-47% and 20-42% at 25 uM, respectively,
indicating that the hydroxyl groups of 1,3-diphenylpro-
pane derivatives are important for targeting the ROS
producing enzyme systems in human leukocytes. The
viscolin (a 1,3-diphenylpropane derivative) is a new class
of chemical compound with anti-oxidative activity. Acti-
vation of PKC as well as the quick intracellular calcium
mobilization (a down steam signal for G-protein activa-
tion) displays two important signaling pathways for the
ROS production in human leukocytes induced by PMA
and fMLP, respectively.!® Viscolin concentration-depen-
dently reduced PKC activity and interfered fMLP-in-
duced intracellular calcium mobilization (Table 2)
indicating that interference of PKC- and G-protein-cou-
pled signaling were both responsible for viscolin’s effect.

Table 1. Summary of the ICs, values for the inhibition of fMLP- and
PMA-induced ROS production by viscolin in human peripheral
leukocytes

Drugs I1Cso (uM) in PMN 1C5o (M) in MNC
PMA fMLP PMA fMLP

Viscolin 12.0 £ 0.9" 1.4 +0.1 83+22"  25+02

16 ND ND ND ND

17 ND ND ND ND

QC 55+1.8 25403  3.1%08 40+ 14

Data were calculated as 50% inhibitory concentration (ICsy). Values
represent means £ SEM of 3-5 experiments performed on different
days using cells from different donors. ND, values not detectable.

* P <0.05 as compared with QC (quercetin), respectively.

Table 2. Summary of the inhibitory effect of viscolin on protein kinase
activity and fMLP-induced calcium mobilization in human peripheral
leukocytes

Drugs Inhibition (%)

PKA PKC fMLP-induced [Ca*"];
Viscolin (5 pM)  ND  344%27 367+35
Viscolin 25uM) ND  48.8+68 53.5+4.6

The activity of cyclic AMP-dependent protein kinase (PKA) and
protein kinase ¢ (PKC) was determined in the presence or absence of
viscolin by an ELISA kit. Intracellular calcium mobilization ([Ca"];)
was determined by Fura-2 pre-loaded cells in the presence of 2 pM
fMLP. Data were calculated as percentage (%) of inhibition by taking
the values of protein kinase activity or calcium increment in drug-free
samples as 100%. Values represent means = SEM of 3 experiments
performed on different days using cells from different donors. ND,
values not detectable.

Microglial cells are also important free radical-produc-
ing cells in the central nervous system. We have ob-
served rapid production of ROS by NADPH oxidase
(NOX) and nitric oxide (NO) by NO synthase (NOS)
in microglial cells.?® We further evaluated whether visc-
olin, 16, and 17 could inhibit NOX-dependent ROS and
NOS-dependent NO production in microglial cells. Visc-
olin concentration-dependently suppressed ROS and
NO production in microglial cells. The viscolin was less
potent than diphenyleneiodonium (DPI), a specific
NOX inhibitor, in the inhibition of ROS production,
but was more potent than L-NAME, a specific NOS
inhibitor, in the inhibition of NO production (Table
3). Products 16 and 17 showed effectiveness in the inhi-
bition of NOS activity with ICs, value of around 19 and
20 uM, respectively, but they did not significantly target
the NOX activity (Table 3), suggesting that the hydroxyl
groups on the 1,3-diphenylpropane skeleton are impor-
tant for targeting NOX activity but not essential for tar-
geting NOS activity.

Pro-inflammatory cytokines produced by leukocyte and/
or macrophage play pivotal roles in mediating the acti-
vation and recruitment of inflammatory cells during
inflammation. Beside, drugs with anti-inflammatory
activity could modulate the cytokine production.?!
Among these pro-inflammatory Thl-type cytokines,
interleukin-2 (IL-2) released by CD4" Th cells, and
interferon-y (IFN-y) and tissue necrosis factor-o
(TNF-a) produced by CD8" leukocytes and microglial
cells were examined in this study in the presence of visc-
olin, 16, and17. We used PMA combination with iono-
mycin, or LPS to induce cytokine production in human
leukocytes and microglial cells, respectively. No signifi-
cant inhibition of the cytokine production was observed
by viscolin or products 16 and 17, except at relatively
high concentration (25 uM) viscolin significantly inhibit-
ed the TNF-a production in microglial cells (Table 4),
indicating that viscolin, 16, and17 are not potent chem-
icals for the inhibition of cytokine production.

The anti-inflammatory property of viscolin, but not
products 16 and 17, was partially due to its direct free
radical-scavenging activity with ICs, of around 49 uM.

Table 3. Summary of the effects of viscolin on NADPH oxidase
(NOX) and nitric oxide synthase (NOS) activity in murine microglial
cells

Drugs ICso (uM) in NOX ICs (uM) in NOS
Viscolin 292+6.5" 24.0+1.0"

16 ND 19.0 + 1.4"

17 ND 20.0+22"

DPI 10.2 +0.6 ND

L-NAME ND 36.0 3.8

NOX and NOS activity were measured by ROS and NO production,
respectively, in the presence of 1-50 pM of drugs. DPI (diphenylenei-
odonium, a NOX inhibitor) and L-NAME (a NOS inhibitor) were
included as positive controls. Data were calculated as 50% inhibitory
concentration (ICsy) and expressed as means = SEM from 5 to 6
experiments performed on different days using cells from different
passages.

* P <0.05 as compared with relative positive control, respectively.





C.-R. Su et al. | Bioorg. Med. Chem. Lett. 16 (2006) 6155-6160 6159

Table 4. Summary of the inhibitory effects of viscolin on cytokine
production in human leukocytes and murine microglial cells

Drugs (uM) IL-2/CD4* IFN-y/CD8* TNF-o/BV2
MCF MCF MCF
Control (drug free) 476 17£2 32+3
Activator 111 +£13 82+2 1857
+Viscolin (25) 11220 67+ 1 121 +10°
+Viscolin (5) 9+7 72+1 155+ 14
+16 (25) 103+ 19 65+2 155+ 17
+16 (5) 101 £ 12 60 + 12 164 £ 23
+17 (25) 102+ 11 65+ 32 154 + 22
+17 (5) 100 £22 59+ 09 164 £ 25

Data are expressed as means + SEM from 3 to 5 experiments per-
formed on different days using cells from different donors or passages.
MCF, mean channel fluorescence of the intracellular cytokine staining.
" P<0.05 as compared with activator alone, respectively.

Table 5. Summary of the effects of viscolin on DPPH free radical-
scavenging activity in cell free system and cytotoxicity on microglial
cells

Drugs DPPH scavenging Cytotoxicity (% of dead cells)”
(ICsouM) 25 M 10uM  5pM

16 ND 10039 81%32 8.6%3.0

17 ND 9.6+26 8926 146%56

Viscolin 492+ 1.1 146+56 89%26 9.6%26

Trolox  40.5%+3.0 ND ND ND

* For cytotoxicity study, all drugs were examined at the concentration
as indicated in the table. The background cell death in the solvent
control (0.5% DMSO) was 8.5+ 2.7%. Trolox, an antioxidant
included as a control. Data are expressed as means + SEM from 3 to
5 experiments performed on different days using cells from different
passages. ND, values not detectable.

Viscolin, 16, and 17 did not show significant cytotoxic
effect (Table 5).

In summary, the present work provides the first total
synthesis of viscolin and affirmed the structure originally
reported. We demonstrated in the study for the first time
that viscolin, a 1,3-diphenylpropane derivative, exhibits
leukocyte inhibitory activity by suppressing free radi-
cals, possibly through modulation of PKC activity and
calcium mobilization, and NO production with moder-
ate free radical-scavenging effects that give viscolin the
potential to be anti-inflammatory agent for the treat-
ment of oxidative stress-induced diseases. On the basis
of this route, further studies directed toward the synthe-
sis of artificial congeners of viscolin as well as evaluation
of anti-inflammatory properties will be reported in due
course.
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Abstract—A novel class of tetrazole-derived Kv1.5 blockers is disclosed. In in vitro studies, several compounds had ICsgs ranging
from 180 to 550 nM. In vivo studies indicated that compounds 2f and 2j increased right atrial ERP about 40% without affecting

ventricular ERP.
© 2006 Elsevier Ltd. All rights reserved.

Atrial fibrillation (AF) is the most common chronic
arrhythmia' and increases the risk of stroke and overall
mortality. Treatment of this ailment remains problemat-
ic.2 Most current drug therapies target the hERG potas-
sium ion channel which is present in both the atria and
the ventricles. Blockade of hERG leads to QT prolonga-
tion and increases the incidence of the serious ventricu-
lar arrhythmia, torsade de pointes.

One strategy for the development of safe, effective atrial
antiarrhythmic drugs involves blockade of repolarizing
ion channels that are found predominantly or only in
the atria. The Kv1.5 potassium channel is an atrial-se-
lective ion channel which underlies the ultra-rapid de-
layed rectifier K* current, IKur. This current is a
major repolarizing current in human atria and is not
found in human ventricles.® Thus, Kv1.5 is an attractive
molecular target for treatment of atrial fibrillation or
atrial flutter.* Significant efforts have been made to iden-
tify novel blockers of Kv1.5.5!” Icagen described the
thiazolidinone derivatives 1 as potent and selective
Kvl1.5 blockers.!'! In a preceding publication, we report-
ed that the ring sulfur was rapidly metabolized by oxida-
tion. To overcome this metabolic liability, we describe

Keywords: Tetrazoles; Kv1.5 blocker; Atrial antiarrhythmic; In vivo

efficacy.

* Corresponding author. Tel.: +1 607 335 2340; fax: +1 607 335
2010; e-mail: wu.s.3@pg.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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herein replacement of the thiazolidinone scaffold with
a tetrazole scaffold 2 (Fig. 1).

The synthesis of these compounds begins with conver-
sion of appropriate acid derivatives 3 to the correspond-
ing acid chlorides 4. These acid chlorides 4 are then
treated in situ with aryl ethyl amines to generate the
amides 5. The amides 5 are then reacted with PCls and
TMSN3; to provide desired products 2(a—n) in good yield
(Scheme 1).

A variety of analogs were prepared (Table 1). Three ana-
logs, 2a-2¢, with n =0 were prepared and evaluated
in vitro. While both 2a and 2b showed modest block
of Kv1.5 at 1 uM, 2¢ had greater activity and an ICs
value of 549 nM.?° Since the planar tetrazole ring re-
stricts the orientation of the ‘lower’ aromatic ring, we
prepared tetrazoles 2d and 2e (n=1, m=0) with a
one-carbon spacer to allow additional conformational

N__S
S/ / N
R'® |
\
R2
1 2

Figure 1. Comparison of thiazolidinone and tetrazole derivatives.
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2 (a-n)

Scheme 1. Reagent and conditions: (a) SOCl,, rt, 1 h; (b) aryl ethyl amines, THF, rt, 4 h; (c) PCls, CH,Cl,, —5 °C, 2 h; (d) TMSN3, CH,Cl,, rt,
overnight.

Table 1. In vitro inhibitory activity of tetrazoles against the Kv1.5 channel

Compound Structure % Block of Kv1.5 at 1uM Kv1.5 ICso (UM)
N=N
N _N
Me
Me
N:=N
N _N
37
2b MeO @J é
tBu
N=N
N_N
2 oo @J 72 0.55
Cl
Cl
N=N
N_N
2d oo @J Ve 75 0.33
Me
N=N

N _N
2e MeO @J [ : 60
tBu
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Table 1 (continued)
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Compound Structure % Block of Kv1.5 at 1uM Kv1.5 ICsy (uM)
N=N
N_N
2 Moo @J 90 0.33
Me
N=N
N_N
Cl
N=N
N_N
2 MeO O/Qj/\@ 89 0.40
Me
N=N
N_N
2 wo O 5 "
Me
N=N
N_N
2i Moo @J Me 94 0.18
Me
N=N
N_N
2K W o 72 0.48
Me
N=N
N_N
21 m 81
Cl
N=N
N_N
2 o O f "
Cl
N=N
47

N_N
Cl






6216 S. Wu et al. | Bioorg. Med. Chem. Lett. 16 (2006) 62136218

Table 2. In vivo anesthetized pig results for compounds 2¢c, 2d, 2f, and 2j

Compound AERP prolongation VERP prolongation dp/dt,.x change BP change
10 mg/kg 30 mg/kg 10 mg/kg 30 mg/kg 10 mg/kg 30 mg/kg 10 mg/kg 30 mg/kg
2 6+ 3% 16 + 7% 6+ 7% 6+ 7% 24+ 1% 49+ 4% 6+ 5% 42+ 4%
2d 3+7% 23+ 10% 0%£3% 0x£5% —26 £ 5% —32£18% —11£13% —21£10%
2f 17+ 2% 44 + 5% 5+4% 3+3% -1x7% —14 + 14% -5%3% -4+ 1%
2j 16 + 5% 372 7% 91 4% 4 +4% —-10£ 1% —12+ 15% 7+ 4% 19 £ 4%
freedom in the ‘lower’ aromatic ring. Both compounds 2004 44% + 4 —- RAERP
are better Kv1.5 blockers compared to 2a and 2b, and ~ ——RAERP 10
compound 2d exhibits a good potency with an ICs, val- —_ —a— RAERP 30
ue of 331 nM. g 1757 n=3, SEM
£
Following this finding, we then installed a cyclopropyl = 1501
ring on the linker to the ‘lower’ aromatic ring to provide 2 17% 12
compounds 2f, 2j, and 2m bearing the 4-methoxyphen- g 105
ethyl group in common. The in vitro results demonstrat- =]
ed that installation of this cyclopropyl ring increased the
% block of Kv1.5. Compound 2d has an ICs, value of 100 T T T T
331 nM while the cyclopropyl ring-derived analog 2j is 100 150 200 250 300
about twice as potent with an ICsy value of 177 nM. Heart Rate (bpm)
Additionally, the substituents on the ‘lower’ phenyl ring
have an impact on the activity of block Kv1.5 in these 200+ —— VERP
cyclopropyl ring-derived analogs. The 3,4-di-Me analog s+ VERP 10
2j is more active than the 4-Me analog 2f and the 4-ClI O 1754 3%13
analog 2m. ] —=— VERP 30
£ n=3, SEM
Further ring size variations indicated that analogs 2f, 2h § 1597
and 2i with three-, five-, and six-membered ring were ac- 5
tive and potent Kvl1.5 blockers. In contrast, analog 2g g 125+
with a four-membered ring showed significantly reduced
blockade of Kvl1.5 versus 2m. These results demonstrate
C o ; S 100 . . . .
that activity is sensitive to the size of the cyclic rings. 100 150 200 250 300

Furthermore, it is clear that compound 2n with the elec-
tron-withdrawing group on the ‘upper’ phenyl ring
(R; = F) is significantly less active against Kv1.5 (47%)
compared to compound 2m (74%) with electron-donat-
ing group (R; = OMe). Finally, compounds 2k and 2I
show that the linker to the phenethyl group can be
extended and still retain good Kv1.5 blockade.

Compounds 2¢, 2d, 2f, and 2j were selected for in vivo
evaluation in the anesthetized mini-pig (z = 3) which
was used to investigate the effects on the atrial and ven-
tricular effective refractory period (AERP and VERP).?!
Compounds were administered via 15 min iv infusions
of 10 and 30 mg/kg doses. As shown in Table 2, com-
pounds 2¢ and 2d provided small increases in AERP
at a 10 mg/kg dose but larger increases at a 30 mg/kg
dose. No changes in VERP were noted at either dose.
However, reductions in contractility (dp/dt.,,,) and/or
blood pressure were noted at both doses. Fortunately,
improvements in both AERP prolongation and hemo-
dynamic side effects were obtained with the addition of
the cyclopropyl ring on the linker to the ‘lower” aromatic
ring. Compounds 2f and 2j showed dose-dependent
increases of AERP and no effect on VERP. Compound
2f had the best overall profile showing minimal effects
on blood pressure or contractility. Figure 2 shows a typ-
ical dose—response curve for AERP prolongation. Addi-
tionally, compound 2f also showed good selectivity for

Heart Rate (bpm)

Figure 2. Anesthetized pig AERP and VERP changes of 2f at different
heart rates.

Kv1.5 block over hERG?? (48-fold) and L-type calci-
um?? (69-fold) channels consistent with atrial selectivity
observed in vivo.

In conclusion, we have discovered a novel class of tetra-
zole derivatives that are potent blockers of the Kvl.5
channel. Analogs 2f and 2j, which contained the cyclo-
propyl ring on the linker to the ‘lower’ aromatic ring,
displayed very good in vitro blockade of Kvl.5 as well
as atrial-selective prolongation of ERP in vivo. The
compound 2f also lacked hemodynamic side effects.
The atrial-selective ERP prolongation in pigs is consis-
tent with the atrial-selective presence of IKur in hu-
man.’* These findings support the potential for Kvl1.5
channel blockers to provide atrial-selective antiarrhyth-
mic drugs to treat AF.
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Kv1.5 currents are recorded by the whole cell mode of
patch clamp electrophysiology. Kv1.5 is stably overex-
pressed in either HEK or LTK-cells. Microelectrodes are
pulled from borosilicate glass (TW150) and heat polished
(tip resistance, 1.5-3 megaohms). The external solution is
standard Tyrode’s solution. The internal (microelectrode)
solution contained: 110 mM KCI, 5mM K,APT, 5 mM
K4BAPTA, 1 mM MgCl,, and 10 mM Hepes, adjusted to
pH 7.2 with KOH. Command potentials are applied for
1 s to +60 mV from a holding potential of —70 mV using
Axon software (pClamp 8.1) and hardware (Axopatch 1D,
200B). Compounds are prepared as 10-20 mM DMSO
stocks and diluted to appropriate test concentrations.
After stable currents are achieved, compounds are per-

21.

22.
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fused onto the cells and the cells are pulsed every 5 s until
no further changes in current are evident at a given
compound concentration. Inhibition was measured at the
end of the 1s pulses and expressed relative to controls.
Concentration-response curves are generated for appro-
priate compounds utilizing at least four concentrations
and an n = 3. Curve fitting and ICs, estimating were done
using Graphpad software (Ver. 4).

In vivo assay: Vehicle: Compounds are dissolved to a final
concentration of 20-50 mg/ml, first in dimethyl acetamide
(DMAC) then adding the balance of propylene glycol 200
(PEG200) for a ratio of 20% DMAC/80% PEG200. Mini
Swine: Minipigs of the Hanford or Sinclair strain weighing
15-30 kg are anesthetized with an IM injection of
ketamine/xylazine followed, if needed, by 1-1.5% isoflu-
rane to allow introduction of a venous catheter into the
vena cava in the neck. Following incubation, IV pento-
barbital is given and anesthesia is maintained via further
IV boluses given during the study. Two electrode-tipped
catheters are introduced via the jugular, one into the right
atrium and the other into the right ventricle, and are used
to pace the heart when needed. The carotid artery is
cannulated and a pressure transducer-tipped catheter
advanced into the left ventricle to track pressure develop-
ment in the LV. An incision in the groin is used to access
the femoral artery and vein. The artery is cannulated to
monitor arterial pressure at the lower aorta and the vein is
cannulated with an electrode-tipped catheter advanced
into the right atrium to detect signal propagation. The
arterial pressure, ECG, LV pressure, atrial electrogram,
body temperature, and exhaled Pco2 are monitored
continuously. When the surgical preparation is stable,
baseline effective refractory periods (ERPs) are deter-
mined. The ERP is found by repeatedly pacing the heart
chamber with current 2.5x the capture threshold at a given
rate for 13 beats followed by a 3 s pause. With each pacing
train the time interval between the 12th and 13th stimulus
is shortened until the 13th does not cause signal propa-
gation in the tissue. The interval that does not result in a
propagated signal in 4 out of 5 repetitions is the ERP.
Hearts are paced at rates of 150, 200, 240, and 300 beats
per minute from the right atrium and the right ventricle.
Compound is infused IV over 15 min, ERP determinations
are made starting at the 12th minute of the infusion, and
the animal is allowed to stabilize for about 15 min before
another dose is given. After the final dose the ERPs are
determined every 15min until the values are back at
baseline.

HERG currents are recorded by the whole cell mode of
patch clamp electrophysiology as described by Hamill
et al.>> HERG is stably overexpressed in HEK cells.
Microelectrodes are pulled from borosilicate glass
(TW150) and heat polished (tip resistance, 1.5-3 mega-
ohms). The external solution is standard Tyrode’s solu-
tion. The internal (microelectrode) solution contained:
110mM KCl, 5mM K,APT, 5mM K BAPT, | mM
MgCl,, and 10 mM Hepes, adjusted to pH 7.2 with KOH.
Command potentials are applied for 2 s to +20 mV from a
holding potential of —80mV using Axon software
(pClamp 8.1) and hardware (Axopatch 1D, 200B). Tail
currents are generated by returning to —40 mV for 2s.
Compounds are prepared as 10-20 mM DMSO stocks and
diluted to appropriate test concentrations. After stable
currents are achieved, compounds are perfused onto the
cells and the cells are pulsed every 20 s until no further
changes in current are evident at a given compound
concentration. Inhibition of HERG is measured at the
peak of the tail currents and expressed relative to controls.
Initial HERG activity is estimated by single point deter-
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minations run at 10 pM. Concentration-response curves
are generated for appropriate compounds utilizing at least
four concentrations and an n = 3. Curve fitting and ICs,
estimating were done using Graphpad software (Ver. 4).

HL-1 cells expressing endogenous L-type calcium channels
are removed from culture flasks using trypsin, plated on
fibronectin/gelatin-coated, clear-bottommed, black-walled
96-well microplates in Claycomb media (JRH Biosciences
#51800) containing 10% fetal bovine serum, 4 mM L-
glutamine, and 10 uM norepinephrine, and grown to
confluency overnight. The next day, growth medium is
aspirated from confluent cell monolayers and replaced
with 100 pL per well Tyrode’s solution (in mM: 130 NaCl,
4 KCl, 1.8 CaCl,, 1.0 MgCl,, 20 Hepes, and 10 glucose,
pH 7.35) and 50 pL per well FLIPR Calcium Assay Kkit,
component A (#R-8033, Molecular Devices Corporation)
and incubated for 60 min in a 5% CO, 37 °C incubator.
Fifty microliters per well test compounds is added to the
plates and further incubated for 15 min in a 5% CO, 37 °C
incubator. All final solutions contain the anion exchange
inhibitor, probenecid (2.5 mM). The 96-well plates are

24.

25.

then placed in the center position of the FLIPR 1(Fluo-
rometric Imaging Plate Reader, Molecular Devices Cor-
poration). Cell monolayers in each well are simultaneously
illuminated at 488 nm with an Argon ion laser, and
fluorescence emission is monitored using a 510-570 nm
bandpass filter and a cooled CCD camera. To depolarize
the plasma membrane and activate L-type calcium chan-
nels, 50 uL per well of 20 mM KCI (final concentration) is
dispensed simultaneously to all 96 wells using the FLIPR’s
automatic 96-well pipettor. Fluorescence measurements
are captured for 5 min following KCI addition. Calcium
influx, expressed as % control, is calculated for each
concentration of test compound and concentration—re-
sponse curves and IC50 values are generated using
GraphPad Prism 4.0.

Unpublished results, Steve Houser, Temple University: On
treatment in vitro with ICA-32, Icagen’s prototypical
thiazolidinone Kv1.5 inhibitor, both human and pig atrial
myocytes showed similar increases in action potential
duration.

Hamill et al. Pflugers Arch. 1981, 391, 85.
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Abstract—Novel tetrahydroisoquinolines have been developed as potent PPAR ligands. Evaluation of these compounds in PPARYy

responsive models of type 2 diabetes is described.
© 2006 Elsevier Ltd. All rights reserved.

Peroxisome proliferator receptors (PPARs) are a subset
of the superfamily of ligand-activated transcription fac-
tors including receptors for steroid, retinoid, and thy-
roid hormones.! The PPARs form heterodimers with
the 9-cis-retinoic acid receptor (RXR), initiating a signal
transduction cascade leading to gene transcription of
proteins involved in the control of lipid and carbohy-
drate metabolism. There are three known sub-types of
PPAR receptors which are designated as PPAR a, v,
and J. Agonists of PPARa have been reported to pro-
duce reductions in serum triglycerides and increases in
HDL cholesterol.? Further, agonists of PPARa have
been shown to reduce weight gain in rodents without
affecting food intake.? Likewise, PPARS has been impli-
cated in having a role in dyslipidemia,* as well as fertil-
ity®> and cancer.®

PPARY is the best studied of the 3 PPAR sub-types. It is
primarily expressed in adipose tissue and in lower levels
in skeletal muscle, heart, intestine, liver, smooth muscle,
and vascular endothelial cells.” PPARY agonists have
been most extensively studied for their ability to enhance
the sensitivity of target tissues to the effects of insulin.®
This increased insulin sensitivity results in reduced plas-
ma glucose, lipid, and insulin levels in animal models of
type II diabetes as well as in diabetic humans.® There are
currently 2 PPARYy agonists being marketed as anti-

Keywords: PPAR; Type 2 diabetes; Nuclear hormone receptors.
* Corresponding author. Tel.: +1 317 433 4392; e-mail: jrhenry@
lilly.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.09.028

diabetic agents, rosiglitazone (1) and pioglitazone (2)
(Chart 1). Both compounds are members of the thiazoli-
dine-2,4-dione (TZD) class of compounds. Another
TZD, troglitazone (3) was removed from the market
after being associated with idiosyncratic hepatotoxicity.
The TZDs were first reported by Takeda to show simul-
taneous reductions in plasma glucose and insulin con-
centrations; a clear indication of improved insulin
sensitivity.!%!! In 1995 the target of the TZDs was deter-
mined to be PPARY, by showing direct binding of radi-
olabeled rosiglitazone (1) to PPARY with high affinity.!2
The TZD class of molecules are selective PPARY ago-
nists, showing little or no cross reactivity with the other
members of the PPAR family.!? One drawback of this
class of compounds is the rapid racemization of the

O 0
' NH ~ NH
NN\/\M . M
S o ~
- o N © 0]

Pioglitazone (2)

NH
N Re

o o)
HO

Troglitazone (3)

Chart 1. Examples of the TZD class of PPARYy agonists.
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Chart 2. Examples of reported non-TZD PPARY agonists.

resident chiral center under physiological conditions,
leading to the development of the TZDs as racemates.
It has been shown that only the (S)-enantiomer binds
to PPARY, suggesting that only 50% of the drug sub-
stance is active in vivo.'?

Along with their anti-diabetic affects, PPARYy agonists
have been implicated in a variety of other disorders
including hypertension,'# dyslipidemia,'> and inflamma-
tion.!® PPARy has also been shown to regulate the
expression of many genes relevant to carcinogenesis.!’
Highly potent and selective PPARY agonists would be
desirable not only for their well-established value in
treating insulin resistance in type 2 diabetes, but also
as tools for assessing the role of PPARYy in other
disorders.

A variety of non-TZD PPARY agonists have been
reported by our laboratories, and others (Chart 2). A
feature of the initially reported non-TZD containing
PPARY agonists was the presence of a heteroatom sub-
stituent alpha to a dihydrocinnamic acid, for example,
4'% and 5.' In the aminomethyl cinnamate (AMC) ser-
ies of PPARY agonists (e.g. 6), the alpha heteroatom has
been moved to the ortho position of the aromatic ring,
eliminating the epimerizable stereocenter and producing
highly PPARYy selective compounds.?® Further investiga-
tion into PPARg agonists led to the discovery of tetra-
hydroisoquinolines 7 (THQs). Herein, we report our
results in this effort.

OH

N<
R

7 Tetrahydroisoquinoline Headpiece

The synthesis of the THQs begins with the catalytic
hydrogenation of 5-hydroxy isoquinoline (8) to the tet-
rahydro derivative?! followed by protection with Boc
anhydride to give 9 (Scheme 1). Regioselective bromina-
tion, followed by benzylation of the phenol, gives bro-
mide 10. Heck coupling with methyl acrylate followed

by hydrogenolysis of the benzyl group and concomitant
reduction of the olefin gave key intermediate 11 in good
yield. Coupling with the appropriate tosylate??> using
Cs,CO;5 in DMF followed by removal of the N-Boc-pro-
tecting group gives amine 12. Reaction with an appro-
priate chloroformate followed by hydrolysis of the
methyl ester gives the desired carboxylic acid PPARYy
agonists.

The ability of compounds to modulate PPARy and
PPARa receptors in vitro was determined in both direct
binding and cellular cotransfection assays. The DNA-
dependent binding assay (ABCD binding) was carried
out using scintillation proximity (SPA) technology with
PPAR receptors.?? Tritium-labeled PPARo and PPARY
agonists were used as radioligands for generating dis-
placement curves and ICsy values with compounds of
interest. Cotransfection assays were carried out in
CV-1 cells. For PPARug, interference by endogenous
PPARY in CV-1 cells is an issue, so a GAL4 chimeric
system was used in which the DNA-binding domain of
the transfected PPARa is replaced by that of GALA4.
This system utilizes a reporter gene containing a
GAL4 response element, thus eliminating PPARY inter-
ference.!? Cotransfection efficacy is determined relative
to PPARa and PPARY agonist reference molecules.

As can be seen from the data in Table 1, compounds 13—
17 are generally highly selective for the PPARY receptor
over PPARa. Some interesting trends are notable in the
data. First, increasing the size of the substituent on the
oxazole tailpiece from phenyl to biphenyl significantly
reduces PPARa activity with little or no effect on
PPARY (13 vs 14). The same trend is generally true with
the carbamate side chain. Increasing the size of the lipo-
philic group in the carbamate reduces PPARa activity.
Compound 16, bearing an isobutyl carbamate, is
approximately 3-fold less active in the PPARa cotrans-
fection assay than the corresponding propyl carbamate
in compound 13. When comparing our compounds with
the marketed TZDs, it can be seen that the PPARYy ICsqs
are generally twice as potent as 1, and up to 100 times
more potent than 3. The cellular data reveal even more
significant differences in the compounds, with 14 being
200 times more potent in the transfection assay over 1
and 700 times more potent than 3. The PPARa data
show that while the THQ class is not as selective as
the TZDs, it shows very little PPARa activity and is sig-
nificantly more selective against PPARa than the other
reported non-TZD PPARY agonists 5 and 6. Compound
17 is the exception, showing an in vitro profile equal to
the TZDs with respect to selectivity, while maintaining
superior PPARY activity.

After determining the in vitro properties of the com-
pounds, they were subjected to two separate in vivo
experiments. In the first, 7-week-old male diabetic (db/
db) mice were used to assess test compounds’ ability
to lower plasma glucose. Mice were dosed daily by oral
gavage for 7 days. Treatments were test compounds
(30 mg/kg), a positive control agent (1, 30 mg/kg) or
vehicle [1% carboxymethylcellulose (w/v)/0.25% Tween
80 (w/v); 0.3 ml/mouse]. On day 7, mice were weighed
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14 R'=-nPr; R2=Ph

15 R'=-CH,CCH; R2=H

16 R'=-CH,CH(CH,),; R2=H
17 R'=-CH,C(CH,);; R2=Ph

Scheme 1. Reagents and conditions: (a) PtO,, AcOH, Hj; (b) Boc,O, THF (70%, 2 steps); (c¢) NBS, DMF; (d) BnBr, K,CO3, acetone (90%, 2 steps);
(e) Pd(OACc),, methyl acrylate, PrCN; (f) H,, Pd/C, EtOH (50%, 2 steps); (g) toluene-4-sulfonic acid 2-(5-methyl-2-phenyl-oxazol-4-yl)-ethyl ester
(R? = H), Cs,COs, DMF; (h) CF3CO,H (40%, 2 steps); (i) Et;N, propyl chloroformate, CH,Cly; (j) NaOH, MeOH yields 13 (70%, 2 steps).

Table 1. Binding ICs, and cotransfection efficacy data“

Compound hPPARYy hPPARa

ICso (nM)*® ECso*® (nM) CTF eff® (%) IC5o™® (nM) ECso*® (nM) CTF eff® (%)
Fenofibric acid >10,000 — 9+4 >10,000 >10,000 75 %20
1 48 %2 657 £345 100 + 21 >10000 Eff <20% 9
3 1285 + 61 2235 + 344 79+ 1 No binding Eff <20% 0
5 25 5 83 1217 345 66
6 47+ 16 19+ 10 92+ 4 3489 + 917 845 * 66 52+3
13 11 12 +4* 61 +4* 4684 561 47
14 21 3+0.37 55+5 No binding 2393 + 153* 27+ 6*
15 24+14 77 %12 76 * 4 8399 + 354 2780 + 89 38 +2°
16 17+2 8§+2 66+3 3415+ 339 1715 + 290 40+2
17 3342 9+ 041" 56 + 4* No binding Eff <20% 18

#Mean values for at least three determinations + standard error (*n = 2).

® Competitive displacement binding assays were performed using scintillation proximity assay (SPA) technology, PPAR receptors, and corresponding

radiolabeled ligands.
¢ Maximum efficacy as % of the maximum efficacy of the standard.

9PPARS data are not shown. Only compounds 14 and 15 show significant CTF eff (%) (36% and 65%), but with weak ECsqs (2747 and 3021 nM).

and bled (tail snip) at 3 h after dosing. Samples obtained
from conscious animals on days 0 and 7 were assayed
for glucose. Plasma glucose was measured using a Hit-
achi 912 metabolic analyzer (Roche, Indianapolis) utiliz-
ing the Trinder method.

In a second experiment, compounds were evaluated in a
dose-response study using Zucker diabetic fatty (ZDF)
rats. Rats (five per group, 8 weeks of age) were dosed
via oral gavage for 7 days at doses of 0.01, 0.03, 0.3,
and 1 mg/kg. The study was terminated as in the

db/db studies. Minimal effective dose (MED) and
EDsy were determined from the data using a four
parameter logistic model (Table 2).2* The MED is de-
fined as the lowest dose at which the response is statisti-

cally significantly better than the response at zero-dose
(vehicle).

The results of the db/db mouse study are shown in
Figure 1. Percent glucose reduction for each test
compound was calculated based on vehicle control
glucose levels in each experiment and is summarized in





6296

Table 2. In vivo Efficacy of THQs

Compound db/db Mouse % glucose ZDF rat MED®

reduction at 30 mg/kg (day 7) (mg/kg)
1 29+9 0.28 £0.10
13 62+%5 0.28 £ 0.19%
14 41 + 8 0.19 £ 0.09°
15 3711 No effect at 1 mg/kg
16 27+9 0.25+0.21
17 49+ 5° 23% at 1 mg/kg™®

#Tested as sodium salt of parent acid.
°® Minimal effective dose (MED).
¢ Percent glucose reduction versus vehicle control.

Table 2. In some cases compounds were evaluated as
their sodium salts. The db/db data clearly indicate that
all compounds are at least equal to rosiglitazone (1) in
their ability to lower blood glucose at a single 30 mg/
kg dose, with reductions of 62%, 41%, and 49% for 13,
14, and 17, respectively, compared to 29% with com-
pound 1. In the ZDF dose response study, compounds
13, 14, and 16 normalized glucose with MEDs similar
to 1, while 15 and 17 showed poor efficacy. It is unclear
why 15 and 17 performed poorly in the ZDF study after
promising db/db results, but this may be attributable to
uncharacterized species and model differences. The ED5
of 14 (sodium salt) was determined to be 0.24 + 0.08
mg/kg, significantly lower than the EDsq of 1, 0.41 £

J. R. Henry et al. | Bioorg. Med. Chem. Lett. 16 (2006) 6293-6297

0.12 mg/kg. Further, at a dose of 1 mg/kg 14 reduced
plasma triglycerides in treated animals by 56% over
the vehicle control group.

Finally, the pharmacokinetic parameters of the sodium
salt of acid 14 were evaluated in two species and are
summarized in Table 3. Similar results were obtained
in both rats and dogs with oral bioavailabilities of
35% and 37%, respectively.

In summary we have developed a novel class of non-
TZD containing PPARY agonists. These compounds
exhibit potent PPARy binding with the isolated
receptor and in cellular assays, while showing
extraordinary selectivity against PPARa. Further,
compounds have shown efficacy in two separate in vivo
models of diabetes. Compound 14 has shown an
excellent in vivo profile in the db/db and ZDF models

Table 3. Pharmacokinetic parameters for the sodium salt of 14*

Parameter F344 male rat Male beagle dog
Half life (iv) 5h 3.58+0.52h
Volume of 0.59 L/kg 0.38 £ 0.08 L/kg

distribution (iv)
Clearance (iv)
Tmax (oral)

Oral bioavailability

1.37 mL/min/kg
lh
35%

1.24 + 0.30 mL/min/kg
4+0h
371 7%

#iv 1 mg/kg, oral 10 mg/kg.

Glucose (mg/dl) in db/db male mice
after Treatment with PPARy Agonists for 7 Days
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Figure 1. Plasma glucose levels on days 1 and 7 in db/db mice treated via oral gavage for 7 days with rosiglitazone (1), or compound. The figure
contains data from three separate experiments and shows compound data relative to control and rosiglitazone data for each experiment.
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of type II diabetes, and also shows desirable pharma-
cokinetic properties. Further evaluation of compound
14 is underway.

Supplementary data

Supplementary data associated with this article can be

found, in

the online version, at doi:10.1016/

j.bmcl.2006.09.028.
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Abstract—Lipopolysaccharides (LPS), otherwise termed ‘endotoxins’, are outer-membrane constituents of Gram-negative bacteria,
and play a key role in the pathogenesis of ‘Septic Shock’, a major cause of mortality in the critically ill patient. We had previously
defined the pharmacophore necessary for small molecules to specifically bind and neutralize this complex carbohydrate. A series of
aryl and aliphatic spermine-sulfonamide analogs were synthesized and tested in a series of binding and cell-based assays in order to
probe the effect of lipophilicity on sequestration ability. A strong correlation was indeed found, supporting the hypothesis that endo-
toxin-neutralizing ability involves a lipophilic or membrane attachment event. The research discussed herein may be useful for the
design of additional carbohydrate recognizing molecules and endotoxin-neutralizing drugs.

© 2006 Elsevier Ltd. All rights reserved.

Lipopolysaccharides (LPS) are the predominant struc-
tural components of the outer membrane of Gram-neg-
ative bacteria.!?2 Otherwise termed ‘endotoxins’, LPS
play a pivotal role in septic shock, a syndrome of sys-
temic toxicity which occurs frequently when the body’s
defense mechanisms are compromised.>® Gram-nega-
tive sepsis is the thirteenth leading cause of overall mor-
tality’ and the number one cause of deaths in the
intensive care unit,® accounting for more than 200,000
fatalities in the US annually.” The presence of LPS in
the systemic circulation causes an uncontrolled activa-
tion of the innate immune system'%!! leading to the pro-
duction of numerous inflammatory mediators, including
tumor necrosis factor-o (TNF-a), interleukin-1 B (IL-
1B), and interleukin-6 (IL-6),'%!3 culminating in the fre-
quently fatal multiple system organ failure.

The toxic moiety of LPS resides in its glycolipid com-
ponent called Lipid A, which is composed of a hydro-
philic, bis-phosphorylated diglucosamine backbone,
and a hydrophobic domain of 6 (Escherichia coli) or

Keywords: Lipopolysaccharide; Sepsis; Septic shock; Endotoxin; Acyl-

polyamines; Lipopolyamines.
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7 (Salmonella) acyl chains'* (Fig. 1). The pharmaco-
phore necessary for the neutralization of lipid A'> by
small molecules requires two groups protonatable at
physiological pH, with an intervening distance of
~14 A, enabling ionic H-bonds between the cationic
groups and the lipid A phosphates. In addition, appro-
priately positioned pendant hydrophobic functionalities
are required to further stabilize the resultant complexes
via hydrophobic interactions with the polyacyl domain
of lipid A (for a recent review, see Ref. 16). In two re-
cent studies of the effect of the hydrocarbon chain
length in two series of acylhomospermines, it was
shown that C¢ is the ideal lipophilic substituent, corre-
sponding to maximal affinity, optimal aqueous solubil-

OH

OH
o (0]
10
10

Figure 1. Structure of Lipid A, the toxic principle of
lipopolysaccharide.
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ity (and bioavailability), and neutralization poten-
cy.!”18 In building on our earlier work focused upon
acylated spermines, this paper examines spermine-sul-
fonamides composed of various types of lipophilic
groups with a view to correlating such structural mod-
ifications on the affinity of binding to LPS and on the
potency of abrogating endotoxicity in in vitro neutral-
ization assays. We specifically address several key ques-
tions: (i) will spermine-sulfonamides display similar
activity to previously studied acylspermines, (ii) what
is the relationship between lipophilicity of the substitu-
ent hydrophobic groups and binding activity, and (iii)
can highly lipophilic aryl groups effectively mimic long
hydrocarbon chains?

The analogs described were produced as shown in
Scheme 1 (Supplemental Data). The relative binding
affinities of the analogs are reported in Table 1 (bis-
substituted analogs were also isolated and showed high-
er EDsy values, for the sake of brevity, representative
data on the mono-substituted compounds are shown)
as half-maximal effective displacement of probe (EDsg)
obtained using a high-throughput fluorescence-based
displacement assay, employing BODIPY-TR cadaverine
(BC).!2° Polymyxin B (PMB), a decapeptide antibiotic,
known to bind and neutralize LPS,2!2* was used as a
reference compound.

As is evident in Table 1, a clear trend toward higher-af-
finity binding by those analogs with more lipophilic sub-
stituents was observed. An especially instructive series
was the chloro-substituted phenyl derivatives: phenyl
(3, 2955 uM), 4-monochloro (7, 158 uM), 2.4-dichloro
(8, 56 uM), 2,4,5-trichloro (12, 19 uM), and 2,3,4-tri-
chloro (13, 9 uM).

The correlation between lipophilicity and binding was
also observed for the aliphatic monosulfonamides:
butyl (1, >10,000 uM), octyl (15, 5uM), decyl (17,
3 uM), dodecyl (18, 3 uM), hexadecyl (19, 2 uM),
and octadecyl (14, 6 uM). Both series display maxi-
mal binding affinity leveling off at a chain length of
16. We analyzed the correlation between experimen-
tally determined binding activity for the monosulf-
onamide spermine analogs and their calculated
lipophilicity (cLogP). As shown in Figure 2, a dis-
tinct correlation between these two parameters was
observed, with an R? value of 0.756 for a first-order
exponential fit.

Inhibition of LPS-induced nitric oxide (NO) production
(measured as nitrite) by the sulfonamide analogs in mur-
ine J774 cells was performed as published previous-

H
H

RSO,CI (1.0 equiv), EtzN, CHyCly.

1" H
R/ﬁ‘N/\/\N/\/\/N\/\/NHZ
H H

Scheme 1. Synthesis of spermine-sulfonamides.

Table 1. Binding affinity of mono-substituted spermine-sulfonamides

0
1 H
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O H H
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2 N 4877
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5 Z&% 1675
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6 /©/ 884
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, or 15
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3 r 36
cl cl
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18 CH5(CH,),oCHa— 3
19 CH5(CH,),4CH,— 2
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Figure 2. Correlation of binding affinity and lipophilicity in spermine
monosulfonamides.

ly.!7-25 In parallel, we also examined dose-responses in
the inhibition of induction of NF-«kB (a key transcrip-
tional activator of the innate immune system, leading
to uncontrolled cytokine release)>>-2°. NF-kB was quan-
tified using human embryonic kidney 293 cells cotrans-
fected with TLR4 (LPS receptor), CD14 and MD2
(co-receptors), available from InvivoGen, Inc. (HEK-
Blue™, San Diego, CA) as described elsewhere.?® A clear
relationship between binding affinity and both NO and
NF-«B in vitro ICsy values is evident (Fig. 3). While
the dynamic range for the BC displacement assay is very
large (nM to mM)), linearity for both the NO and NF-kB
assays is limiting, resulting in significant deviations from
nonlinearity for ICsqy values above 30 uM (1.5 on the log
scale). Indeed, piece-wise linear regressions yielded R
values of 0.78 and 0.83 for the NO and NF-«xB assays,
respectively (Fig. 3).

We have established that NF-kB inhibition is best corre-
lated with a definitive murine model'”-** of endotoxic
shock. We therefore sought to compare the potencies
of the high affinity long-chain monosulfonamides with
PMB. As shown in Figure 4, several long-chain mono-
sulfonamide compounds compare very favorably with

2.54
s ] [ ]
£ 20 * M
. .l.% U . .
O ) e
; 1.5 ° .. ®
b3 ]
= 104 = mn
c
ke 1
T 0.54
N ]
©
5= 0.0
>
2 = NFB
-0.54
e ] ® NO
g
< -1'O_| T T T T T T
= 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Binding Affinity: Log (ED,; uM)

Figure 3. Correlation of binding affinity with NF-xB and NO
inhibition in vitro of the monosulfonamides. Piece-wise linear regres-
sion lines show the experimentally useful range of linearity (<100 pM;
solid line).

—0—14;2.1x10°M

83? ~X—0—9 —0—17;3.1x107M
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—F—PMB; 2.0 x 10" M

/
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o
o
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Figure 4. Comparison of NF-kB inhibition by long-chain sulfona-
mides and polymyxin B. ICs, values were determined by four-
parameter logistic fits.

PMB, the dose-response for 19 being virtually indistin-
guishable from that of PMB (Fig. 4).

These results confirm that long-chain aliphatic append-
ages on spermine-like polyamine scaffolds yield the most
potent anti-endotoxin compounds as a consequence of
imbuing optimal hydrophobic character. Simple ¢ Log P
calculations may thus serve as a useful tool in conjunc-
tion with detailed in silico design and docking experi-
ments?’ to construct focused libraries. As the last
group of mostly unexploited drug targets, complex car-
bohydrates represent an especially challenging group of
biomolecules with which to design specific recognition
molecules. The complex interplay of hydrogen-bond
complementarity, charge, and lipophilicity in interaction
with membrane-associated receptors greatly contributes
to this challenge. The set of molecules described in this
report showcases the role that lipophilicity plays in Lip-
id A recognition. Given their ease of synthesis, potent
LPS-neutralizing effects, and activity in a cell-based as-
say, these spermine-sulfonamide analogs may serve as
candidates for animal testing and further preclinical
development. A detailed characterization of the endo-
toxin-sequestering activities of 19 will be reported
elsewhere.
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Abstract—A number of new pyrimido[5,4-b]indole and [1]benzothieno[3,2-d]pyrimidine derivatives were synthesized and evaluated
for their binding and functional properties at oj-adrenergic receptor (o;-AR) subtypes. They behaved as potent o;-AR antagonists.
In binding experiments, some of them (RC24 and RC23) showed very high affinity for the a;p-AR subtype.

© 2006 Elsevier Ltd. All rights reserved.

oi-Adrenergic receptors (a1-ARs) belong to the seven-
transmembrane-domain receptor superfamily and play
a primary role in the regulation of several physiological
processes, particularly in the cardiovascular system. Up
to date, three different o;-AR subtypes, namely o4-,
o8-, and oy p-AR, have been cloned and characterized.!
In the past decades, several non-subtype-selective o;-AR
antagonists, such as prazosin, the prototype of this class
of substances, doxazosin and terazosin, have been used
as effective antihypertensive drugs and, more recently,
in the symptomatic treatment of lower urinary tract
symptoms (LUTS) suggestive of benign prostatic hyper-
trophy (BPH).2

Intensive research in academia and pharmaceutical
industries has led to the discovery of a number of sub-
type-selective antagonists, particularly for the oja-AR
which seems the main subtype involved in bladder outlet
obstruction in patients with BPH. However, recent evi-
dence has led to a re-evaluation of the role of the oya-
AR subtype in BPH. In clinical trials, highly selective
a1a-AR antagonists, although effective in increasing uri-
nary flow rate, failed to provide relief of the subjective

Keywords: o,-Adrenoceptor; Ligand; Antagonist; Synthesis; o p-Adre-

noceptor subtype.
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irritative and filling symptoms associated with BPH.3
Thus, there is as yet no clinical validation that such sub-
type-selective agents will provide any clear therapeutic
advantage. On the other hand, increasing evidence has
also supported the role of the o;p-AR subtype in medi-
ating some aspects of BPH symptomatology.* This has
led to the hypothesis that a mixed o 5-/op-AR antago-
nist showing selectivity over o;3-ARs could be a superi-
or therapeutic agent in treating BPH.> Moreover, it has
been suggested that a selective o;p-AR antagonist could
be potentially useful in the treatment of LUTS in
women.*
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In the last decade, we have been involved in the devel-
opment of new selective o-AR ligands characterized
by a planar tricyclic system coupled to a pharmaco-
phoric phenylpiperazine (PP) moiety.'® Pyrimi-
do[5,4-bJindole-2,4-dione derivative RNS5 (1) and its
[1]benzothieno[3,2-d]pyrimido-2,4-dione analogue
RN17 (2) are two representative examples of such li-
gands. Although they were not able to discriminate
among the o;-AR subtypes, both showed remarkable
affinity with pK; values in the nanomolar range. Suc-
cessively, it was observed that the substitution of the
carbonyl moiety with a methyl group at the 2-position
of the tricyclic system of 1 led to ligands, such as RA36
(3), endowed with a certain degree of selectivity for the
(XID-AR.IO

On these premises and with the aim to obtain novel o-
AR subtype-selective ligands, in particular for the o;p-
AR, we synthesized a series of new tricyclic derivatives
8-12 and 19-22 based on the pyrimido[5,4-b]indole
and the [1]benzothieno[3,2-d]pyrimidine systems.

Like compounds 1-3, new derivatives bear a 2-[4-(sub-
stitutedphenyl)piperazin-1-yljethyl chain at the 3-posi-
tion of the tricyclic system. They show a 2-methoxy-5-
chloro or a 3,4-dichloro pattern of substitution on the
phenyl ring. In o;;-AR ligands belonging to the PP class,
nature and position of substituents on the phenyl ring
greatly influence their subtype-selectivity. In some cases,
it has been observed that the presence of two or more
halogen substituents enhances ligand selectivity for
o1p-AR over other two o;-AR subtypes, serotonin,
and dopamine receptors.!!-!?

Preparation of tricyclic derivatives 8-12 and 19-22 was
carried out as outlined in Schemes 1-3. Starting N-(2-
chloroethyl)ureas 4 and 5,%® obtained by reaction of 2-
chloroethyl isocyanate with the suitable indole or
benzo[b]thiophene amino ester, were caused to react
with 1-(5-chloro-2-methoxyphenyl)piperazine!® (6) or
1-(3,4-dichlorophenyl)piperazine (7) to give tricyclic
compounds 8-11 in good yields. Reaction of 9 with
iodomethane in dry DMF afforded dimethylated deriva-
tive 12 (Scheme 1). In Scheme 2 is outlined the synthetic
pathway for the preparation of 16, a key intermediate
for the synthesis of final compounds 21 and 22. 3-Ami-
no-2-ethoxycarbonylbenzo[b]thiophene (13) was caused
to react with 1,1,1-triethoxyethane to give the iminoe-
ther 14. Then, reaction with 2-ethanolamine trans-
formed 14 to the tricyclic alcohol 15 which, in turn,
was converted to the alkyl chloride hydrochloride 16.

Finally, compounds 19-22 were obtained in good yields
by heating at 140 °C chlorides 16 and 17 with the suit-
able piperazines 6, 7, and 18 in the absence of solvent
(Scheme 3).

Synthesized compounds were characterized by 'H
NMR, IR spectra, and elemental analysis; analytical
data were consistent with the proposed structures. De-
tailed synthetic procedures along with analytical data
are given for final derivatives 8 and 21.!413

R1
cl \/\
\_\ /o) | +R2
=
HN—4{ a
NH + N —
oJ j
> N
X o H
4: X =NH 6: R' = 2-CH;0; R? = 5-Cl
5X=S 7:R'=3-Cl; R2 = 4CI

for9

8: X = NH; R = 2-CH;0; R2 = 5-C|
9: X = NH; R' = 3-CI; R? = 4-C|
10: X = S; R' = 2-CH;0; R? = 5-C|
11: X = §; R' = 3-Cl; R? = 4-CI

\ 0] ~\
N—/<N_/—N N cl
% ol
’Tl o]
12

Scheme 1. Reagents and conditions: (a) 140 °C, neat, 1 h; (b) NaH
(80% dispersion in mineral oil), iodomethane, dry dimethylformamide,
room temperature, 12 h.

15 16

Scheme 2. Reagents and conditions: (a) 1,1,1-triethoxy ethane, reflux,
24 h; (b) ethanolamine, reflux, 2 h; (c) thionyl chloride, toluene, reflux,
4 h.

Compounds 8-12 and 19-22 were evaluated in binding
assays on human o;5-AR, o;3-AR, and o;p-AR sub-
t}/zpes stably expressed in HEK293 cells using
[**I]BE2254 as radioligand.'® Their affinity values, ex-
pressed as pK;, are summarized in Table 1. For sake
of clarity, affinity values of parent compounds 1-3 are
also reported.

Derivatives 8-12, having a tricyclic moiety with a 2,4-
dione function, showed somewhat different structure—
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Scheme 3. Reagents and conditions: (a) 140 °C, neat, 1 h.

Table 1. Binding properties of new tricyclic derivatives

Compound pK* (M)
(X]A-AR O(]B-AR (X|D-AR

8 8.08 £ 0.06 7.97 £0.06 8.81 £0.09
9° nt nt nt

10 7.27 £0.06 7.04 £0.10 7.87£0.10
11 5.37£0.13 472 £0.16 6.51 £0.13
12 6.74 £ 0.01 6.22 +0.08 6.36 £0.12
19 8.88 £0.04 8.35+£0.04 9.78 £ 0.03
20 7.52%£0.13 7.08 £ 0.07 8.13£0.05
21 8.83£0.03 7.76 £ 0.03 9.40 = 0.05
22 8.46 £ 0.05 7.76 £ 0.03 9.08 = 0.05
1° 9.54 £0.14 8.74 £0.14 944 +0.11
2 8.48 £ 0.09 8.05%0.08 8.90 £ 0.12
3¢ 8.52£0.03 7.68 £ 0.05 9.39 +£0.19

#Each value is the mean * SE for data from three different experiments
conducted in duplicate.

°®Not tested (nt) due to its very low solubility.

¢ Binding data from Ref. 10.

affinity relationships with respect to compounds 19-22,
bearing a 2-methyl group in place of the carbonyl group.

With reference to the first set of derivatives, insertion of
a 5-chloro substituent on the phenyl ring of the PP moi-
ety was detrimental to affinity at all three o-AR sub-
types. This effect is clearly evidenced by pK; values of
8 and 10 in comparison with affinities of their parent
compounds 1 and 2. The 3,4-dichloro pattern of substi-
tution on PP moiety also was not well tolerated by
receptor binding sites. In fact, derivative 11 showed
the worst affinity in the series. Moreover, although it
was not possible to test indole analogue 9 due to its very
low solubility in the binding medium, the more soluble
dimethyl derivative 12 displayed affinity values in the
micromolar range only.

Again, among compounds 19-22, the 3,4-dichloro pat-
tern gave a molecule (20) which showed to possess mod-
est affinity. On the other hand, 2-methoxy-5-chloro

derivative 19 (RC24) emerged as one of the most inter-
esting ligands in the series. In fact, it displayed very high
affinity for the o;p-AR subtype (pK;=19.78). With re-
spect to its de-halogenated parent compound 3, it pre-
sents a higher affinity coupled to a common o;p-AR
selectivity. Among tested molecules, 2-methoxy deriva-
tive 21 (RC23) is another noteworthy ligand; it can be
considered the [l]benzothieno[3,2-d]pyrimidine ana-
logue of 3 and shares with the latter a very high affinity
and a slight selectivity for the ojp-AR.

Ligands 19, 21, and 22, along with their parent com-
pounds 1-3, were also tested in functional assays for their
activity at o-AR subtypes in isolated rat prostatic vas
deferens (o 4-AR), spleen (o;3-AR), and thoracic aorta
(o1p-AR).'¢ All tested compounds behaved as antago-
nists and their pKj, values are summarized in Table 2.

As a general trend, for the oy4- and the o;p-AR sub-
types, functional pKy, values were similar or slightly low-
er (about 10-fold) than the corresponding pK; values
obtained in binding experiments. However, for the
ag-AR subtype, most of pKj, values were higher than
the corresponding pK;. In particular, compound 3
showed an affinity in functional assays (pKp=9.73)
which is two orders of magnitude higher than that ob-
tained in binding assays (pK; = 7.68); similarly, in func-
tional assays compound 22 showed a selectivity for the
o1g-AR subtype which was not evident in binding
experiments.

Observed discrepancy between pKj, and pK;j values can
be ascribed to the obvious different experimental
conditions inherent to the two pharmacological assays,
particularly in the sources of receptor proteins (human
vs rat, cloned vs native). In this context, the recent body
of evidence suggesting that a;-ARs can form homo- and
heterodimers is intriguing.'® Thus, discrepancy in
pharmacological data could be also accounted for by a
possible different supramolecular organization of
homogeneous cloned receptors with respect to the native
receptors in tissues.!” A more detailed pharmacological
study on the most interesting molecules is in progress.

In conclusion, a series of new tricyclic pyrimido[5,4-b]in-
dole and [l]benzothieno[3,2-d]pyrimidine derivatives

Table 2. Antagonist potency, expressed as pKy, = SE values, of selected
tricyclic derivatives at o;-AR in isolated rat prostatic vas deferens
(o;4-AR), spleen (o13-AR), and thoracic aorta (o,;p-AR)

Compound pKy*
o a-AR o1g-AR oip-AR

1 8.46+0.10 8.67+0.21 8.71 £ 0.01
2 8.61+0.14 8.4410.15 8.89 £ 0.04
3 8.53+0.12 9.73£0.10 9.24 £ 0.09
19 7.60 £ 0.19 8.68 £ 0.07 8.39 £ 0.07
21 8.65 £ 0.09 7.63£0.14 898 £0.11
22 7.52+0.14 8.91+£0.09 7.57£0.16

apK,, values were calculated according to van Rossum!” at a single
concentration. Each concentration was investigated at least four
times.
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were synthesized and tested for their affinity at the three
o;-AR subtypes. In binding assays on human cloned
receptors, some new compounds such as 19 (RC24)
and 21 (RC23) showed very high affinity and a slight
preference for the o p-subtype. In addition, functional
tests in isolated rat tissues evidenced that new com-
pounds act as potent o;-AR antagonists.
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Abstract—PPAR ligands with varied subtype selectivity have been synthesized using an achiral aminomethyl dihydrocinnamate
template. Several compounds in this series have demonstrated potent plasma glucose and triglyceride lowering capability in rodent

models of type 2 diabetes.
© 2006 Elsevier Ltd. All rights reserved.

Modulation of the peroxisome proliferator-activated
receptors (PPARs) has been advanced as a means to
treat a number of diseases, ranging from metabolic
and cardiovascular disorders to inflammation and can-
cer.! The PPARs belong to the superfamily of nuclear
hormone receptors, and function as ligand-activated
transcription factors through heterodimers with the ret-
inoic acid X receptor (RXR), another nuclear hormone
receptor. There are 3 known PPAR subtypes: a, 6, and
v. PPARa is expressed primarily in metabolic tissues.
PPAR« agonists, such as fenofibrate (1) and clofibrate
(2), are used to lower serum triglycerides and raise
HDL cholesterol in humans (Fig. 1). PPARS is ex-
pressed broadly. While preclinical studies have deter-
mined a role for PPARS in the regulation of
cholesterol, PPARS agonists have yet to reach the
market.

PPARYy has been the most thoroughly studied PPAR
subtype. It is found primarily in adipose tissue, and is
expressed substantially in the liver, kidney, heart, and
skeletal muscle as well as in the colon, intestines, pancre-
as, and spleen. The selective PPARYy agonists on the
market today, rosiglitazone (3) and pioglitazone (4), be-

Keyword: PPAR.
* Corresponding author. Tel.: +1 317 277 7226; e-mail: amw@lilly.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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long to the thiazolidinedione (TZD) class of compounds
and are currently used to treat type 2 diabetes (Fig. 1).
These chiral compounds have been developed as race-
mates because of the propensity of their chiral centers
to epimerize in vivo. As illustrated by rosiglitazone, this
property leads to reduced compound efficiency since
only the (S)-enantiomer was determined to be a high
affinity ligand for PPARYy.2 The TZD functionality
participates in an extensive hydrogen bonding network
within the receptor to promote functional activity.?
Carboxylic acids can also participate in this hydrogen
bonding interaction.®® The in vivo racemization
potential of chiral carboxylic acid containing com-
pounds varies by their overall structure.* A number of
carboxylic acid-based PPARY dominant agonists, GI
262570 (5),° BMS 298585 (6).° and LYS519818 (7)7
among others, have been advanced to clinical trials
(Fig. 2). These PPAR agonists share common structural
features: a 1,4-disubstituted benzene core and heteroat-
om substituents nestled around a terminal carboxylic
acid group.

In this communication, we describe the synthesis and
biological evaluation of a new class of PPAR agonists,
the aminomethyl dihydrocinnamates (AMCs). As part
of our overall effort to identify compounds with varied
affinities for PPARs, we recognized certain favorable
structural features of the AMC template (8) as a starting
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Figure 2. Non-TZD PPAR agonists in the clinic and a new PPAR ligand template.

point to develop novel PPAR ligands. This achiral tem-
plate lacks the potential for racemization and maintains
functionality for the key hydrogen bonding interactions
with the receptors. The aminomethyl substitution on the
phenyl ring permits interactions with the PPARs that
are possible with the substituents alpha or beta to the
carboxylic acid group in the compounds presented in
Figure 2.

Compounds 15-19 and 33-38 were synthesized by the
routes detailed in Schemes 1-4. The general synthetic
strategy involved the reaction of a phenolic headpiece
and a tailpiece tosylate. The specific method used to
elaborate the aminomethyl substitution is presented in
Scheme 1. Silyl ether protection of phenol 9 and subse-
quent radical bromination using NBS gave benzyl bro-
mide 10. Treatment with potassium phthalimide
introduced the latent amino group. Heck coupling and
fluoride ion mediated silyl ether cleavage provided
hydroxycinnamate 11. Hydrogenation yielded the dihy-
drocinnamate (12), which was coupled with tailpiece
tosylate 13® using cesium carbonate in DMF. The
phthalimide protecting group was removed under mild
reductive-hydrolysis conditions to give the amine salt
14. The free amine was released with saturated aqueous
bicarbonate and treated with the appropriate electro-
phile to afford final compounds 15-19 after ester cleav-
age using trifluoroacetic acid.

An alternate approach for the headpiece preparation is
described in Scheme 2. Phenol 20 was brominated and
subjected to Heck coupling conditions to provide cinna-
mate 21. The aldehyde group was converted to the cor-
responding oxime; hydrogenation yielded aminomethyl
hydroxy-dihydrocinnamate 22. The amine function
was modified selectively with isopropyl chloroformate
to give carbamate 23 or with 2-pyrazine carboxylic acid
and EDC to give amide 24. Synthetic routes toward tail-
piece variations are given in Scheme 3. Aryl bromide 25°
was transformed to boronate 26, which underwent Su-
zuki coupling with 2-chloropyrimidine to give 27. Alter-
nately, the benzyl ether of 25 was reacted with phenol
via palladium catalysis to provide phenyl ether 29.
Hydrogenolysis gave the primary alcohol, which was
treated with tosyl chloride to give tosylate 30. Tosylate
31 was prepared from the corresponding alcohol ob-
tained via Suzuki coupling of 25 with phenyl boronic
acid.” Tosylation of the known thiazole alcohol®® pro-
vided 32. Reacting headpiece phenols 23 and 24 with
tailpiece tosylates 28 and 30-32 using cesium carbonate
in DMF followed by treatment with trifluoroacetic acid
gave final compounds 33-38 in good overall yields
(Scheme 4).

AMC derivatives 15-19 and 33-38 were evaluated in
binding and co-transfection (CTF) assays to determine
intrinsic receptor affinities (ICso) and functional activities
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(% efficacy; ECs), respectively, for each PPAR subtype
(Table 1). Compounds with efficacies greater than 50%
were considered agonists. Most of the AMC compounds
with ICsq values less than 1 pM were found to be agonists.
Data for PPARS are not included in the table, since none
of the compounds demonstrated significant binding or
efficacy.

Variations at the aminomethyl substituent were evaluat-
ed. Within an initial series of related phenyl-substituted
carbamate, urea, amide, and sulfonamide compounds
15-18, SAR trends became evident. With respect to
binding, carbamate 15 was the most potent for both
PPARY and a. The corresponding amide (17) and relat-
ed sulfonamide (18) exhibited PPARYy binding similar to
carbamate 15, but showed ~10-fold weaker affinity for
PPARua. The urea analog (16) showed the weakest bind-
ing for PPARY but offered the greatest selectivity versus
PPARa. PPARa functional activities among these com-
pounds derived from the cell-based CTF assay roughly
followed the trends in binding results. While the PPARYy

binding affinity and functional potency were equivalent
for carbamate 15, larger differences (4- to 7-fold) were
noted with 16-18. These data suggest the potential value
in using the AMC template in PPAR ligand design.

A dramatic improvement in both binding and CTF
activities was realized by going from the benzyl to the
isopropyl carbamate substituent (15 vs 19); the 5-fold
PPARYy/a selectivity in binding was maintained. Chang-
ing the amide substituent also led to a compound (36)
with a greatly improved in vitro profile. For pyrazine
carboxamide 36, the PPARYy/a binding selectivity was
reduced to 3-fold.

Tailpiece modifications were evaluated also. Phenyl,
phenoxy, and 2-pyrimidinyl substitution on the tailpiece
phenyl group provided compounds (33-35 and 37) with
PPARY binding similar to that of the parent compound
but with greater PPARY/a selectivity. The 2-pyrimidine-
containing AMC (35) was found to be a potent and
selective PPARYy agonist with 200-fold binding and

Table 1. Binding ICsy® co-transfection efficacy and ECs*° and in vivo data

Compound hPPARYy hPPARa In vivo
ICso (nM) ECs (nM) CTF %Eff ICso (nM) ECso? (nM) CTF %Eff dbldb mouse ZDF rat

versus (3)° EDso mpk’

15 91 +27 115£20 65+2 441 + 124 515+ 86 54+2

16 706 + 188 2684 + 34 24£2 >10,000 NC 5+£0.5

17 161 + 32 1019 + 186 52+2 4962 + 842 2801 + 127 32+1

18 72+22 527 £ 64 56+2 3390 £ 1064 2940 * 46 33+3

19 26+ 6 8+2 72+4 146 £ 33 70 £ 13 512 58 (33) Not tested

33 47%16 19+ 10 92+4 3489 £ 917 845 + 66 52+3 56 (49) 0.02 £ 0.06

34 50 + 27 2+1 80+2 516 + 161 78 £ 11 46 £ 2 Not tested 0.05%0.04

35 50 +21 4%1 85+4 9940 % 60 900 £ 143 371 52 (36) 0.04 £0.01

36 17£5 7x1 70+ 6 53+ 17 35+4 60+ 4

37 26+ 15 2+0.3 84 +4 449 + 195 198 + 53 68 +2 87 (33) 0.03 £ 0.01

38 2+1 28+ 6 57+3 1495 £ 342 986 + 118 37+1 58 (49) 0.12£0.03

3 678 308 +21 100 >10,000 NC 9 0.41%0.12

1b® >10,000 NC 9+4 >10,000 2646 £ 78 35+1

# Concentration of test compound to required to displace 50% of tritiated ligand: PPARo/PPARS agonist, 2-(4-{2-[3-(2,4-difluoro-phenyl)-1-heptyl-
ureido]-ethyl}-phenoxy)-2- methyl-butyric acid and PPARYy agonist, 2-methyl-2-(4-{3-[propyl-(5-pyridin-2-yl-thiophene-2-sulfonyl)-amino]-pro-

pyl}-phenoxy)-propionic acid.

® Concentration of test compound to that produces 50% of the maximal reporter activity as determined in CV-1 cells; maximum efficacy as % of

maximum efficacy of a standard: unlabeled ligands in note a.

“Mean of at least 3 determinations * standard error; NC, not calculated for efficacy <20% standard at 10uM.

9 Gald-hPPAR« was used to eliminate interference by endogenous PPARY.

¢dbldb mice were dosed orally 30 mg/kg for 7 days using 30 mg/kg rosiglitazone (3) as a standard; % normalization = [(vehicle — compound)/

(vehicle — 200)] x 100.

TEDs, values in mg/kg were calculated from the day 7 change-from-baseline data versus dose by regression-based MED analysis.

¢ Fenofibric acid (1b) is the active metabolite of fenofibrate (1).
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CTF selectivities versus PPARa. The improved gamma
selectivity of these substituted tailpieces can result from
differences in the receptor binding as seen through
molecular docking studies with 15 and 35 into PPARYy
(PDB: 1fm9) and PPARao (PDB: 1k71).!° Substitution
on the terminal phenyl ring introduced unfavorable ste-
ric interactions with the PPARo LBD Tyr334, Cys275,
and Leu254 side chains; this steric effect is absent with
the corresponding Glu343, Gly 284, and Ile262 side
chains in PPARY. Finally, incorporation of the morpho-
linothiazole-based tailpiece led to a potent PPARYy
agonist (38). Compared to the phenyloxazole-based
tailpiece analog (19), AMC 38 had equivalent PPARY
binding but 11-fold greater PPARYy/a selectivity.

The functional potencies (ECsgs) of these more tightly
bound ligands were consistently less than or equal to
the ICsq values, and the ratios between these values var-
ied considerably. The many parameters involved in the
CTF assay; cell type, response element, co-activators,
nuclear and cell membrane penetrability, among others;
may account for these differences. While in vitro charac-
terization helped to prioritize compounds for in vivo
study, the in vitro data did not correlate rigorously with
in vivo responses (vide infra).

Two rodent models of type 2 diabetes responsive to
PPARY modulation, the db/db mouse'!® and the male
Zucker diabetic fatty (ZDF) rat,''® were used to evalu-
ate several of these AMC compounds (Table 1). In
dbldb mice, compounds were dosed orally at 30 mg/kg
for 7 days, and % glucose normalizations relative to
plasma glucose levels of lean animals were determined
using rosiglitazone (3) as an internal standard in each
study. Dose-response studies in ZDF rats (7 days at
0.3, 1, 3, and 10 mg/kg) generated EDs, values. The
AMC PPARY in vitro profiles translated nicely into in vi-
vo responses. The AMC compounds tested in db/db mice
produced plasma glucose reductions similar to or sub-
stantially better than rosiglitazone. All of the AMC
compounds tested in the ZDF rat normalized plasma
glucose and were significantly more potent than rosiglit-
azone with EDsq values ranging from 0.02 to 0.12 mg/kg
versus 0.41 mg/kg, respectively. A concomitant lowering
of plasma triglycerides with reductions in plasma glu-
cose was observed in both rodent models.

Differences between human and mouse PPARa have been
documented in the literature.!> The AMC compounds in
Table 1 uniformly lacked functional mouse PPARa activ-
ity as determined through CTF assays, precluding their
evaluation in our PPARa responsive animal model.

In summary, the value of the AMC template in PPAR
ligand design has been demonstrated. By varying the
substitution on the amino group and the tailpiece, com-
pounds were identified having potent PPARY binding
affinity and functional activity with varying degrees of
PPARa activity. Reductions in plasma triglycerides
and glucose by these compounds in rodents models of
type 2 diabetes sensitive to PPARy were observed.
Further SAR studies with the AMC template will be
reported in due course.
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Abstract—Biologically active small molecule derivatives that can be conjugated to quantum dots have the promise of revolutionizing
fluorescent imaging in biology. In order to achieve this several technical hurdles have to be surmounted, one of which is non-specific
adsorption of quantum dots to cell membranes. Pegylating quantum dots has been shown to eliminate non-specific binding. Con-
sequently it is necessary to develop a universal synthetic methodology to attach small molecule ligands to polyethylene glycol. These
pegylated small molecules may then be conjugated to the surfaces of quantum dots. Ideally this universal strategy should be adapt-
able and be applicable to PEG chains of varying lengths. This paper describes the development of one such methodology and the
synthesis of a pegylated derivative of the known SHT, agonist 1-(2-aminopropyl)-2,5-dimethoxy benzene. This compound was test-

ed and found to be an agonist for the SHT,5 and SHT,c receptor having ECs values of 250 and 50 nM, respectively.

© 2006 Elsevier Ltd. All rights reserved.

Since their introduction into biological imaging in
1998'2 quantum dots have shown great promise as fluo-
rescent imaging agents. Their unique fluorescent proper-
ties include narrow emission spectra, photostability, and
high quantum yields making them superior to conven-
tional organic fluorescent dyes.>® To have biologically
specificity the surfaces of quantum dots are modified
with biologically active molecules such as proteins,'%!!
nucleic acids,'> ' peptides,'> ¥ small molecules,'® 23
and antibodies.>*?° Studies have also reported their
use in vitro® and in vivo. For example, quantum dots
have been used as medical imaging agents to label senti-
nel lymph nodes thus eliminating the requirement for
radioactive tracers.?!

In order to use quantum dots as imaging agents in biol-
ogy a number of physical properties are required. These
include colloidal stability in saline, high quantum yields,
and low non-specific adsorption to cellular membranes.
A number of strategies have been developed to achieve
these goals; these include encapsulating in micelles,??

Keywords: Nanocrystals; Quantum dots; Polyethylene glycol; SHT,4

agonist.
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silinization,? encapsulation in amphiphilic polymers,2®

and encapsulation in proteins such as avidin and strep-
tavidin.?® Quantum dots encapsulated in modified
amphiphilic polyacrylamide (AMP) are extensively used.
This polymer has carboxylic acid functionalities that can
be conjugated to ligands using coupling reagents such as
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride (EDC). We have reported that the non-specific
adsorption of AMP dots to cellular membranes may be
reduced by pegylating the surfaces of the AMP dots.>*

In order to take advantage of this PEG/AMP strategy we
have developed a synthetic methodology to synthesize
PEG derivatives that may be attached to small organic
molecules or peptides and subsequently conjugated to
AMP dots. We have designed this methodology to be
generic and applicable to a wide range of PEG lengths
as we have reasoned that the length of the PEG chain
may be important in ligand binding. In this letter we re-
port the synthesis and characterization of a universal
PEG linker. We demonstrate this strategy for 1-(2-
aminopropyl)-2,5-dimethoxy benzene (1), a compound
that has high affinity for SHT,4 and SHT,c receptors.

In early work we synthesized a derivative of the known
SHT,4 agonist (1). An alkyl linker arm was attached to
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NH,

(€))

the aromatic ring resulting in 6-(2,5-dimethoxy-4-(2-
aminopropyl)phenyl)hexylthiol (2). The ability of (2)
to initiate the production of inositol pyrophosphate in
stably transfected LLC cells was measured and found
to be 88 nM for the SHT, 4 receptor. The synthetic route
used to synthesize this ligand is described in an earlier
publication.3?

To reduce non-specific adsorption to cell membranes
we have designed an analog of (2) that incorporates
a PEG chain (3). This PEG chain is amino terminated
and may be conjugated to the AMP surface of quan-
tum dots.

NH,

Q

HN 0]
Y\O NH,
O n

3)

The synthetic methodology used to synthesize our func-
tionalized PEGs and attach them to our ligand is outlined
in Schemes 1-3. The synthesis of the #-Boc-protected
SHT, agonist derivative is shown in Scheme 1.

NH,
o}
e
o/
2
SH
tert-butyl  1-(4-(6-aminohexyl)-2,5-dimethoxyphenyl)-

propan-2-ylcarbamate (4) was synthesized by converting
the intermediate (5) to (4) in a 73% yield using hydrazine
monohydrate. tert-Butyl 1-(4-(6-(1,3-dioxoisoindolin-
2-yhhexyl)-2,5-dimethoxyphenyl)propan-2-ylcarbamate
(5) was synthesized using two different methods: in one
method terz-butyl 1-(4-(6-hydroxyhexyl)-2,5-dimethoxy-
phenyl)propan-2-ylcarbamate (6) was converted to the
intermediate (5) using a Mitsonubi reaction giving (5)
in a 67% yield. Alternatively 6-(2,5-dimethoxy-4-(2-
[N-(tert-butoxycarbonyl)aminopropyl]phenyl)hexylbro-
mide (7) was reacted with potassium phthalimide giving
(5) in a 40% yield. These compounds were characterized
by '"H NMR and '*C NMR.

The polyethylene glycol linker arm was synthesized from
a commercially available polyethylene glycol and the
synthetic methodology used is shown in Scheme 2. All
the pegylated derivatives were characterized by NMR
and MALDI mass spectrometry. For our purposes we
selected PEG 600 which was initially reacted with
phthalimide using a Mitsonubi reaction giving the mono
substituted product (8) in a 40% yield. The terminal
hydroxyl group was oxidized using 70% nitric acid at
80 °C giving the desired carboxylic acid (9) in a 99%
yield.

Compound 4 was coupled to the PEG chain and the
methodology used is outlined in Scheme 3.

The monophthalimide derivative of the PEG 600 car-
boxylic acid (9) was coupled to 0.85 g of (4) using a
DCC coupling in methylene chloride to give 1.1 g of
the phthalimido protected PEG derivative of (10). The
phthalimide was removed by dissolving (10) in ethanol
and adding hydrazine monohydrate. This gave 0.85 g
of (11). The t-Boc-protecting group was removed by stir-
ring a solution containing 0.1 g of (11) dissolved in
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Scheme 1. Reagents: (i) Phthalimide, DIAD, PPh;; (ii) Potassium phthalimide; (iii) hydrazine hydrate.
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Scheme 2. Reagents: (i) PPhs, DIAD; (ii) 70% HNOs.

methylene chloride with trifluoroacetic acid resulting in
0.09 g of (III).

The MALDI spectrum of compound 3 is shown in
Figure 1. The peaks shown indicate that there are differ-
ent length PEG chains in the polydispersed PEG 600 con-
jugated to the agonist. As can be seen the predominant
masses are 902.6, 946.6, and 990.7 which correspond to

=11, 12, and 13. An AMI1 optimization of an entirely
trans isomer with n = 12 renders a total length from quan-

tum dot attachment to ligand of ~46 A, indicating that
when the ligand is bound to the AMP dot the ligand is
well removed from the AMP surface.?® Shorter and long-
er PEG chains were also observed in MALDI however
these were not the predominant species.

Compound 3 was tested for its ability to initiate Phos-
phoinositide hydrolysis, which was determined in
NIH3T3 cell lines stably expressing 5-HT, or 5-HT,c
receptors as described by Barker et al.>” Compound 3
stimulated phosphoinositide hydrolysis in NIH 3T3 cells
expressing the rat 5-HT,a receptor with an ECsy of
250 nM. In NIH 3T3 cells expressing the rat 5-HT,c
receptor, the ECsy of compound 3 was 50 nM. Thus,
compound 3 demonstrates agonist properties at the
5-HT,4 and 5-HT,c receptor.

One concern when conjugating positively charged small
molecules to the surface of negatively charged AMP
dots is the possibility of electrostatic interactions caus-
ing the ligand to fold over. We have studied similar
systems where this was not any apparent problem. In
one instance serotonin was conjugated to carboxylic
acid coated dots through a short linker.?° Electrostatic
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Figure 1. MALDI-TOF mass spectrum of compound 3.

interactions between the ligand and the dots’ surface
may be likely due to the proximity of the serotonin to
the surface of the dot, however the serotonin-conjugated
nanocrystals were biologically active as determined by
competitive uptake assay, electrophysiology, and fluo-
rescent labeling. In general one might expect that a

ligand that is further removed on a longer PEG should
have weaker interactions with the dots’ surface.

In conclusion we have developed a universal strategy for
synthesizing amino-terminated PEGs that may be at-
tached to agonists and antagonists and conjugated to
the surfaces of AMP-coated quantum dots. This chemis-
try is generic and may be used with a wide range of PEG
chain lengths and a number of different agonists or
antagonists. When 1-(2-aminopropyl)-2,5-dimethoxy
benzene was conjugated to PEG chains biological activ-
ity was retained and we hope to use such systems in fu-
ture imaging applications.
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Abstract—A rapid analogue approach to identification of spirohydantoin-based CGRP antagonists provided novel, low molecular
weight leads. Modification of these leads afforded a series of nanomolar benzimidazolinone-based CGRP receptor antagonists. The
oral bioavailability of these antagonists was inversely correlated with polar surface area, suggesting that membrane permeability was
a key limitation to absorption. Optimization provided compound 12, a potent CGRP receptor antagonist (K; = 21 nM) with good

oral bioavailability in three species.
© 2006 Elsevier Ltd. All rights reserved.

Migraine is a chronic, highly disabling disorder that af-
flicts more than 10% of adults and is often characterized
by severe, unilateral headache.! The pathophysiology is
thought to involve dilation of cranial blood vessels and
activation of the trigeminovascular system.”> The pre-
ferred treatment for acute migraine is the triptan class
of 5-HT;g,p receptor agonists, although these com-
pounds are contraindicated for patients with cardiovas-
cular disease because they are potent vasoconstrictors.
A number of lines of evidence have implicated the neu-
ropeptide calcitonin gene-related peptide (CGRP) as a
key player in migraine pathology.> Moreover, the po-
tent, intravenously administered CGRP receptor antag-
onist BIBN4096BS (olcegepant) demonstrated clinical
proof of concept for the acute treatment of migraine
headache.* BIBN4096BS achieved comparable efficacy
to that seen historically for triptans and no serious

Keywords: CGRP  receptor antagonists; CGRP; Migraine;
Spirohydantoin.
* Corresponding author. E-mail: ian_bell@merck.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.09.045

adverse effects or changes in hemodynamics were ob-
served.’ Therefore, a CGRP receptor antagonist suitable
for oral administration may represent a significant ad-
vance in acute migraine therapy.

Our program to develop orally bioavailable, small
molecule CGRP receptor antagonists began with the
identification of benzodiazepinone 1 (Fig. 1, CGRP
K; = 4800 nM) via high throughput screening.® Initial
work focused on replacement of the tetralin spirohydan-
toin fragment with a variety of piperidinyl privileged
structures and led to nanomolar antagonists, including
some with modest oral bioavailability.®’

h';"e o RN
O f 0 N)Qo
:\N "’NXN H
i H H
1

Figure 1. High throughput screening lead.
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In a complementary approach, we sought to replace the
benzodiazepinone moiety in 1 using a rapid analogue
strategy, as illustrated in Figure 2. Briefly, three spiro-
hydantoin templates (two tetralins and one indane) were
chosen to display potential benzodiazepinone replace-
ments from different vectors with respect to the hydan-
toin pharmacophore. The templates were derivatized
using several linkers (e.g., X = NH(CO)NH, CONH,
SO,NH, NHCO) to attach a wide variety of fragments
(generally with M, < 200).

Screening of such analogues yielded a number of struc-
turally diverse antagonists with K; < 100 uM, including
representatives of the three templates shown in Figure
2 and a variety of linkers. Compounds 2 and 3 (Table
1), in which a simple benzoxazolinone was substituted
for the benzodiazepinone in 1, were among the most po-
tent leads and were selected for further evaluation. The
tetralin 2 (K; =607 nM) exhibited improved intrinsic
potency relative to 1 combined with reduced molecular
weight, while indane 3 offered a further boost in potency
(K; =309 nM). A small potency advantage for indanes
versus tetralins was consistently observed in this series
of compounds so the remaining discussion will focus
on indanyl analogues.

Methylation of the spirohydantoin moiety provided 4
(Table 1), which exhibited improved potency compared
with 3 in the radioligand binding assay and as a
functional antagonist in the cell-based assay
(ICso = 1400 nM).® Resolution of the racemic 4 demon-

o\xgigf;/io gx
Q

= benzodiazepinone replacement

Figure 2. Rapid analogue strategy.

strated that the potency essentially resided in the
(R)-enantiomer (5), while the (S)-enantiomer (6) was
significantly less active. The preference for (R)-ind-
anylspirohydantoin was consistent in this series of antag-
onists, therefore only the (R)-enantiomers of the
analogues in Table 2 will be discussed (vide infra).
Replacement of the benzoxazolinone in lead 3 with benz-
imidazolinone gave compound 7, which was equipotent
with 3 in the binding assay but about 4-fold more potent
in the cell-based assay. Substitution at the benzimidazoli-
none nitrogen led to the methyl analogue 8 and phenyl
analogue 9, both of which exhibited enhanced intrinsic
potency (Table 1). Combining the modifications in com-
pounds 5 and 7 afforded benzimidazolinone 10 (Table
2), which possessed similar affinity to 5 for the CGRP
receptor (K; = 43 nM).

The unsubstituted benzimidazolinone nitrogen in com-
pound 10 could be derivatized with a wide variety of
substituents with no loss in potency. A subset of these
modifications, in which this position is substituted with
a series of cyclic groups, is shown in Table 2. The most
potent of these analogues were the thiazole 13 and iso-
thiazole 15, but a range of aryl, heteroaryl, and saturat-
ed rings were well tolerated. In general, there was a good
correlation between the K; values obtained in the radio-
ligand binding assay and the ICsq values for functional
antagonism, with the latter value being 3- to 5-fold less
potent than the former. Because a range of substituents
on the benzimidazolinone were consistent with good
potency, we reasoned that this may be an ideal site to

(0]
NH
=0 "
N QXL I %HXO

X = linker

Table 1. CGRP antagonist activity of benzoxazolinone and benzimidazolinone compounds

A
\, 0

O,

X o NH
NJLN n N/&O
H R

Compound A X n R Stereo® CGRP K>° (nM) cAMP
ICso™¢ (nM)
2 — (6] 2 H RS 607 £ 35 (3) 3300 (2)
3 — 0 1 H RS 309 + 61 (6) 2900 (2)
4 — (6] 1 Me RS 103 + 23 (4) 1400 (2)
5 — O 1 Me R 48 £ 5 (3) 350 (2)
6 — (0] 1 Me S 1050 + 230 (3) —
7 H N 1 H RS 280 = 100 (4) 690 (1)
8 Me N 1 H RS 78 £ 11 (4) 530 £ 180 (3)
9 Ph N 1 H RS 87 + 35 (6) 430 (2)

 Stereochemistry of spirohydantoin.

® Mean value + standard deviation, where appropriate; number of replicates in parentheses.
© K; values for competition with >I-hCGRP determined using membranes from HEK293 cells stably expressing cloned human CLR/RAMPI1 (line

E10).
9 Inhibition of CGRP-induced cAMP production in the E10 cell line.®
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Table 2. CGRP antagonist activity of benzimidazolinone compounds

A
\
N

o)
@:’fﬁ N m\;\go
H Me

Compound A CGRP K; (nM)?* cAMP ICsq (nM)*
10 H 43 £25 (7) 120 (2)
F
11 Q 29+ 11 (5) 180 (2)
F
12 - 21£8(7 784233
Q ) 3
S
13 [ - 8.7%2.5(5) 24 (2)
N
14 COE 20+ 4 (5) 61+3(3)
15 Z} 6.8%1.7(7) 39 (2)
16 \_ 15+ 6 (4) 54 (2)
MeO
—N
17 ny 10£ 3 (9) 50 (2)
F3C
—N
18 2544 (5) 110 (2)
QN/*
N=
19 12+1(5) 64 (2)
e
N=—
20 9.5+ 5.8 (8) 50 +23 (3)
)
21 o/(‘)éog' 172 @) 64 (2)

#See footnote to Table 1 for details.

modify physical properties in an attempt to modulate
the pharmacokinetic profile of such compounds.

Table 3 summarizes pharmacokinetic data determined
in rats for compounds 11-21. The compounds are pre-
sented in order of increasing calculated polar surface
area'® (PSA) and it is apparent that there is an inverse
correlation between this parameter and oral bioavail-
ability (F). For example, analogues 11-13, which had
the lowest PSA values, had good oral bioavailability
(F=20-36%). On the other hand, analogues 19-21,
which had the highest PSA values, exhibited essentially
no bioavailability (F = 0-1%). This behavior is consis-
tent with oral absorption being limited by membrane
permeability. '°

It should be noted that oral bioavailability is also depen-
dent on other variables, including solubility, rate of dis-

solution, pK,, and metabolism.'> Perhaps because the
compounds in Table 3 were closely related in structure,
some of the variability in these other parameters was
minimized and a trend related to PSA was observed
more clearly. For example, pK, was probably not a ma-
jor factor since none of the compounds were very basic.
In terms of metabolism, the bioavailable compounds in
Table 3 had low clearance but other compounds with
similar clearance were not orally bioavailable (e.g., 17
and 19). Thus, low clearance may be necessary but not
sufficient for oral bioavailability in these analogues.

It is clear that compounds must possess sufficient solu-
bility in order to be orally bioavailable.!> However,
most of these analogues had poor aqueous solubility
and there was no clear relationship with bioavailability.
Compounds 12 and 13 (F = 20-36%) had extremely low
solubility (<1 pg/mL at pH 7.4), while compounds 20
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Table 3. Pharmacokinetic data for benzimidazolinone CGRP antagonists

Compound PSA*® (Az) F° (%) iv 115 (h) CI° (mL/min/kg) Vd,© (L/kg) Py 4 (x107° cm/s)
11 117 24 6.5 3.1 1.4 15
12 125 36 1.6 3.4 0.47 11
13 127 20 2.0 3.7 0.54 13
14 128 5 0.9 9.0 0.43 4
15 131 1 1.0 60 2.0 —
16 134 13 1.2 11 0.84 —
17 137 0 2.8 7.5 1.8 —
18 138 2 1.1 23 0.50 —
19 140 1 1.1 11 0.64 8
20 146 0 0.5 46 0.95 4
21 158 0 1.1 31 0.80 0.3

2 Polar surface area calculated by method of Clark'® and was an average of the values for 8-10 energy-minimized conformers.

® Oral bioavailability in rats following dosing (10 mpk) in 1% methylcellulose.

¢ Pharmacokinetic parameters in rats following iv dosing (2 mpk) in DMSO.

4 Passive permeability through CACO-2 monolayer determined using 20 uM test compound in the presence of 5 uM cyclosporin.'!

and 21 (F = 0%) were more soluble by orders of magni-
tude (>100 pg/mL at pH 7.4). It appeared that these
analogues possessed minimal solubility but that it could
be sufficient for reasonable oral absorption. Passive per-
meability determined on a limited number of analogues
using CACO-2 monolayers was generally consistent
with the inverse correlation between F and PSA (see
Table 3). Thus, those compounds with good permeabil-
ity (Papp>10x10" ®cm/s) were orally bioavailable
(F = 20%) Whlle those with lower permeability
(Papp <10x 107 6 cm/s) were poor (F < 5%). Interesting-
ly, compounds 14, 19, and 20 exhibited poor oral bio-
availability but had CACO-2 P,,, values that are

40
e
30+
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Figure 3. Oral bioavailability in rats (%) versus calculated polar
surface area (A2) for spirohydantoin CGRP antagonists. Oral
bioavailability and polar surface area determined as described in
Table 3. The graph represents the results for 39 benzoxazolinone and

often consistent with good absorption.'? Apparently,
the low solubility of analogues in this series led to a
more stringent requirement for good intestinal
permeability.

The relationship between oral bioavailability and polar
surface area seen in Table 3 was observed generally for
related spirohydantoins. Figure 3 shows a plot of oral
bioavailability in rats against PSA for compounds in
this structural class. For such analogues, it appears that
the probability of good oral bloavallablhty is much bet-
ter for compounds with PSA < 130 A2 than for those
compounds with PSA > 140 A2, consistent with pub-
lished data.!” The recognition that membrane perme-
ability was a key limitation to oral absorption in this
structural class, combined with the use of PSA as a read-
ily calculated surrogate for permeability, facilitated the
design of orally bioavailable spirohydantoin CGRP
antagonists.

Compound 12, which possessed the best combination of
oral bioavailability in rats and functional potency in this
series, was selected for more detailed pharmacokinetic
characterization. A summary of these data is shown in
Table 4. In analogy with the observations in rats, 12
was orally bioavailable in dogs (F = 83%) and rhesus
(F=29%), and exhibited low plasma clearance in all
three species. Importantly, compound 12 was not an
inhibitor of CYP3A4, CYP2C9, or CYP2D6
(ICs0 > 10 uM for these enzymes).

The synthesis of compound 12, which is representative
of the methodology used to prepare the compounds

benzimidazolinone spirohydantoin analogues. described herein, is shown in Scheme 1.14

Table 4. Pharmacokinetic data for compound 12
Species po dose® (mpk) iv dose® (mpk) iv t1> (h) Cl (mL/min/kg) Vds (L/kg)
Rat 10 2 1.6 34 0.47
Dog 2 0.5 4.8 1.7 0.69
Rhesus 2 0.5 9.6 0.85 0.31

#Compound dosed in 1% methylcellulose.
® Compound dosed in DMSO.
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Scheme 1. Synthesis of compound 12. Reagents and conditions: (a)
NaH, tert-butyl bromoacetate, DMF, 0 °C, 27%; (b) 2-bromopyridine,
Cu, CuCl, KOAc, py, 100 °C, 84%; (c) HCI, EtOAc, 0 °C, 100%; (d)
MeNH;Cl, KCN, MeOH, H,0, 0 °C to rt, then HCI, Et,0, 75%; (e)
KOCN, AcOH, H,0, then HCI, H,0, 79%; (f) 90% HNO;, 60%; (g)
ChiralPak AD, 90:10 CH3CN/MeOH, second major peak is (R)-
enantiomer; (h) H,, Pd/C, EtOAc, MeOH, 100%; (i) EDC, HOBT,
DIEA, DMF, 89%.

Most of the carboxylic acid intermediates containing
benzimidazolinone or benzoxazolinone moieties were
synthesized using standard alkylation or arylation chem-
istry, such as the sequential derivatization of both benz-
imidazolinone nitrogens illustrated in Scheme 1. The
spirohydantoins were derived from 2-indanone via
Bucherer—Bergs methodology, followed by nitration
with fuming nitric acid. Separation of the enantiomers
of the 5-nitroindane intermediate was achieved using a
ChiralPak AD column, to provide the active (R)-enan-
tiomer.'> Following reduction to the corresponding ani-
line, EDC-mediated coupling with the carboxylic acid of
interest provided the final compound.

In conclusion, a novel series of spirohydantoin-based
CGRP receptor antagonists was identified using a rapid
analogue strategy. In this series of compounds, mem-
brane permeability was apparently a key limitation to

oral absorption and consideration of calculated polar
surface area values facilitated the design of orally bio-
available compounds. These studies led to compound
12, which combined good potency with excellent phar-
macokinetics in three species.
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Abstract—Human cathepsin K, matrix metalloproteinase 9, and o5 integrin are the key regulators in osteoclast-mediated bone
resorption. In this paper, we found natural inhibitors 1-10 for them by enzyme inhibition assays. Inhibitors 1-7, 8-9, and 10 are
novel inhibitors of human cathepsin K, matrix metalloproteinase 9, and o3, respectively.

© 2006 Elsevier Ltd. All rights reserved.

Bone resorption is necessary in many physiological pro-
cesses of the skeleton, and the physiological remodeling
of bone in adults is strictly dependent on it.! Bone
homeostasis is maintained by the balance between
bone-resorbing osteoclasts and bone-forming osteo-
blasts. When the balance is upset and bone resorption
exceeds bone formation, metabolic bone diseases will
occur, like osteoporosis, which is an important disease
commonly found among elderly populations, especially
postmenopausal women.'-?

Osteoclast-mediated bone resorption is a multistep pro-
cess initiated by the attachment of osteoclasts to the
bone surface. Integrin o3 is highly expressed on osteo-
clasts, and it can bind to the RGD tripeptide sequence
found in extracellular matrix expressed on the bone sur-
face, which facilitates the attachment of osteoclasts to
the bone. It also can regulate osteoclast migration along
the bone surface.? After attaching to the bone surface, a
tightly sealed resorption lacuna is created. Then some
main proteolytic enzymes expressed in osteoclasts, such
as cathepsin K (CatK) and matrix metalloproteinase 9
(MMP-9), are secreted into the lacuna for the removal

Abbreviations: Z-, carbobenzyloxy-; AMC, [7-amino-4-methyl] cou-

marin; Nma, N-methyl-anthranilic acid; Dnp, 2,4-dinitrophenyl;

Leupeptin, acetyl-leucyl-leucyl-arginal.

Keywords: Cathepsin K; Matrix metalloproteinase 9; oyf3; Natural

inhibitor; Bone resorption.

*Corresponding author. Tel./fax: +86 871 5223800; e-mail:
nhtan@mail.kib.ac.cn

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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of bone mineral and the degradation of organic matrix
proteins.!>*> Furthermore, research also indicated that
MMP-9 plays a role in osteoclastic bone resorption by
facilitating migration of osteoclastic cells to the bone
matrix, and MMP-9 deficiency or blocking MMP-9
activity slowed down the migration of osteoclasts dra-
matically.® So, oy B3, CatK, and MMP-9 are the key reg-
ulators in osteoclast-mediated bone resorption, and
their inhibitors may be as effective anti-resorption agents
in osteoporosis therapy.

In order to search for new natural inhibitors against
CatK, MMP-9, and a3, we performed the inhibition
assays of CatK, MMP-9, and ay[3 on 96-well microtiter
plates. With random screening, results indicated that 7
inhibitors (1-7) for cathepsin K, 2 inhibitors (8-9) for
MMP-9, and 1 inhibitor (10) for integrin oyps (Fig. 1)
were found with I1Cs¢s below 10 pg/ml. They are new
natural inhibitors from plants, which are different from
the inhibitors found for these enzymes before.

Natural compounds 1-10 were isolated and identified
by us with their purities >95%. Detailed purifications
and identifications of these inhibitors were described
before.”!2 Enzyme inhibition data were expressed as
1Csy values, which were calculated by dose-response
curves with at least four concentrations (dilution
ratio = 1/2), and the highest tested concentrations
are 2.5, 10, and 10 ug/ml for CatK, MMP-9, and
oyPs, respectively. Results are expressed as mean
ICsy values + standard deviation. Leupeptin (Sigma,
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6. (hinokiflavone)

1. R'=R?=R3=H (amentoflavone) HO
2. R'=R3=H, R?>=CHj, (4"-methylamentoflavone)
3. RI:RZ:CHS, R3=H (7", 4"-dimethylamentoflavone)

OR? 4. R'=R’=H, R3=CHj, (4-methylamentoflavone)

J
RN

O-glc AR
~COOH oM
10. (3-(2'-O-glucophenyl)-2-trans-propenoic acid) 7. (8, 8"-biskoenigine) 8. (rutaecarpine) 9. (anisatin)
Figure 1. Chemical structures of inhibitors 1-10.
Table 1. Activities of inhibitors 1-10 against human CatK, MMP-9, and o, 33
Compound Plant resources 1Cs (ng/ml)
Cathepsin K Matrix metalloproteinase 9 oty B3

1 Taxodium mucronatum 1.01 £0.20 — —
2 Taxodium mucronatum 1.39+£0.15 — —
3 Taxodium mucronatum 0.89+£0.23 — —
4 Cycas guizhouensis 0.84 £0.14 — —
5 Cycas guizhouensis 0.77 £ 0.08 — —
6 Cycas guizhouensis 0.83 £0.20 — —
7 Murraya koenigii 1.18 £ 0.04 — —
8 Winchia calophylla — 7951043
9 Hllicium simonsii — 5.80 £0.63 —
10 Eupatorium adenophorum — — 597 £1.65
RC-1 — 0.018 = 0.006 — —
RC-2 — — 0.0028 + 0.00054 —
RC-3 — — — 0.00028 £ 0.000032

RC-1, 2, and 3 represent leupeptin, (2R)-[(4-biphenylylsulfonyl) amino]-N-hydroxy-3-phenylpropionamide and Cyclo(Arg-Gly-Asp-D-Phe-Val),

respectively.

Averages were calculated from at least two independent experimental data.

L9783), (2R)-[(4-biphenylylsulfonyl) amino]-N-hydroxy-3-
phenylpropionamide!® (Calbiochem, 444249), and
Cyclo(Arg-Gly-Asp-D-Phe-Val)'* (Calbiochem, 182015)
were used as reference compounds for CatK, MMP-9,
and o, P3, respectively.

Compound inhibitory activity against CatK (Calbio-
chem, 219461) was referenced by what Aibe and Barrett
et al. did before.'>!'® Test compounds were diluted with
the reaction buffer (pH 5.0, 100 mM sodium acetate,
20mM L-cysteine, and 2 mM EDTA), and mixed with
the enzyme solution for 5-10 min at 25 °C, then the
75 uM fluorescence substrate Z-GPR-AMC (Bachem,
I-1150) was added to start the reaction. The final con-
centration of CatK in the assay mixture was 4.63 nM.
After incubation for 120 min at 37 °C, the fluorescence
was monitored at 460/40 nm after excitation at 360/
40nm in a cytofluor II fluorescence plate reader
(PerSeptive Biosystems).

Compounds were tested for their ability to inhibit hu-
man MMP-9 (Calbiochem, PF024) using the quenched
fluorescence assay.!” Test compounds were diluted with
the reaction buffer (pH 7.4, 50 mM Tris, 100 mM sodi-
um chloride, 10 mM calcium chloride, and 0.01%

Brij35), and were mixed with the enzyme solution for
120 min at 37 °C, then the 10 uM fluorescence substrate,
Dnp-PChaGC(Me)HK(Nma)-NH, (Bachem, M-2055)
was added to start the reaction. The final concentration
of MMP-9 in the assay mixture was 0.58 nM. After
incubation for 60 min at 37 °C, the fluorescence was
detected at 460/40 nm after excitation at 360/40 nm in
a cytofluor II fluorescent plate reader (PerSeptive
Biosystems).

Integrin oyB; ELISA was performed using a modifica-
tion of the method of Charo and Smith et al.'®!
Fibrinogen (Sigma, F3879) was dissolved in buffer A
(pH 8.2, 100 mM NaHCOj;, 100 mM NaCl) with the
concentration of 1 mg/ml. Sulfo-N-hydroxysuccinimi-
do-Biotin (Pierce, 21217) was added as a solid (0.2 mg
of biotin ester in 1 ml fibrinogen solution) and gently
mixed for 30 min at room temperature. Unreacted bio-
tin ester was removed by exhaustive dialysis against
buffer B (pH 7.4, 50 mM Tris, 100 mM NaCl, and
0.05% NaNj3) at 4 °C, and the biotinylated-Fibrinogen
(Fg-Biotin) was stored at —70 °C until used. Integrin
oyP3 (Chemicon, CC1019) was diluted with coating
buffer (pH 7.5, 20 mM Tris, 150 mM NaCl, 1 mM
CaCl,, I mM MgCl,, and 0.02% NaN3) with the
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concentration of 250 ng/ml, and then immediately add-
ed to 96-well microtiter plates (Costar, 9018) at 100 pl/
well and incubated overnight at 4 °C. Plates were
blocked with 200 pl/well of 1% BSA in coating buffer
for 3h at 37 °C. Then 100 ul Fg-Biotin solution con-
taining 2 ul sample solution was added to each well
and incubated for 2h at 30 °C. Hundred microliters
of avidin-alkaline phosphatase (Sigma, A2527) solution
was added to each well, and incubated for 15 min at
room temperature, and then 100 pl p-NPP (Pierce,
34045) solution (10 mg/ml) was added and incubated
for 120 min at 37 °C. Finally, OD values were read at
405nM in a colorimetric plate reader (Molecular
Devices, SpectraMax 190). Every time before different
solution was added, washing plate with wash buffer
(pH 7.4, 50 mM Tris, 100 mM NaCl, 0.1% BSA, and
0.05% Tween 20) was necessary.

Osteoporosis is a disease characterized by excessive bone
resorption, which causes changes in the microstructure
of the bone matrix and makes bone prone to fracture.
Costs of osteoporosis are staggering and increasing
every year. Antiresorptive therapies and medicines in-
clude the estrogen replacement therapies, selective estro-
gen receptor modulators, vitamin D, PTH analogues,
and bisphosphonates, which show efficacy but reveal
serious side effects. Thus, other nonhormonal and more
specific therapies are needed.® oy B; integrin, CatK, and
MMP-9, as novel and specific drug targets of anti-oste-
oporosis, have attracted much attention because inhibi-
tion of them will decrease activities of osteoclasts. Many
inhibitors for these enzymes have been synthesized or
isolated, such as E-64, ketoamide derivatives for cathep-
sin K;?° TIMP and N-sulfonylamino acid derivatives for
MMP-9;'3 echistatin and cyclic RGD peptides for
oy Ps.'*2! Some of them also displayed good bioavail-
ability in vivo for bone resorption. As part of anti-oste-
oporosis research, our work was concentrated on
osteoclasts. We hope to find novel and specific natural
inhibitors for the key targets in osteoclats, and some
work has been done before, such as assay of carbonic
anhydrase II, another key target in osteoclasts.?? In this
research, compounds we discovered are novel natural
inhibitors for cathepsin K, MMP-9, and oyp3; with
ICsps below 10 pg/ml. They are nonpeptidic inhibitors
against these three enzymes with natural chemotypes
of biflavones, alkaloids, sesquiterpene lactones, and
lignans (Fig. 1). As demonstrated in Table 1, these com-
pounds exhibited somewhat different activities against
CatK, MMP-9, and ay 33, though their inhibitory activ-
ities were not as potent as the synthesized, natural or
peptide-based ones (Table 1), they provided us new
insights into the study of the potent inhibitors of CatK,
MMP-9, and ayps. Some of these compounds showed
cytotoxicity on cancer cell lines (data not published
before, see footnote’).

T Compounds 1-10 were tested for their cytotoxicity on cancer cell
lines. With the test concentration of 10 pg/ml, compounds 1, 2, 3, 7,
and 10 showed weak cytotoxicity with ICsys from 1.60-9.77 pg/ml on
A549, BGC-823, SGC-7901, DU145, MDA-MB-231, HT-29, BEL-
7402, MCF-7, and B16.
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Abstract—A novel series of ketolides containing heteroaryl groups that are linked to the erythronolide ring via a C6-carbazate func-
tionality has been successfully synthesized. Careful modulation of the heteroaryl groups, the length and degree of saturation of the
Co-carbazate linker, and the substituents present on each of the carbazate nitrogens led to compounds with potent activity against
key bacterial respiratory pathogens. The best analogs of this series had in vitro and in vivo (sc dosing) profiles that were comparable

to telithromycin.
© 2006 Elsevier Ltd. All rights reserved.

The well-known macrolide antibiotic erythromycin A
(1) was first used in the clinic for the treatment of upper
respiratory tract infections in 1953.! Since then, erythro-
mycin and second generation macrolides, such as clari-
thromycin (2) and azithromycin, have been extensively
used for the treatment of upper and lower respiratory
tract infections caused by Gram-positive bacteria.?
However, during the past two decades there has been
an emergence of bacteria that are resistant to these
known macrolide antibiotics.?

In an effort to overcome bacterial resistance a novel
class of macrolides known as ketolides was reported in
the mid 1990s.* Ketolides are semi-synthetic derivatives
of erythromycin A that possess a characteristic C3-ke-
tone in place of the L-cladinose sugar residue and in
most cases contain a C11,C12-cyclic carbamate func-
tionality. The introduction of the C3-ketone
functionality is instrumental in circumventing efflux
(mef) resistance and in preventing the induction of
macrolide-lincosamide-streptogramin B (MLSy; erm)
resistance.’ Extensive ketolide structure—activity rela-
tionship (SAR) studies also demonstrated that binding
affinity for the bacterial ribosome can be improved by
attaching a heteroaryl-alkyl side chain to the erythrono-
lide core, which forms an additional binding contact
with domain II of 23S rRNA.>® The side chain may

Keywords: Ketolide; Macrolide; Carbazate; Macrolide-resistant

bacteria.
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be attached to the macrocyclic ring through the
C11,C12-cyclic carbamate, as in telithromycin (3), or
the C6-oxygen, as in cethromycin (4), with similar re-
sults. These encouraging findings have led to consider-
able research efforts devoted to the discovery of novel
ketolide antibiotics within the pharmaceutical industry.”
The recent worldwide marketing approval of the first
ketolide Ketek® (telithromycin) from Sanofi-Aventis
highlights the clinical potential of ketolides.

We recently reported a series of ketolides in which var-
ious heteroaryl side chains were attached to the erythr-
onolide ring via a C6-carbamate moiety.®® This series
of carbamate ketolides showed in vitro and in vivo anti-
bacterial profiles that were comparable to telithromycin.
As a result of our continuing medicinal chemistry efforts
in this area, we have identified a novel series of ketolides
in which the heteroaryl group is attached to the macro-
cycle via a C6-carbazate functionality. The synthesis,
in vitro and in vivo activities of this novel C6-carbazate
ketolide series are disclosed herein.5&1°

This novel series of C6-carbazate ketolides (Table 1) was
prepared via synthetic routes shown in Schemes 1 and 2.
A key intermediate for this chemistry was primary car-
bamate 5 (Scheme 1), which was synthesized from com-
mercially available erythromycin via a 9-step reaction
sequence described previously.® Trifluoroacetic acid cat-
alyzed condensation of 2-formyl-4,4-dimethoxy-butyro-
nitrile with the primary carbamate of intermediate 5
gave cyanopyrrole 6.!! Displacement of the cyanopyr-
role with hydrazine then cleanly gave primary carbazate
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R=H Erythromycin A (1
R =CHs Clarlthromycm

Telithromycin (3)

Cethromycin (4)

7. Various heteroaryl side chains were appended to the
terminal nitrogen of the C-6 carbazate via reductive
amination with a suitable aldehyde!? in the presence of
sodium cyanoborohydride to give 8a-8d. A second
reductive amination with 37% aqueous formaldehyde
or acetaldehyde in the presence of sodium cyanoborohy-
dride gave the dialkylated C-6 carbazates 9a-9j.

The synthesis of carbazate ketolides 11 and 12 is shown in
Scheme 2. Methyl hydrazine displacement of the cyano-
pyrrole of ketolide 6 gave carbazate ketolides 10a and
10b as an inseparable isomeric mixture. Treatment with
4-pyrazinyl benzeneacetaldehyde in the presence of sodi-
um cyanoborohydride in methanol gave a 1:1 ratio of 11
and 9f. HPLC separation of this mixture provided pure
11. The carbazate B-nitrogen of 11 could be further
alkylated with 37% aqueous formaldehyde in the presence
of sodium cyanoborohydride to give 12. As had been
previously reported for the C6-carbamate ketolides, all
carbazate analogs (8a—8d, 9a-9j, 11, and 12) contained
minor amounts (<10%) of the C2-(S)-epimer and were
tested in subsequent assays as their epimeric mixtures.

Broth microdilution minimum inhibitory concentra-
tions (MICs; lowest concentration of compound inhib-
iting visible growth) of these carbazate ketolides were
determined against a panel of erythromycin-susceptible
and erythromycin-resistant bacterial strains. All MIC
determinations were performed according to CLSI (for-
merly NCCLS) guidelines.'® 2-fold differences are con-
sidered to be within the error of this method. Table 1
shows MIC data for six select strains. Two of these
strains, Staphylococcus aureus (Smith) OC4172 and
Streptococcus pneumoniae OC9132, are erythromycin-
susceptible. Staphylococcus haemolyticus OC3882 is

inducibly resistant to erythromycin due to the presence
of a ribosomal methylase [erm(C)]. Streptococcus pneu-
moniae OC4051 and Streptococcus pneumoniae OC4421
are erythromycin-resistant due to ribosomal methyla-
tion [erm(B)] and efflux [mef(A)], respectively. The
Gram-negative respiratory pathogen Haemophilus influ-
enzae ATCC49766 is telithromycin-susceptible. To
determine the effect of serum proteins on in vitro activ-
ity, MIC values for S. aureus (Smith) OC4172 were
also measured in the presence of 50% mouse serum.

The unsubstituted parent carbazate ketolide 7 was less
active than erythromycin against the macrolide-suscepti-
ble S. aureus and S. pneumoniae strains tested. While 7
showed slight improvements in activity against the
erm(C)-containing S. haemolyticus and erm(B)-contain-
ing S. pneumoniae strains compared to erythromycin,
no change in activity against H. influenzae was seen.
Most notably, even though ketolides have been shown
to be less susceptible to mef-mediated efflux,® the MIC
value of carbazate 7 was 16-fold higher against the
mef(A)-containing S. pneumoniae strain than the eryth-
romycin-susceptible strain.

The introduction of a heterobiaryl-alkyl side chain led
to a dramatic decrease in the MIC values against
both the macrolide-susceptible and macrolide-resistant
strains, particularly for the erm(B)- and mef{A)-contain-
ing S. pneumoniae strains. To determine the optimum
length of the carbon spacer between the C-6 carbazate
unit and the heteroaryl moiety, a series of N-methylated
4-(2-pyrimidinyl)phenyl compounds (9a, 9b, 9d, and 9e)
containing carbon spacers of varied chain lengths and
degree of saturation were prepared. The nature of the
linker had a small but noticeable effect on the antibacte-
rial activity, with the ethyl linker in 9b giving the best
overall profile against the panel of macrolide-susceptible
and macrolide-resistant bacterial strains. Compounds
containing the shorter methyl linker (9a) or the longer
propenyl (9d) and propyl (9e) linkers were 2- to 8-fold
less active against the erm(B)- and mef{A)-containing
S. pneumoniae strains than the compound containing
the ethyl linker (9b). Taking into consideration the extra
nitrogen atom present in the side chain of the carbazate
ketolides compared to the previously reported carba-
mate series, the ethyl spacer of the carbazate side chain
places the heterobiaryl moiety approximately equidis-
tant from the macrocyclic ring as the propenyl linker
in the carbamate ketolides, which was found to be the
optimal spacer in that series.

In general, methylation of the carbazate B-nitrogen was
well tolerated (cf. 8a, 9b, and 8b, 9f). A notable excep-
tion to this trend was the 3-quinolylethyl analog where
a significant elevation in the MICs for H. influenzae
and the erm(C)-containing S. haemolyticus was observed
upon methylation of the B-nitrogen (cf. 8¢ and 9g).
Ethylation of the B-nitrogen (9¢) or methylation of the
o-carbazate nitrogen (11) led to a 2- to 16-fold increase
in MIC values compared to the corresponding non-
methylated/ethylated congeners. Alkylation of both car-
bazate nitrogens (12) also had a detrimental effect on
antibacterial activity.
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Table 1. In vitro antibacterial activity of C-6 carbazate ketolides
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R R
N-N
o~ R
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Compound R! R? R? MIC (pg/mL)
S. aureus  S. aureus S. haemo. S. pneum. S. pneum. S. pneum. H. inf.
(+serum)  erm(c) erm(B) mef(A)
EryA — — — 1 0.06 >16 0.06 >16 4 8
Telith. — — — 0.25 0.5 0.25 0.06 0.06 0.12 1
7 H H H 8 2 16 0.5 8 8 8
Nq
9a /O)\\N Me H 2 8 2 0.06 0.5 1 4
}49
Nﬂ
8a V©)\\N H H 0.25 0.25 0.25 0.03 0.12 0.12 4
3%
Nﬂ
9b v©)\\N Me H 0.25 0.5 0.5 0.03 0.06 0.25 4
P
Nﬂ
9¢ v©)\\N Et H 0.25 2 0.5 0.12 0.12 0.25 8
Fie
Nﬂ
9d ﬂN Me H 0.25 0.5 0.5 0.03 0.25 0.5 8
N
Nﬁ
9e /\/@)\\N Me H 0.5 1 1 0.06 0.5 0.5 8
h5
/N
8b \N] H H 0.25 0.5 0.25 0.03 0.06 0.25 2
o
N
J
of SN Me H 0.25 0.5 0.5 0.03 0.06 0.25 2
% N
J
11 <N H Me 0.5 2 2 0.06 0.12 0.5 8
¥ N
J
12 SN Me Me 2 4 8 0.06 0.5 0.5 16
&~
N
8c = H H 0.5 1 0.5 0.03 0.06 0.25 0.5
I
Pl =
N
9g | = Me H 1 2 8 0.06 0.12 0.5 2
e Z
8d fM@TN\ H H 0.25 1 0.25 0.03 0.06 0.25 2
i
Nﬂ
%h F. N Me H 0.5 1 0.5 0.06 0.06 0.25 4

(continued on next page)
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Table 1 (continued)

Compound  R! R> R} MIC (pg/mL)
S. aureus S. aureus S. haemo. S. pneum. S. pneum. S. pneum. H. inf.
(+serum) erm(c) erm(B) mef(A)
0/\>
9i v(j/‘QN Me H 0.25 0.5 0.5 0.03 0.06 0.12 2
P
0.25 0.03 0.06 0.12 2

N—
9 v[\>—<\:> Me H 025 05
LA N

Strain abbreviations: Staphylococcus aureus OC4172; Staphylococcus aureus OC4172 in the presence of 50% mouse serum; Staphylococcus haemo-
Iyticus OC3882; Streptococcus pneumoniae OC9132; Streptococcus pneumoniae OC4051; Streptococcus pneumoniae OC4421; Haemophilus influenzae

ATCC49766. See text for detailed description.

MeO X

Erythromycin (1)

8a-8d 9a - 9j

Scheme 1. Synthesis of C-6 carbazate ketolides. Reagents and condi-
tions: (a) See ref. 8a or 8¢ (9 steps); (b) (MeO),CHCH,CH(CN)CHO,
TFA, MeCN, 75 °C, 77%; (c) NH,NH,, MeCN, rt, 87%; (d) R'CHO,
NaCNBHj;, MeOH, AcOH, 38-62%; (¢) HCHO (or CH;CHO for 9c),
NaCNBHj3;, MeOH, AcOH, 39-60%.

In addition to the 4-(2-pyrimidinyl)phenyl, 4-pyrazinyl-
phenyl, and 3-quinolinyl ring systems discussed in the
examples above, the use of various other heterobiaryl
groups in the side chain also gave rise to compounds
with good overall antibacterial profiles. For instance,
the pyrimidine ring in 8a could be moved to the meta-
position to give compound 8d with a similar MIC pro-
file. Alternatively, the phenyl ring in 9b could be fluori-
nated (9h) or replaced by a thiophene (9§) without

10a (R% = H, R® = Me)
2 _ 3 _ N
10b (R? = Me, R® =H) /X

=N

11 (R? = H, R® =Me)
c [Qf (R? = Me, R3 =H)
12 (R? = Me, R® = Me)

Scheme 2. Reagents and conditions: (a) MeNHNH,, CH,Cl,, rt, 74%;
(b) 4-pyrazinyl benzeneacetaldehyde, NaCNBH;, MeOH, AcOH, 61%;
(c) HCHO, NaCNBHj;, MeOH, AcOH, 55%.

significant effect. Replacement of the pyrimidine ring
with a five-membered aromatic heterocycle was also well
tolerated (cf. 9b vs 9i).

The in vivo efficacy of a select group of carbazate keto-
lides was evaluated in a S. aureus Smith murine systemic
lethal infection model.'* As shown in Table 2, several
compounds displayed measurable in vivo efficacy with
EDsq values that were comparable to telithromycin
when dosed subcutaneously. Unfortunately, when dosed
orally these compounds had weak and variable antibac-
terial activity, with EDsy values greater than 20 mg/kg.

In conclusion, a novel series of ketolides containing het-
eroaryl groups linked to the macrolide ring via a C6-car-
bazate functionality has been successfully synthesized.
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Table 2. In vivo EDsgs for select compounds following sc dosing in the
Staphylococcus aureus Smith murine systemic lethal infection model

Compound sc EDsy (mg/kg)*
Telith. 4.3 (3.2-5.9)
9b 3.3 (2.0-5.5)
8d 4.3 (2.4-8.9)
9h 2.3(0.2-4.9)
9j 4.8 (3.3-9.5)

4 Numbers in parentheses indicate 95% fiducial limits.

The antibacterial activity of this class of compounds was
sensitive to the length and degree of saturation of the
linker, the nature of the heteroaryl substituents, and
most significantly, to the presence of substituents on
each of the carbazate nitrogens. Careful modulation of
each of these variables led to compounds with good in vi-
tro activity against key respiratory pathogens including
H. influenzae and erm- and mef-containing S. pneumo-
niae. Select compounds of this series had EDsy values
comparable to telithromycin when dosed subcutaneous-
ly in the murine staphylococcal septicemia model.
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Abstract—Targeting the molecular pathways associated with angiogenesis offers great potential in detecting disease pathology using
in vivo imaging technologies. Initiation of angiogenesis requires activation and migration of endothelial cells in order for neovas-
cularization to proceed. Endothelial cells associate with the extracellular matrix through specific interactions with a variety of cell
adhesion receptors known as integrins. Peptides containing the tripeptide sequence RGD are known to bind with high affinity to the
avp3 and avB5 integrins associated with angiogenesis. We present herein the synthesis and in vitro binding affinity of the RGD-con-
taining peptide NC-100717 and a range of molecular probes derived from this intermediate.

© 2006 Elsevier Ltd. All rights reserved.

The targeting of biological pathways using molecular
imaging probes holds great promise as a means of
detecting and diagnosing disease at a much earlier stage
than is the norm today. Angiogenesis, the growth of new
blood vessels, is a common pathology associated with a
wide range of diseases requiring activation and migra-
tion of endothelial cells before neovascularization can
proceed.! Endothelial cell interactions with the extracel-
lular matrix are facilitated by cell adhesion receptors
known as integrins.?? Studies have demonstrated upreg-
ulation of avp3/avB5 integrins in the new blood vessels
associated with several diseases including wound heal-
ing, tumour growth, diabetic retinopathy, and macular
degeneration. Peptide ligands containing the tripeptide
sequence RGD are known to possess high affinity for
these integrins and several reports have been published
relating to their utility in molecular imaging.*

In our search for a robust RGD pharmacophore we
were drawn to the peptide ACDCRGDCFCG derived
from a phage display library.> This peptide was reported
to be a potent and selective binder to both avp3 and
avBS integrins. With four cysteine residues three possi-
ble disulfide isomers exist. Our initial efforts focussed

Keywords: Angiogenesis; RGD peptide; Molecular imaging; Integrins;

Targeting.

* Corresponding author. Tel.: +4723185761; fax: +4723186014; e-mail:
alan.cuthbertson@ge.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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on determining the binding affinities of each isomer in
order to select the optimal pairing to generate further
SAR. In an in vitro assay using membranes derived
from the human endothelial adenocarcinoma cell line
EA-Hy 926 we found that the nested configuration,
comprising the Cys?>!%; Cys*® pairing, peptide 1, had
highest affinity for avp3/avp5. The observed K; was cal-
culated to be 1.6 nM in competition with radioactive
['*I]-Echistatin, an RGD-containing peptide isolated
from snake venom. This configuration was therefore
selected as starting point for more extensive synthetic
work. The large-scale synthesis of peptides with multiple
disulfide bridges however still remains a significant syn-
thetic challenge. In addition, the possibility of disulfide
scrambling led us to select a strategy directed at reduc-
ing the complexity of peptide 1 by replacing the outer
disulfide bond with a chemically stable bridge. We pos-
tulated that replacement of the N-terminal Ala' and
Cys? residues with the chloroacetyl moiety followed by
selective cyclization with the thiol group of Cys'® would
yield a stable thioether bond with minimal disruption to
the RGD pharmacophore. This was also considered a
way of stabilizing the N-terminus to aminopeptidase
activity in vivo. Substitution of Asp?® with Lys intro-
duced a side-chain amino group as an option for further
derivitization with imaging reporters. Finally a short
PEG-like spacer at the C-terminus had the dual function
of biomodifier and contributed to further stabilize
against carboxypeptidase attack.
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Scheme 1 shows the synthetic route chosen for the syn-
thesis of the key intermediate NC-100717, 3. The
peptide, Lys(Boc)-Cys(#-Bu)-Arg(Pmc)-Gly-Asp(O-#-Bu)-
Cys(#-Bu)-Phe-Cys(Trt), was assembled using Fmoc
chemistry on Rink Amide AM resin (0.25 mmol scale)
preloaded with 17-(Fmoc-amino)-5-ox0-6-aza-3,9,12,
15-tetraoxaheptadecanoic acid using 40 min HBTU/
HOBt couplings on an ABI 433A automated peptide
synthesizer.® The amino-peptidyl resin was N-chloro-
acetylated by treatment with chloroacetic acid anhy-
dride (1 mmol) in DMF for 30 min followed by
extensive washing with DMF, DCM and diethyl ether.
Partially protected peptide was liberated from the solid
support by acidolysis (2h) in trifluoroacetic acid
(TFA) containing 5% triisopropylsilane, 5% water and
2.5% phenol. Following removal of excess TFA in vacuo
the crude peptide was triturated with diethyl ether and
dried.

In a typical experiment peptide 2 was obtained by dis-
solving 322 mg of the crude partially protected peptide
in 50% acetonitrile/water (1 mg/mL) and adjusting the
pH to 8 by addition of dilute ammonia solution. Thio-
ether bridge formation was complete after 16 h at room
temperature as evidenced by LC-MS. The reaction mix-
ture was then dried by lyophilization and conversion to
peptide 3 carried out directly on the crude product by
addition of TFA containing 5% DMSO (3 mg/mL) with
stirring for 15 min at room temperature. The excess
TFA was removed in vacuo and crude final product pre-
cipitated by addition of cold diethyl ether. We have pre-
viously reported this method as a useful procedure to
facilitate the rapid cleavage with simultaneous oxidation
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to cystine of two z-butyl-protected cysteine residues in
peptide synthesis.” Purification of the final product
was carried out by preparative HPLC using a Phenom-
enex Luna CI18 250 50 mm column and a 0-30%
water/acetonitrile gradient over 60 min at a flow rate
of 50 ml/min. Fractions were analysed by LC-MS and
those with a purity of >95% combined and lyophilized.
150 mg of peptide was obtained, in a yield of 52% from
the crude starting product.

Molecular imaging of protein receptor systems in vivo
requires the administration by intravenous injection of
an imaging agent with properties that render the agent
visible when placed in an imaging system. There are
many types of reporter groups available to do this
including fluorescent dyes, radioactive and paramagnet-
ic metal-chelate systems and short-lived radioisotopes
such as 18F-Fluorine and 11-Carbon. Versatile strate-
gies for the conjugation of ligand to reporter in a way
which does not drastically alter the binding affinity for
the receptor are a prerequisite for successful targeting.
In addition, the high cost of developing new pharmaceu-
tical agents means that it is desirable to identify interme-
diates which can be used to produce a wide variety of
imaging probes. To this end we chose the lysine residue
as attachment point for the reporter group. By reaction
of the e-amino function of NC-100717 with the reporter
using amide bond coupling chemistries conjugates could
be prepared readily in good yield and purity.

Figure 1 shows the structures of several conjugates de-
rived from NC-100717. Peptide 4 was formed in good
yield by the reaction of 3 with the commercially available

S-tBu S-tBu S-Trt
H O H Q H 9 H @ H H H ;
N N A N A N AL N~ g~ O~ g~ N~ g~ N Rink _
cK\g FNTY H/\g TNTYNT ‘g”’\g' Amide resin
0
Q > tBu-O
NH
NH-Boc HN=(
NH-P
me i. TFA, 5% TIS, 5% H,0, 2.5% phenol, 2 h
l ii. 50% CH,CN/ H,0, 16 h
Os/ S-tBu S-tBu
0 H O W o o " y
HN\E)'\NL(N\E)LN/YN\E/U\N N\E)kN N~ O g N o~ N
7 H o X H o -\=0H o { H o o} o}
C 0 ko ,
NH
NH, HN=(

l i. 5% DMSO/ TFA 15 min

S S
H Q H Q H H
/\rN\_/kHJ\(N\:/‘kN N0~ O g N~ o~ NH
o] o} o}

3

Scheme 1. Synthesis of NC-100717 (3) using a ‘one pot’ protocol for the formation of the two bridges.
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Figure 1. The structures of four imaging probes derived from the core pharmacophore NC-100717.
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active ester of the cyanine dye Cy5.5.% The dye conjugate
has been used in vivo for the fluorescent detection of
Lewis Lung carcinoma in mice using an optical imaging
camera system. Peptide 5 was prepared in three steps
from 3 first by amide bond coupling of the (Boc-amino-
oxy)-PEG-diglycolic acid unit followed by Boc cleavage
in TFA liberating the free aminooxy group and finally
hydrazone formation at pH 3.5 following addition of
4-fluorobenzaldehyde.® This chemistry is particularly
useful for labelling peptides with radioactive 18F-Fluo-
rine for Positron Emission Tomography (PET) Imaging
and has shown utility in vivo for angiogenesis imaging.'®
Peptide 6 was prepared from 3 by reaction with the tetra-
fluorophenol ester of the diamine dioxime chelate.!! The
peptide chelate conjugate was labelled with 99™-Techne-
tium for use in Single Photon Emission Computed
Tomographic (SPECT) Imaging. The 99™Tc complex
has been used successfully for detection of malignant le-
sions in patients with breast cancer.!? Finally, 9.6 mg of
the N-hydroxysuccinimide ester of tetraazacyclodode-
canetetraacetic acid (DOTA) was reacted with 20 mg of
3 in 5ml DMF for 16 h. Following evaporation of
DMF in vacuo the crude product was re-dissolved in

water and peptide 7 isolated by preparative HPLC.
DOTA is a useful chelate for complexation of gallium-
68 (68 Ga). Studies using eluate from a Germanium/Gal-
lium generator system have demonstrated labelling yields
of >90% and work is on-going to study the utility of this
PET radionuclide in angiogenesis imaging. Peptides 1
and 3-8 were purified by HPLC and analysed by LC-
MS.!3 The core peptide 3 and peptide 1 were further ana-
lysed by amino acid analysis.'*

Table 1. In vitro assay results for compounds 1, 3-8 in the avB3/ovp5
EA-Hy 926 membrane assay

Peptide numbers avB3/avpB5 in vitro assay K;, nM?

1.6 (£1.6)
6.8 (£0.2)
0.75 (£0.06)
8.2 (£2.4)
3.1 (£1.6)
3.2 (£2.5)

8 NDA

N NN AW

#Values are means of three experiments, standard deviation is given in
parentheses; NDA, no detectable activity.
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Table 1 summarizes the in vitro K; data calculated from
competition experiments with ['*’I]-Echistatin on EA-
Hy 926 membrane fractions.'> All peptides tested had
binding affinities in the low nanomolar range except
for the negative control peptide 8, a scrambled isomer
prepared by replacing the RGDCF sequence of 3 with
GDFCR.

In summary, we present herein a robust and flexible
RGD-containing peptide NC-100717, with affinity for
the integrin receptors avp3/avpS. We have demonstrated
that modification of this flexible scaffold by amide bond
formation at the e-amino group of lysine has limited im-
pact on affinity. We have also shown that a range of
molecular imaging probes with application spanning sev-
eral imaging modalities are readily accessible using this
peptide. The ultimate goal is to develop imaging probes
with clinical utility for the early detection and diagnosis
of disease where angiogenesis plays a significant role.
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Abstract—High throughput screening efforts have identified a novel class of dichloroaniline amide 11B-HSDI1 inhibitors. SAR
studies initiated from dichloroaniline 4 focused on retaining the potency and selectivity profile of the lead.

© 2006 Elsevier Ltd. All rights reserved.

The glucocorticoid hormones, cortisol in human and
corticosterone in rodents, play key roles in lipid and glu-
cose metabolism. Patients with glucocorticoid excess
(Cushing’s disease) are typically obese, insulin resistant,
and have high fasting blood glucose levels. However, in
diabetic patients, circulating cortisol levels are not ele-
vated.! To determine if there is a link between glucocor-
ticoid concentrations and human diabetes, researchers
focused on the reductase 11B-hydroxysteroid dehydro-
genase (11B-HSD1). This enzyme converts inactive
cortisone to cortisol in tissues such as liver and fat,
increasing the local concentration of active glucocorti-
coid. Evidence of the importance of inhibition of 11f-
HSD1 came from homozygous 113-HSD1 knockout
mice as well as animals engineered to overexpress 11p-
HSD1.? The knockout animals showed decreased fast-
ing blood glucose levels and decreased glycogenolysis.
Selective over-expression of 11B-HSD1 in mouse adi-
pose tissue increased visceral fat mass, when fed a high
fat diet, and the animals were hyperglycemic and insulin
resistant.’

Carbenoxolone (1), a non-selective 113-HSD1 inhibitor,
has been shown to decrease glycogenolysis in diabetic
patients (Fig. 1).* However, carbenoxolone also caused
a rise in blood pressure, likely due to inhibition of
11B-HSD2.# Researchers at Biovitrum and Merck have
reported the preparation of small molecule inhibitors

Keywords: 113-HSD1 inhibitor; 11B-hydroxysteroid dehydrogenase.
* Corresponding author. E-mail: Steven.Richards@abbott.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.09.035

of 11B-HSD1 (2 and 3) that showed efficacy in rodents.
The Biovitrum inhibitor, BVT.2733, when dosed via
mini-pump, lowered glucose and insulin levels. Addi-
tionally, continuous infusion of 2 reduced expression
levels of mRNA encoding for PEPCK and G6Pase.’
The short-acting Merck inhibitor 3 was reported to low-
er glucose levels, decrease food intake, improve insulin
sensitivity, and decrease the rate of body weight gain
in STZ treated DIO mice. In ApoE knockout mice, tri-
azole 3 was shown to decrease the rate of atherosclerotic
plaque formation.® In light of the preliminary validation
of 11B-HSDI1 as a treatment for the metabolic syn-
drome, we present a novel series of potent, selective
dichloroaniline 11B3-HSD1 inhibitors.

BVT.2733 2
A )
N Cl
Qe
Cl
4

Figure 1. Representative 11B-HSD1 inhibitors.

Carbenoxolone 1

MK544 3
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Scheme 1. Reagents and conditions: (a) amines, TBTU, DMF, 100 °C,
12 h, 70%.

Dichloroaniline amides (6) were initially prepared as
shown in Scheme 1 where 4-amino-3,5-dichlorobenzoic
acid was coupled with a variety of secondary amines.

Elaboration of amide 6 began with hydrolysis, which
was accomplished under standard conditions, to provide
the carboxylic acid (Scheme 2). Coupling of the acid
with amines provided a second group of dichloroaniline
11B-HSD1 inhibitors.

Another series of compounds was prepared by the route
outlined in Scheme 3. The least hindered amine in cis-
2,6-dimethyl piperazine was selectively masked as a
tert-butoxy carbamate.” Coupling with 4-amino-3,5-
dichlorobenzoic acid furnished the desired amide
product. Cleavage of the protecting group under acidic
conditions provided a crystalline amine hydrochloride
core. Analogs were prepared by standard nucleophilic
substitution reactions. Alternatively, palladium cata-
lyzed cross-coupling of 2,6-dimethyl piperazine with aryl
halides provided substituted piperazines that were, in
turn, coupled with 4-amino-3,5-dichlorobenzoic acid.®

To explore the steric environment of the 113-HSD1 en-
zyme, we investigated 2,6-dimethyl-4-amino piperidines.

Ao cl AO Cl

N N
NH, ab NH,
cl cl
2
o7 o™ o N R
|‘Q1
6g 7

Scheme 2. Reagents and conditions: (a) LIOH, THF/H,0, 80 °C, 12 h,
90%; (b) Ri{R,NH, TBTU, DMF, 100 °C, 12 h, 80%.

a,b,cd
o)
NH N “
HN
e, b NN NH,
cl
8 9

Scheme 3. Reagents and conditions: (a) (Boc),O, THF, rt, 12 h, 80%;
(b) TBTU, DMF, 4-amino-3,5-dichlorobenzoic acid, 100 °C, 12 h,
40%; (¢c) 4 M HCI in dioxane, THF, rt, 3 h, 90%; (d) RX, DMF,
Cs,CO;, 180°C, 60 min, 10-50%; (e) Pd,(dba);, ArBr, NaOtBu,
BINAP, toluene, 150 °C, 15 min, 30-50%.

a b,c,d, e
o o:<:/(N-CBZ
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HN "R NH, X}LN “R NH,
@,x cl @ cl
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Scheme 4. Reagents and conditions: (a) benzyl chloroformate, MeM-
gBr, THF, —25°C, 2h, 1 M HCI, rt, 1 h, 50%; (b) Zn, AcOH, 80 °C,
12 h, 80% or MeMgBr, THF, CuBr DMS, BF5-OEt,, —78 °C, 2.5 h,
60%; (c) Ho, Pd/C, MeOH, 1 atm, 12 h; (d) TBTU, DMF, 4-amino-3,5-
dichlorobenzoic acid, 100 °C, 12 h, 40%; (e) anilines, Na(OAc);BH,
AcOH, DCE, rt, 12 h, 20-50%; (f) triphosgene, Et;N, CH,Cl,, 0 °C,
2 h, 10-30%.

Such compounds were prepared as shown in Scheme 4
using chemistry pioneered by the Comins group.’ By
sequential addition of benzyl chloroformate, MeMgBr
and aqueous acid to 4-methoxypyridine 10, enone 11
was efficiently produced. Enone 11 was then processed
in two different ways. Reduction with zinc was followed
by hydrogenolysis of the amine protecting group.'® The
resulting amine was coupled with 4-amino-3,5-dichloro
benzoic acid. Reductive amination with 2-aminophenol
or 1,2-diaminobenzene provided monomethyl piperi-
dines 12 (R = H). Imine reduction favored the syn iso-
mer with a 10:1 selectivity ratio. Subsequent reaction
with triphosgene afforded either the cyclic carbamate
or urea (13, R = H). Alternatively, enone 11 was treated
with methyl cuprate. The 2,6-dimethyl ketone was
formed in a 3:1 trans/cis ratio. Subsequent transforma-
tions to analogs of 13 (R = Me) proceeded as described
above with an additional reductive amination carried
out using 1,2-diamino benzene.

The dichloroaniline amides were evaluated in 11B3-HSD1
binding assays using truncated human and rat enzymes.
The cellular assay for 113-HSD1 activity was performed
in HEK293 cells transfected with full length h-HSD1
cDNA.!!

High throughput screening efforts led to the identifica-
tion of dichloroaniline amide 4 that was a potent inhib-
itor of both the human and rat isoforms of 113-HSD1
and was highly selective against 11B-HSD2 (Table 1).!2
In rat, dichloroaniline 4 was shown to be a short acting
inhibitor of 11B-HSD1. When compound 4 was tested
for metabolic stability in rat microsomes, it was rapidly
metabolized. Subsequent metabolite identification
experiments demonstrated that the major mode of
metabolism was hydroxylation of the cyclopentyl ring.
No aniline oxidation was observed. Lead 4 also had
poor water solubility. Thus, we began a research effort
to identify additional potent, selective dichloroaniline
inhibitors of 113-HSDI.
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Table 1. First generation dichloroaniline 11HSD1 inhibitors (6)

o)
R cl
NH,
cl
Compound R h-HSD1 r-HSD1 HEK HSDI
K* mM) K (nM) ICsp" (nM)
le’
4 j 8 16 140
N
6a 4 8 17

6b 10 6 100

6¢ @% 4 4 41
Ny
6d Y 16 2700 280

6e g N 53 210 960

of N 14 53 130
ANl’{

6g 28 4 900

CO,Et

#Values are geometric means of two experiments.

Polycyclic amides 6a—c were potent against human and
rat 11B-HSD1. They are also selective against both hu-
man and rat 11B-HSD2. Cellular potency of compounds
6a and 6¢c was significantly improved over the lead
compound.'3

In an effort to lower the lipophilicity of this series, we
attempted to introduce polar functionality. Compounds
6d and 6e indicated human 11B-HSD1 could tolerate a
basic nitrogen. Unfortunately, the amine had a deleteri-
ous effect on cellular activity. The cyclopropyl cyclohex-
yl amide 6f was as potent as lead compound 4.
Functionalization of the cyclohexyl ring at the 4 posi-
tion with a carboethoxy group led to compound 6g. This
ester retained potency against rat 113-HSD1 while suf-
fering a drop in cellular potency. Analogs of 6g were
pursued in hopes of recovering cellular activity.

In general, lipophilic secondary amides were preferred
by rat 11B-HSD1 (Table 2). Compounds 7a and 7b were
representative examples of a group of compounds that
contained small, non-polar groups. These potent com-

Table 2. Dichloroaniline amides 11BHSD1 inhibitor 7

AL s

N

o7 N’

h-HSD1 r-HSD1 HEK HSDI1
K" (M) K (nM) ICs" (nM)

7a \© H 17 39 640

Compound R R?

b H 20 68 330
T o
7e Me 60 14 5700
O
T o
7d H 700 20 >30,000
OH

7e “~\> =R' 130 5.2 6400

X
2 =R' 560 9.0

7 BN >30,000
NN
7g \ H 1100 17 >30,000
/N\

#Values are geometric means of two experiments.
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14, R = H, h-HSD1 IC5g = 870 nM
15, R = Me, h-HSD1 ICsq = 36 "M
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16, R = H, h-HSD1 IC50 > 10,000 nM

17, R = Me, h-HSD1 IC5q =550 nM

Scheme 5. Steric bulk around amide increases h-HSD1 potency.

pounds did not show improved cellular potency. The
move to small, polar substituents, such as ester 7c, also
did not improve cellular potency. Similarly, tertiary
amide 7e was also significantly less active in the HEK as-
say. The incorporation of acidic (7d) or basic (7f and 7g)
substituents at this position also decreased the human
11B-HSD1 potency and led to a complete loss of cellular
activity. However, these compounds were potent against
r-HSD1, indicating that charged substituents were pre-
ferred at this position in the rat isoform.

The decision to pursue substituted piperazine and amino
piperidine dichloroaniline analogs was made based on
the compounds shown in Scheme 5. Cyclohexyl amide
14 was found to be a weak inhibitor of human 11f-
HSD1. However, when methyl groups were added as
steric bulk around the amide carbonyl, the resulting
amide 15 was greater than 20-fold more potent. Similar-
ly, 2,6-dimethyl aryl piperazine 17 was marginally active
while the non-methylated analog 16 was completely
inactive. Thus, a goal became to exploit these observa-
tions to make polar analogs that maintained cellular
potency.

Incorporation of the cis-2,6-dimethyl piperazine moiety
to the dichloroaniline scaffold was generally tolerated
by rat 113-HSD1. The potency depended on the substit-
uents appended to the 4 position of the piperazine
(Table 3). Pyridyl piperazine 9a, while potent against

Table 4. 4-Aminopiperidine dichloroaniline SAR

Table 3. 2,6-Dimethyl piperazine dichloroaniline analogs with general

structure 9
(0]
(LN Cl
R'N\)i‘\@NHz
Cl

Compound R h-HSD1  r-HSDI HEK HSDI1
K* (aM) K aM)  ICs" (nM)
Ny 7\/
9a | 100 6 >10,000

¢
0 13 14 490

9b

9¢ @/\/ 10 18 190

0.0
9d ST 23 360
(N
NH,
9e SR 5 370
| /N

#Values are geometric means of two experiments.

r-HSD1, was inactive in cells. Alkyl and aryl piperazines
9b and 9c¢ provided the first indication that this scaffold
could possess cellular potency. Introduction of both a
nitrogen and a second substituent at the ortho posi-
tions of the aryl piperazine core also furnished active
analogs. Meta- and para-substituted aryl piperazines
were inactive or less active than their ortho-substituted
comparators. Compounds 9d and 9e were examples that
displayed polar functional groups and still had cellular

Compound R X h-HSD1 Ki* (nM) r-HSD1 K;* (nM) HEK HSDI ICsy* (nM)
13a H (6] 13 140 380
13b Me O 12 160 72
13c Me N 22 39 76

#Values are geometric means of two experiments.
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activity. Additionally, 9e was found to be more than 10-
fold more soluble than lead compound 4.

The highly substituted trans piperidine amides were also
well tolerated by h-HSD1 (Table 4). Dimethyl urethane
13b was significantly more active against 113-HSD1 in
cells than the monomethyl variant (13a). Urea 13c
proved to be a dual potent human/rat 113-HSD1 inhib-
itor that maintained cellular potency.

In summary, we have described SAR for a novel series
of dichloroaniline amide 11B3-HSDI1 inhibitors and iden-
tified several dual human/rat potent compounds. The rat
isoform tended to accommodate polar analogs better
than the human enzyme. While the SAR for cellular
potency was less well defined, we were able to discover
several dual potent inhibitors, 6a, 6c, and 13¢, which
were also potent against 11B3-HSDI in cells. All of the
compounds identified were selective against 11pB-
HSD2. The discovery of compounds with this desirable
biochemical profile is a key step forward in the identifi-
cation of new small molecule inhibitors of 11B-HSDI
with therapeutic potential.
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Abstract—Fifteen new betulinic acid analogues were designed, synthesized, and tested for anti-inflammatory activity. Many of these
analogues effectively suppress nitric oxide (NO) production in RAW cells stimulated with interferon-y. Analogue 10 is highly and
orally active in vivo for induction of the anti-inflammatory and cytoprotective enzyme, heme oxygenase-1.

© 2006 Elsevier Ltd. All rights reserved.

Betulinic acid (BA, 1) is a pentacyclic lupane-type triter-
pene isolated from various plants.!-> Betulinic acid selec-
tively inhibits the growth of human melanoma cells
in vitro and in vivo,? suppresses proliferation of neuro-
blastoma* and ovarian carcinoma cells,’ and enhances
differentiation and apoptosis of primary leukemia cells.®
Despite a lack of toxicity in animal studies even at high
concentrations,” the relatively low potency of betulinic
acid itself lessens its clinical utility as an anti-cancer
drug.

Our ongoing efforts to improve the anti-inflammatory
and anti-proliferative activity of oleanolic acid (2), a
naturally occurring oleanane-type triterpene, led us to
discover 2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oic
acid (CDDO) and related compounds (e.g., CDDO-
Me, CDDO-Im, and TP-222, see Fig. 1).”° CDDO
and CDDO-Me are currently being evaluated in phase

I clinical trials for the treatment of leukemia and solid CDDO: R'=CN, R?= CO,H
tumors. In these investigations, we discovered two CDDO-Me: R' =CN, R? = CO,Me
—N
CDDO-Im: R'=CN, R2= «__N_/
Keywords: Triterpene; Betulinic acid; Inhibitors of nitric oxide pro- T
duction; RAW 264.7 cells; Inducer of heme oxygenase-1.
* Corresponding authors. Tel.: +1 603 646 1591; fax: +1 603 646 3946 TP-222: R! = CO,H, R2 = CO,Et
(T.H.); tel.: +1 603 646 3118; fax: +1 603 646 3946 (G.W.G.); e-mail
addresses: th9@dartmouth.edu; ggribble@dartmouth.edu Figure 1. Structures of betulinic acid, oleanolic acid, CDDO, and
T Co-first authors, contributed equally to this work. CDDO analogues.

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2006.09.012
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important structure—activity relationships (SARs). The
combination of enone functionalities with cyano and
carboxyl groups in ring A and an enone functionality
in ring C is an essential structural feature for high poten-
cy in various bioassays related to inflammation and can-
cer,’ and modifications of the C-17 carboxyl group affect
both potency and pharmacokinetics.” Thus, we envi-
sioned incorporating the same structures into betulinic
acid for increasing its anti-inflammatory activity.

We initially designed and synthesized methyl ester 3'°
and 15 new betulinic acid analogues 4-18'! without
the enone functionality in ring C (Table 1) because bet-
ulinic acid differs from oleanolic acid and is devoid of
functionality in ring C. We evaluated the potency of
the new analogues for inhibition against nitric oxide
(NO) production in RAW 264.7 cells (in vitro) and
induction of the anti-inflammatory, cytoprotective en-
zyme, heme oxygenase-1 (in vivo).!? We report here that
several new semi-synthetic betulinic acid analogues dis-
play highly potent anti-inflammatory activity in vitro,
and we show that 10 is also highly and orally active
in vivo.

6307

Compounds 4-12 with a cyano enone functionality in
ring A were synthesized by the sequence shown in
Scheme 1. Acid 4 was obtained in 61% yield by cleavage
of methoxycarbonyl group of 3 with AlBr; in Me,S."?
Ethyl ester 5 was prepared in 78% yield from 4 using
EtI and DBU in toluene.!'* Reaction of 4 with oxalyl
chloride gave acyl chloride 19 in quantitative yield.
Amides 6-9 and imidazolides 10-12 were synthesized
in moderate yields by condensation reactions between
19 and the corresponding amines and imidazoles
(Scheme 1 and Table 1).

Compounds 13-18 with a carboxyl or methoxycarbonyl
enone functionality in ring A were synthesized by the se-
quence shown in Scheme 2. Methyl ester 21 was pre-
pared in 85% yield from methyl betulonate (20), which
was easily synthesized in 95% yield in 2 steps (methyla-
tion with CH,N, and Jones oxidation) from 1, by Stiles’
reagent (methoxymagnesium methyl carbonate) in
DMF," followed by methylation with CH,N,. The 'H
NMR spectrum showed that 21 is the single tautomer
in CDCl; as depicted in Scheme 2. Initially, we expected
that addition of phenylselenyl chloride (PhSeCl, 2 equiv-

Table 1. Inhibition of NO production in RAW cells stimulated with interferon-y by methyl ester 3 and new betulinic acid analogues 4-18

Compound R! R? R? Yield (%) Inhibition of NO ICsy® (M)
3 CN CO,Me H Ref. 10 0.03
4 CN CO,H H a 0.2
5 CN CO,Et H 0.02
6 CN CONH, H 74° 0.03
7 CN CONHMe H 70° 0.05
8 CN CONHEt H 79° 0.07
9 CN CONMe, H 77° 0.03
O
10 CN A H 91° 0.03
)\\N\:/N
O,
11 CN )LNKN H 62° 0.05
\—/
fo) Et
12 CN A H 60° 0.03
\—/
13 CO,Me CO,Me H a 0.6
14 CO,Me CO,Me OH a 1
15 CO,Me CO,Me F a 0.3
16 CO,H CO,Me H a 0.3
17 CO,H CO,Me OH a 0.9
18 CO,H CO,Me F a 0.3
BA (1) Inactive
CDDO 0.02

#Yield is shown in the text.
®Yield from 19.

“RAW 264.7 cells were treated with various concentrations of compounds and interferon-y (10 ng/mL) for 24 h. Supernatants were analyzed for NO

by the Griess reaction.
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/Ph
Se
_ e
CO,Me ]
a > =
H [Mco,Me PhSeCl H [Nco,Me (O
3
c
/ 13 and/or 21 23
5 (78%)
/Ph Ph_
«~Se

o

Se
o \J/ HO\J

612 ~——— - - [2,3] y Hx0 y
dfor 6 A - A A
e for 7-8 \\H CO,Me H [Nco,Me \\H CO,Me
ffor 9
or 19 (100%)
g for 10-12 24 25

14 and/or 22

Scheme 1. Reagents and conditions: (a) AlBr3;, Me;S (rt); (b) (COCl),, Scheme 3. Conversion of 13/21 to 14/22 using PhSeCl-H,0,.
CH,Cl, (rt); (c) Etl, DBU, toluene (reflux); (d) NHs, PhH (rt); (e)
amine hydrochloride, NaHCO;, PhH, water (reflux); (f) Me,NH, PhH

flux); imidazole, PhH . . . .
(reflw); (2) imidazole 0 followed by hydrolysis of 25 to give allylic alcohol 14

and/or 22.'® Allylic fluoride 15 was obtained in 65%
o S yield from 14 with DAST in CH,Cl,." Acids 16-18 were
alents) to 21 and subsequent oxidation/elimination of prepared from the corresponding methyl esters 13-15 by

the selenated intermediate with H,O, would give only alkaline hydrolysis (86%, 100%, and 86% vyield,
13. However, these conditions'® afforded 14 (28% yield) respectively).

and 22 (14%) in addition to 13 (22%). We believe that

PhSeCl produces the rearranged allylic selenide 23 from We have evaluated the potency of methyl ester 3 and
13 and/or 21 (Scheme 3).!7 Oxidation of 23 with H,0, new analogues 4-18 for inhibition of NO production
forms allylic selenoxide 24, which is converted to allylic in RAW 264.7 cells stimulated with interferon-y, and
selenenic ester 25 by a [2,3]sigmatropic rearrangement, induction of the anti-inflammatory, cytoprotective

= H 13: R=H (22%)
14: R = OH (28%)

/ 15: R =F (65%)
R\/Z

e

»H 16: R = H (86%)
17: R = OH (100%)
18: R = F (86%)

Scheme 2. Reagents and conditions: (a) Stiles’ reagent, DMF (at 110 °C); (b) CH,N,, Et,O, THF (rt); (c) PhSeCl, pyr., CH,Cl, (at 4 °C); 30% H,0,,
CH,Cl, (at 4 °C); (d) ag KOH, MeOH (reflux); (e¢) DAST, CH,CI, (—78 °C).
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DMSO BA 10 CDDO
i“ o e M P "'" HO-1
5 o . ¢ - - .

Figure 2. Analogue 10 induces heme oxygenase-1 (HO-1) in vivo in
liver. Male CD-1 mice (three mice per group) were gavaged with
triterpenoids (2 uM) in DMSO. After 6 h, livers were collected and
analyzed by Western blot for heme oxygenase-1.%

enzyme, heme oxygenase-1 in the liver (in vivo). In the
RAW cell assay (Table 1), compounds 3-12 with a cya-
no enone functionality in ring A are highly active, with a
potency which is similar to that of CDDO, whereas bet-
ulinic acid is inactive. The series of compounds 13-18
with a carboxyl or methoxycarbonyl enone functionality
in ring A is less active, with a potency more than 10-fold
less than that of CDDO. Most importantly, we have
found that one of the new analogues, 10, is significantly
more potent in vivo than both betulinic acid and the
oleanolic acid analogue, CDDO. Thus, as shown in
Figure 2, oral dosing of 2 uM of compound 10 caused
significant induction of the anti-inflammatory, cytopro-
tective enzyme, heme oxygenase-1, in the liver, while
betulinic acid and CDDO were both markedly less
potent at this low dose. There is major interest in
stimulating heme oxygenase-1 as a protective enzyme
in many chronic disease conditions in which inflamma-
tion and oxidative stress play a key role.!?

In summary, in a series of new betulinic acid ana-
logues, we have found the following interesting SARs:
(1) A cyano enone functionality in ring A is necessary
for exhibiting potent inhibitory activity against NO
production in RAW cells. (2) Noteworthy is that an
enone functionality in ring C is not necessary for
the potency. The SARs are entirely different from
those of oleanolic acid analogues.”® (3) The methoxy-
carbonyl and carboxyl enone functionalities in ring A
are not important for the potency. (4) C-17 modifica-
tions do not affect the potency in the RAW cell assay.
These results are also different from those of CDDO
analogues.” However, interestingly, only the acyl imid-
azole increases the potency in vivo. (5) Isopropenyl
side chains do not affect the potency. Overall, it is
important to note that our present results are different
from those of the oleanolic acid analogues that we
have studied previously. Further syntheses and biolog-
ical evaluation of new betulinic acid analogues are in
progress.
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Abstract—In order to overcome the problem of drug resistance in malaria, it appears wise to concentrate drug discovery efforts
toward new structural classes and new mechanisms of action. We report our results, targeting Plasmepsin 11, a Plasmodium falci-
parum aspartic protease active in hemoglobin degradation, a parasite specific catabolic pathway. The results show that the new
structural class is not only inhibiting PMII in vitro but is also active in a P. falciparum infected human red blood cell assay.

© 2006 Elsevier Ltd. All rights reserved.

Due to changing agricultural habits, increased mobility
of the population and climate changes, malaria is
spreading into formerly unaffected regions. In addition,
the rising tide of resistance to most antimalarial drugs
has caused an increase in mortality and has complicated
disease control. Consequently, malaria is still one of the
world’s most serious infectious diseases, being the most
widespread parasitic disease in man, with 300-500 mil-
lion people affected, leading to more than 1 million
annual deaths, mostly among children.!

These facts and a recent publication reporting that
organisms with reduced sensitivity to artemisinin deriva-
tives, the last resort against multi-drug resistant P. falci-
parum parasites, have been found in field isolates®
illustrate the urgent need to discover and develop new
antimalarial drugs. In order to successfully overcome
the problem with existing drug resistances it appears wise
to concentrate drug discovery efforts toward new struc-
tural classes with new mechanisms of action. Hemoglo-
bin degradation is a parasite specific catabolic pathway,
essential for the survival of P. falciparum, the most lethal
malaria causing parasite in man. The enzymes involved
in this process constitute new and promising drug

Keywords: Malaria; Plasmepsin 11.
* Corresponding author. Tel.: +41 61 565 66 70; fax: +41 61 565 65
00; e-mail: olivier.corminboeuf@actelion.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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Figure 1. General structure of type I and II tertiary amines.

targets.? It has been shown that the parasites are unable
to proliferate in human red blood cells in vitro in the
presence of inhibitors of aspartic proteases.* Plasmepsin
IT (PMII) was identified as one of at least four parasite
specific aspartic proteases involved in hemoglobin degra-
dation inside the acidic food vacuole.?>

A high-throughput fluorescence resonance energy trans-
fer (FRET) assay was used to measure the enzymatic
activity of the isolated enzyme. Screening of a commer-
cial library led to the identification of low uM inhibitors
of PMII of types I and II (Fig. 1).

Optimization of type I hits improved the potency by a
factor of 250 (ICsq PMII from low uM for 1 down to
6 nM for 2).° In parallel, optimization of type II tertia-
ry amines led to a 60-fold increase in potency (from
low puM for 3 to 101 nM for 4).”" These compounds

T1Csy are the mean of several measurements, explaining some
differences with the ICs, as published earlier.’
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were then tested for antimalarial activity in a cell-based
assay using P. falciparum infected human red blood
cells (iRBC assay).® Compounds 2 and 4 exhibited a
clear antiparasitic activity in this assay, although a
shift between the isolated enzyme assay and the cell-
based assay of a factor of 10 or more was observed
(ICs9 iIRBC/IC5y FRET > 10). It was hypothesized that
the shift might be due to the difficulty of these rather
lipophilic compounds to reach their target in the cellu-
lar assay (Fig. 2).

For type II inhibitors, the importance of the 4-n-pentyl-
benzoyl unit and the length of the spacer for inhibitory
activity against PMII had already been reported.’
Replacing the n-pentyl chain by shorter ones as well as
the introduction of a heteroatom in the chain led to sub-
stantial losses of inhibitory activity toward PMII. It had
also been shown that there was a slight preference for
the C, spacer. Until now, little was known of the effect
modifications at R* and R* would bring to type II PMII

inhibitors (see Fig. 1). In order to evaluate the effect of
the substituent at the tertiary amine, the synthetic path-
way was accommodated as described in Scheme 1 and a
series of reductive aminations was conducted using a
parallel chemistry approach.

The di-n-butyl substitution still resulted in the most ac-
tive compound of the series as seen in Table 1. No fur-
ther conclusion could be drawn except that substituents
should be quite bulky to retain activity. Additional
investigations with respect to the amine substitution
are underway.

Applying these SAR-observations (4-n-pentyl-benzoyl
unit, biaryl system, C, spacer, di-n-butyl substitution)
an attempt to improve the physico-chemical profile of
the compounds was made. This was achieved by add-
ing a polar functionality to the preferred biaryl sys-
tem with the aim to maintain activity against PMII
and to increase activity in the iRBC assay. As

O

o o
3 C=r730%,

1:1C5 PMII (FRET) = 1.7 uM

2: IG5 PMII (FRET) = 6 nM
ICs (RBC)=1.8 M

%Tij\oFS = ))/©)LNHN O z>
9 S

3: IC5o PMII (FRET) = 3.6 uM

Figure 2. First optimization of the lead structures.

4: IC5, PMII (FRET) = 101 nM
ICsp (IRBC) = 1.2 uM

Scheme 1. Reagents and conditions: (a) i—glycine methyl ester hydrochloride, MeOH, Hiinig’s base, reflux 4 h; ii—NaBHy, rt, 1 h; (b) 4-n-pentyl-
benzoyl chloride, CH,Cl,, Hiinig’s base, rt; (c) N,O-dimethyl-hydroxylamine, AlMes, CH,Cl,, rt, 47%, three steps; (d) DIBAL-H, THF, —78 °C, 2 h;

(e) amine, CH3;CN, reflux 4 h; ii—NaBHy, rt, 1 h, 80%, two steps.
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Table 1. Variations in the tertiary amine of type II compounds (ICs, in nM)

W©*Z>

Compound R 1Cso FRET Compound R 1Cso FRET
7N\ N\

4 %N\_L 101 5 =N 531
-~ -

6 = 1519 7 %N% 1501

—N

8 N ) 334 9 E D_@ 190

10 %NDJ_@ 165 11 é*NDO 2897
) s

12 N 334 13 H) QNJ 439

described in Table 2, addition of polarity by introduc-
tion of an ester (15), an acid (16) or an alcohol (17)
did not decrease the shift between the FRET ICsg
and the iRBC ICsy values. Replacement of the ester
by an amide (18-23) resulted in improved activity in
the FRET assay but the shift remained and in addi-
tion the molecular weight of the compounds was
increased.

These results indicated that the physico-chemical prop-
erties of the compounds needed to be adjusted by other
structural variations. In order to keep the compounds
small, the second aryl of the biphenyl moiety was re-
placed with a heteroaryl or an amide. Using a copper
catalyzed coupling according to Buchwald,”!? both the
aryl-heteroaryl (Table 3, 24 and 25) and the aryl-amide
derivatives (26-29) were accessible.

Table 2. Aryl-amine substituents: comparison of the shift between the FRET and the iRBC assay (ICs, in nM)

LI
J

N

®
2o

Compound R ICsy FRET ICs; iRBC Compound R ICsy FRET ICsy iRBC
Qq 7
14 - 143 2442 15 §_>\—o 183 2472
O,
16 ngH 463 7152 17 s 3 “on 511 3658
o]
° —~
18 JN\H—Q 46 340 19 N3 56 751
o
0 QM
20 4 72 566 21 NP 74 885
HN

2 — 77 859

23 JNL@ 91 725
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Table 3. Aryl-heteroaryl and aryl-amide substituents: comparison of the shift between the FRET and the iRBC assay (ICs, in nM)
o
S sage!
QO
\)/NL/
Compound R 1Cso FRET 1Cs0 iRBC Compound R 1Cso FRET 1Cs0 iRBC
24 N 240 825 25 670 739
. e
o) Q NH
26 WNH 464 550 27 » 202 376
$—NH $—NH
Q N:> OMe
28 / 243 605 29 Q - 154 623
%NHN £ NH AN

N=—
30 5@ 380 1726
2 =, 212 583

—N

31 g@ 374 273
—N

33 g{@ 531 232

In comparison to the biphenyl substitution, where a
shift of more than 10 between the enzyme FRET assay
and the cell-based assay was observed, the shift was sig-
nificantly reduced by replacement of the terminal aryl of
4 by an indole or amides. The aryl-heteroaryl system
was further investigated using a Suzuki coupling in a
parallel chemistry setting.

Introduction of a pyridine (Table 3, 30-32) resulted in
some activity loss by FRET assay in comparison to 4
or 14 but the assay to assay shift was reduced or even
disappeared as shown by 31. One possible explanation
of these findings is that the introduction of polar groups
allowed better cell penetration and/or accumulation in-
side the cells.

Table 4. Increasing hydrophilicity / polarity: comparison of the shift between the FRET and the iRBC assay (ICsy in nM)

JU

Compound R X Y 1Cso PMII FRET 1Cs9 iRBC
3 O C N 589 609
3 N c 2345 693
o]
36 5{}2 C N 437 677
3 N c 1912 698
38 N= c N 736 411
aY,
39 =" c N 587 458
)
40 N C 5266 465
4 g@N C N 642 457
a2 N c 4553 630
—N
3 g{h? C N 2229 560
44 N c 8530 639
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Table 5. Aryl-amine substituents: comparison of the shift between the FRET and the iRBC essay (ICs, in nM)

ra,

JU

Compound R ICs FRET  ICs5iRBC  Compound R ICs FRET  ICso iRBC
45 N 1491 550 46 N ) 369 628
A
47 RV 188 1757 48 s N N— 2549 431
-/ /
49 VY 200 1278 50 — p 646 790
\_/ HVERN
_/
51 /—Q 429 686 52 289 609
$—NH ?N\
53 224 539 54 Q 574 617
$—NH %N\
7N 7N
55 _ 1816 207 56 _ 3015 453
$NH %N\

The results depicted in Table 3 encouraged the study of
further replacements of phenyl-rings by heteroaryl-sys-
tems as summarized in Table 4.

A distinct SAR can be derived from Table 4: in the pyr-
idine—aryl system 34 and 36 some activity was lost in the
FRET assay compared to 14 and 4 but the assay to as-
say shift was significantly reduced. For 35 and 37, a 10-
fold loss of activity was observed in the FRET assay
compared to 14 and 4 but an inverted shift (ICs
iRBC/ICsy FRET < 1) was observed, the activity in the
iIRBC was better than on the isolated enzyme. This
was also true for the bis-pyridines 38 to 42: there was
no shift when Y = N and an inverted shift was observed
when X = N. The same was true for the pyridine—pyrim-
idine system (43 and 44). This inverted shift could be due
to off target activity, better cell penetration and/or intra-
cellular accumulation.

Having shown that an introduction of polarity by means
of replacing CH-groups in the biaryl system by N-atoms
resulted in reduced ICsq shift between the assays, the ef-
fect of replacing the biaryl system by an aryl-amine
group was examined. Applying the Buchwald-Hartwig
aryl-amination protocol'! in a parallel chemistry setting,
the compounds depicted in Table 5 were synthesized.

These results demonstrated that the introduction of
polarity via an aryl-amine system resulted in reduced
or inverted ICs, shift between the assays. Compounds
down to 207 nM in the iRBC assay could be obtained
(see 55) but the SAR was not as clear as with the biaryl
system.

In conclusion, it was shown that type II compounds are
promising leads to provide PMII inhibitors. The prob-
lem of the 1Csq shift between the isolated enzyme assay
(FRET) and the cell-based assay (iRBC) could be solved
by the introduction of polar groups without significantly
increasing the molecular weight. The bis-heteroaryl moi-
ety was a preferred pattern where hydrophilicity / polar-
ity could be introduced. The pyridine—pyridine biaryl
replacement showed activity in the iRBC assay below
300 nM with a clear SAR. Further work toward the
optimization of the biaryl class by replacement of the
pyridine by small heterocycles is ongoing. It was also
demonstrated that the aryl-amide unit pattern as well
as the aryl-amine are beneficial, resulting in compound
55 with an ICsq of 207 nM in the iRBC essay.
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Abstract—Compound V7, a benzothiazole which was recently found as selective inhibitor of trypanosomal TIMs, was docked into
TIMs from Trypanosoma cruzi, Trypanosoma brucei, Entamoeba histolytica, Plasmodium falciparum, yeast, and human. Structural
analyses revealed the importance of the accessibility to the two aromatic clusters located at the dimer’s interface for the selective
inhibition of trypanosomal TIMs. Thus, it was found that different accessibilities of the protein interface of TIMs plays an impor-
tant role in the inhibitory activity of benzothiazoles. These findings will contribute to the rational development and improvement of

benzothiazoles to be used as multi-trypanosomatid inhibitors.
© 2006 Elsevier Ltd. All rights reserved.

Trypanosomiasis affects more than 18 million people in
Mexico, Central and South America, and Africa. In La-
tin-America, the protozoan Trypanosoma cruzi is the
causative agent of the human trypanosomiasis called
Chagas’ disease. This disease causes about 21,000
deathls/year, and 300,000 new cases are reported every
year.

Similarly, the African trypanosomiasis, also known as
Sleeping sickness, is caused by two different sub-species
of the protozoan Trypanosoma brucei: Trypanosoma
brucei rhodesiense (in East and Southern Africa) and
Trypanosoma brucei gambiense (mainly in West and
Central Africa). The African trypanosomiasis is causing
65,000 deaths per year, and 66,000 new cases appear
every year.! Unfortunately, the current treatments
against trypanosomiasis have not shown satisfactory
results. However, recent experimental and theoretical
studies have demonstrated that the inhibition of the
enzyme triosephosphate isomerase (TIM) represents a
promising approach against trypanosomiasis.” It has

Keywords: Computational docking; Trypanosomatid inhibitors;
Trypanosoma cruzi; Trypanosoma brucei; Triosephosphate isomerase;
Aromatic clusters.
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been hypothesized that agents that target the dimer
interface would be able to selectively inactivate the en-
zyme by promoting the destabilization of the quaternary
structure of the protein. This approach is based on the
fact that the active site is highly conserved along differ-
ent species, and that TIM is only catalytically active as a
dimer.? Thus, the selective inhibition of the TIM would
lead to the death of the parasite.

For instance, Gomez-Puyou, Perez-Montfort, and co-
workers have reported a few compounds, benzothiazoles
that were able to selectively inhibit TIMs from 7. cruzi
and T. brucei.*> In addition, they were able to experi-
mentally elucidate the three-dimensional structure of a
small benzothizole and TIM from 7. cruzi.® The authors
showed that these agents were indeed dimer interface-di-
rected, and that these agents bind to the aromatic clus-
ters located at the interface, as previously found by
our workgroup.”-?

Recently, Olivares-Illana et al. reported a benzothiazole
(Fig. 1), which selectively inhibited TIMs from 7. cruzi,
T. brucei, and L. Mexicana (called multi-trypanosomatid
inhibitor by the authors).> This compound, labeled as V7
by these authors (Fig. 1), shares a common structure
with other benzothiazoles previously reported.* It was
also found that its activity is similar to that displayed
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Figure 1. Chemical structure of V7.

by other benzothiazoles. Despite the studies previously
reported on the selective inhibition of TIM from differ-
ent species, the rationale on why certain benzothiazoles
are potent inhibitors of trypanosomatid TIMs remains
unknown.

On this basis, we report a flexible docking study of the
benzothiazole V7 againts TIMs from T. cruzi, T. brucei,
Entamoeba histolytica, Plasmodium falciparum, yeast,
and human. Structural analysis performed on the best
docking modes revealed the importance of the accessi-
bility to the interface, leading to an optimal interaction
of the compounds with two aromatic clusters for the
selective inhibition of trypanosomal TIMs. In this study,
we performed a series of combined docking/molecular
dynamics simulations in order to determine the factors
that play a role in the selectivity of certain benzothiaz-
oles over parasite TIMs. It was found that different
accessibilities of the protein’s interface of TIMs are a
key determinant for the inhibitory activity of benzo-
thiazoles over the enzyme. These findings, which com-
plement previous observations made by our
workgroup, will be helpful in the rational development
and improvement of benzothiazoles to be used as mul-
ti-trypanosomatid inhibitors.

The X-ray structures of TIM from different species were
obtained from the Protein Data Bank under the follow-
ing Accession Numbers: 1TCD (7. cruzi); 111H (T. bru-
cei); IMOJ (E. histolytica); 1YDV (P. falciparum); 1YPI
(yeast) and 1WYI (human). Side-chain ionization states
were adjusted to a pH of 7.0 using PROPKA.® Subse-
quently, the proteins were embedded in a TIP3P water
box. Finally chlorine and sodium counterions were add-
ed to reach a net charge of zero and to adjust the ionic
strength to that physiologically observed (~0.15 M). All
systerlrols were modeled with the CHARMM 22 force
field.

In order to produce a set of relaxed structures for each
TIM studied here, molecular dynamics simulations were
carried out by using the program NAMD 2.5.!' An NPT
ensemble was used, and periodic boundary conditions
were imposed on the systems. The non-bonded cutoff
was set to 9 A, and the SHAKE algorithm was used to
allow a 2 fs time step. Constant pressure (1 bar) and
temperature (300 K) on the system were maintained
with an isotropic Langevin barostat and a Langevin
thermostat. Thousand steps of conjugate gradient algo-
rithm were used to minimize each system with restraints
to protein backbone, followed by 1000 steps without re-
straints. This procedure was followed by a warming-up
period of 60 ps and an equilibration for 100 ps. The sim-
ulations finished with a production run of 1.5ns for
each TIM.

For docking purposes, 30 snapshots obtained from the
molecular dynamics simulations of the six TIMs were
taken. Water molecules and ions were removed from
the six structures, and only polar hydrogen atoms within
the protein were kept. Grid maps covering the TIM
interface were computed by using the program
AutoGrid.

The structure of the benzothiazole V7 was built and
optimized with the aid of the program MOE.!? Docking
simulations were performed with the program Auto-
Dock.!3 This program allows full flexibility on the
ligand under study. Docking was carried out using the
Larmarckian Genetic Algorithm with an initial popula-
tion of 200 individuals, a maximum number of
10,000,000 energy evaluations, and maximum number
of 27,000 generations. For the local search, the pseu-
do-Solis and Wets algorithm was applied using a maxi-
mum number of 300 iterations per local search. Docking
simulations consisted of 150 independent runs. Result-
ing orientations lying within 1.5 A in the root-mean
square deviation were clustered together. The best orien-
tations (i.e., that represented by the lowest free energy of
binding) were further subjected to energy minimization
by using 1000 steps of conjugate gradient algorithm.

The most representative orientations of V7 on the six
different TIM’s are shown in Figure 2. In previous com-
putational studies, it was observed that benzothiazoles,
regardless of their size, bind very close to the symmetric
aromatic clusters located at the interface of TIM from
T. cruzi® In the present docking study, it was found
that V7 directly interacted with both aromatic clusters
located at the interface of the TIM from T. cruzi. These
aromatic clusters are formed by Phe75 from one mono-
mer, and Tyr102 and Tyr103 from the adjacent mono-
mer. In a similar way, V7 had direct contact with
Tyrl01 and Tyrl02, which together with Phe74 from
the adjacent monomer, constitute the aromatic clusters
of TIM from T. brucei (Fig. 3). These observations are
in good agreement with the previously reported data
obtained from docking simulations of related benzo-
thiazoles on TIM from 7. cruzi.® In contrast, it was ob-
served that V7 did dock into a cavity located at the
interface of TIMs from P. falciparum and human. It
should be noticed that, according to our multiple com-
putational docking experiments, such cavity might not
represent an actual binding site for this kind of com-
pounds. This could be attributed, in part, to its location
and the dynamic behavior of such region of the dimer.
In the first case, the cavity is formed by the following
residues (the letters within parentheses indicate the
monomeric unit they belong to): Asn65 (A), Glu77
(A), Argd98 (A,B), Phel02 (A,B), Glyl03 (A,B),
Glul04 (A), Ser105 (A), Leul08 (A), and Tyr 112 (A).
In the second case, residues Ser45 (A,B), Gln46 (B),
Asn65 (A), Val66 (B), Ser67 (B), Gly76 (A), Glu77
(A,B), Val78 (B), Arg98 (A), and Phel02 (A,B) were
found to form the cavity where V7 binds at the interface
of TIM from P. falciparum. It was also observed that V7
had few interactions with some of the residues that sur-
round the aromatic cluster of TIM from E. histolytica,
although such interactions do not seem to affect the lo-
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Figure 2. Binding modes of V7 on TIMs from (A) Trypanosoma cruzi, (B) Trypanosoma brucei, (C) human, (D) Entamoeba histolytica, (E)
Plasmodium falciparum, and (F) yeast. TIM is rendered as a surface and V7 as van der Waals spheres. White arrows indicate the location of the two

aromatic clusters at the interface.

cal dynamics of the aromatic clusters. These residues are
Trp75 (B), Thr76 (B), Phel09 (A,B), His110 (A,B),
GInl115 (B), and Vall16 (B). Similarly, the residues of
TIM from yeast that made contacts with V7 are
Asn65 (A), Glu77 (A), Arg98 (A), Phel02 (A,B),
His103 (A), Glu104 (B), Phel08 (A,B), and Lys112 (A).

In a recent study, Olivares-Illana et al. found that V7
selectively inhibits trypanosomal TIM’s.® In their study,
the authors estimated that the half-maximal inactivation
on TIM by V7 was 21 and 35uM for T. cruzi and
T. brucei, respectively.® In contrast, high concentrations
of this agent were not unable to affect the catalytic activ-
ity of TIM from P. falciparum, E. histolytica, yeast and
human. By comparing the structure of the interfaces of
the six structures studied here, it was observed that the
packing of the aromatic clusters of TIM from T. cruzi
and T. brucei is very similar and that the overall accessi-
ble surface of the interfaces provides a wide cavity, thus
yielding better binding sites for trypanosomatid agents.
This observation is supported by the fact that V7 dis-
played a very similar binding mode on both TIMs,
directly interacting with the aromatic clusters, which

were found to be critical for the stability of the dimer.
In addition, the ratio of the experimental half-maximal
inactivation between the two species was low (~0.6).

In contrast, the reduced accessible surface of the TIM’s
interfaces and the packing of the aromatic clusters of E.
histolytica, P. falciparum, yeast, and human did not
allow the formation of a well-defined binding site for
V7. Moreover, it was observed that despite the fact that
V7 was found to bind at the interface of TIM’s from P.
falciparum, yeast, and human, it was not able to interact
with the aromatic clusters. Thus, its inhibitory activity
on such species is considerably reduced, as experimen-
tally observed by Olivares-Illana et al.’

The docking modes of V7 on the six different structures
of TIM revealed some interesting features of different
TIMs that can be exploited in the design of multi-try-
panosomatid inhibitors. First, it was observed that the
binding site of V7 at the interface of TIMs from T. cruzi
and T. brucei is very similar to that observed in previous
studies for other benzothiazoles. In principle, it could
mean that the mode of action of this agent is somehow
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Figure 3. Structure and composition of the aromatic clusters of the six TIMs. (A) Comparison between TIM from Trypanosoma cruzi (yellow) and
Trypanosoma brucei (pink). (B) Superimposition of the aromatic clusters of TIM from human (purple), Entamoeba histolytica (orange), Plasmodium
falciparum (cyan), and yeast (lime). The composition of such aromatic clusters is depicted in: (C) for human, (D) for Entamoeba histolytica, (E) for

Plasmodium falciparum, and (F) for yeast.

similar to that observed for compounds that are homol-
ogous to V7. Moreover, it was observed that the binding
modes of V7 over the TIMs from 7. cruzi and T. brucei
were very similar. The calculated RMSD from both
binding modes was <0.5 A. This observation could
explain, in part, why this compound is highly selective
for these two strains. In contrast, neither such well-de-
fined binding site nor similar binding modes were
observed for the TIMs from P. falciparum, E. histolyti-
ca, human, and yeast.

Considering the structural data obtained in this study,
we hypothesize that the accessibility to the aromatic sites

located at the interface of the TIM could potentially
play an important role in the selective inhibition of try-
panosomal TIMs (Fig. 3). The regions located at the
interface containing clusters of aromatic residues such
as Phe and Tyr were found to be involved important
for the stabilization of the quaternary structure of the
TIM’s dimer from P. falciparum.'* Moreover, such aro-
matic clusters are highly conserved, although the num-
ber, composition, and distribution of the aromatic
amino acids vary along the phylogenetic tree. Such
structural changes on individual aromatic clusters at
the TIM’s interface, together with the presence of bulky
residues surrounding them, alter the accessibility to such
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sites, impeding the optimal binding of chemical agents
that can disturb the stabilizing interactions of the dimer.
Although this study clarifies some of the questions pre-
viously raised on the selective effect of benzothiazoles
over parasite’s TIMs, more work on this area needs to
be performed. Thus, further studies addressing the
dynamics of the complex between multi-trypanosomatid
agents and TIMs from different species, together with
the calculation of the absolute free energies of binding,
would provide a more complete view on how the
parasite’s TIM could be effectively inhibited, leading to
a fully rational design of highly efficient multi-trypano-
somatid inhibitors.
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Abstract—The novel bacterial transcription/translation (TT) inhibitor 1 was identified through a combination of high throughput
screening and exploratory medicinal chemistry. Initial optimization of the anthranilic acid moiety and sulfonamide amine diversity
was accomplished via 1- and two-dimensional solution phase libraries, resulting in an improvement in the MIC of the lead from 64
to 8 pg/mL (compound 41). Subsequent modification of the central aromatic ring and further refinement of the sulfonamide amines
required the development of a solid phase route on Wang resin. The resulting libraries generated a number of potent antibacterials
with MICs of <1 pg/mL (e.g., 10b, 12, and 13). During the course of this work, it became apparent that the antibacterial activity of
the series is not fully correlated with TT inhibition, suggesting that at least one additional mechanism of action is operative.

© 2006 Elsevier Ltd. All rights reserved.

Bacterial protein synthesis has proven to be a fruitful
target for antibiotic discovery.! A number of marketed
antibiotics inhibit bacterial growth through inhibition
of prokaryotic RNA transcription and protein transla-
tion. Rifampin is a potent inhibitor of bacterial RNA
polymerase, and the macrolides, lincosamides, amino-
glycosides, tetracyclines, and oxazolidinones all have
protein translation as their site of action. Unfortunately,
the increase in the antibiotic resistance of Gram-positive
bacteria threatens to reduce the effectiveness of these
and other antibiotics. These concerns act as an incentive
to discover new and more effective transcription and
protein translation inhibitors.

Through a combination of high throughput screening
and exploratory medicinal chemistry,? 1 was identified
as a novel inhibitor of bacterial transcription/transla-
tion® (TT) with modest antibacterial activity against
Staphylococcus aureus.* The presence of easily modified
carboxamide and sulfonamide bonds encouraged us to
rapidly expand the structure-activity relationships

Keywords: Staphylococcus aureus; Athranilic acid.

* Corresponding author. Present address: Pfizer, 2800 Plymouth Road,
28/2026E, Ann Arbor, MI 48105, USA. Tel.: +1 7346222535; fax: +1
7346221407; e-mail: scott.d.larsen@pfizer.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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(SAR) of this lead through parallel medicinal chemistry.
A straightforward 2-step solution phase route was
developed that was suitable for preparing 1- and two-
dimensional libraries of 50-150 compounds from

NH
0]
1 SO.N(nPr)o

HO,C i ii HO2C\©\
—_—
O\sozm SO,NR'R?2

) ye 3
N-"NH

o)

iii, iv

_ =

4 SO,NR'R2

Scheme 1. Reagents and conditions: (i) R'R>NH,, MeOH, 0 °C, rt,
3 h; (i) aq HCI; (iii)) SOCl,, DMF, 60 °C, 3 h or (CO),Cl,, cat. DMF,
CH,Cl,, rt, 2 h; (iv) (R*)(G)PhNHa, rt, 3 h.
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Table 1. Biological activity of selected library analogs 4

Compound G R? R! R? % TT inh® SAUR MIC® (ug/mL)
1 2-COOH 4,5-fused Ph n-Pr n-Pr 30 64
4a H 4,5-fused Ph n-Pr n-Pr 10 >128
4b 2-OH 4,5-fused Ph n-Pr n-Pr 10 >128
4c 2-COOH 4-Br n-Pr n-Pr 61 8
4d 2-COOH 4-Br (CHy)s 35 16
4e 2-COOH 4,6-diOMe n-Pr n-Pr 0 >128
4f 2-COOH 4-Br Me 4-(MeO)Ph 50 32
4g 2-COOH 4-Br H 3-(CF;)Ph 65 8
4h 2-COOH 4-OMe H 3-(CF;)Ph 35 >128
4i 2-COOH 4,5-diF H 3-(CF;)Ph 55 >128
4 2-COOH 4-Br H 3-(CN)Ph 30 64
4k 2-COOH 4-Br MeO-(CH,), MeO—-(CH,), 10 32
41 2-COOH 4-Br Me 4-(Cl)Ph 75 80° 16 §&°
4m 2-Me 4-Br Me 4-(Cl)Ph 12 >128
4n 2-COOH 4-Br H 4-(Cl)Ph 45 16
40 2-COOH 4-Cl n-Pr Ph 50 32
4p 2-COOH 4-Br n-Pr Ph 80 16
4q 2-COOH 4-1 n-Pr Ph 90 16
4r 2-COOH 4-Me n-Pr Ph 34 128
4s 2-COOH 4-Cl Me 4-(Cl)Ph 85 16
4t 2-COOH 5-Cl Me 4-(Cl)Ph 47 64
4u 3-COOH 4-Cl Me 4-(Cl)Ph 10 >128
4v 2-COOH 4-F Me 4-(Cl)Ph 30 >128
4w 2-COOH 4-Br H 3-(BnO)Ph 75 8
4x 2-COOH 4-Br H 3-(MeO)Ph 20 16
4y 2-COOMe 4-Br H 3-(BnO)Ph 4 >128

# Percent inhibition of S. aureus coupled transcription/translation at 100 uM (Ref. 3).
® Minimum Inhibitory Concentration against S. aureus (UC 9218, ATCC 29213) (Ref. 4).

Values are for resynthesized singleton.

(0]
Br@o i Br@oﬁ
H/go NH»

Scheme 2. Reagents and conditions: (i) Wang resin, DMF, DMAP,
60 °C, 24 h.
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Scheme 3. Reagents and conditions: (i) CISOsH, 0-80 °C, 2 h; (ii)
(CICO),, cat. DMF, CH,Cl,, rt, 18 h; (iii) resin 5, CH,Cl,, pyr, rt, 4 h;
(iv) R'R?>NH,, Et;N, CH,Cl, rt, 15 h; (v) TFA, CH,Cl,, 1t, 1 h.

commercially available 4-(chlorosulfonyl)benzoic acid 2
and diverse amines and anilines (Scheme 1). The method
was sufficiently robust that 282 compounds out of 362
possible targets were pure enough for biological assay
(av purity 80%) without HPLC purification (av yield
72% overall).

Most of the aniline diversity was selected to include one
carboxyl or hydrogen-bonding group (G = CO,H,
CO,Me, OH, OMe, CN, and PhCO) and at least one
other substituent (R3 = halogen, alkyl, Ph, OMe, OH,
fused phenyl). Amine diversity was designed to span a
range of hydrophilicities and MWs (R', R? = H, alkyl,
alkyl-OMe, morpholine, piperidine, NHAr, NMeAr,
NCH,Ar) with varying substitution on the Ar groups.
Representative SAR is presented in Table 1.

The carboxylic acid, positioned ortho to the NH, proved
to be essential for activity (compare 1, 4a, 4b, 4s, 4u, 4w,
and 4y). The naphthyl group of the lead could be suc-
cessfully replaced by 4-haloanthranilic acid (4¢), and
the halide was optimally placed at the 4-position (4s,
4t). The lipophilic halides Br and I were superior to
the more hydrophilic Cl, F, Me or OMe (4g, 4h, 40—
4r). With regard to the sulfonamide substituents, sec-
ondary amines were slightly better than primary (41,
4n) and aromatics could replace aliphatic. Lipophilic
amines were necessary for good TT inhibition and anti-
bacterial activity (e.g., 4g, 4j). One of the best com-
pounds from the library was resynthesized and found
to inhibit TT by 80% at 100 uM with an MIC of
8 ng/mL (41).
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Table 2. Biological activity of selected validation library analogs 10 (ARYL = 1,4-disubstitued Ph; R® = H)

6175

Compound NR'R? % TT inh at 100 pM (IC5)* SAUR MIC (pg/mL)
N
10a gj@ 71 (80) 1
Cl
N Cl
10b @ 96 (40) 1
N
10¢ @ 87 (55) 2
10d QNJO 90 (60) 4
10e H@ 88 (60) 4
10f 1) 77 4
OH
10g QNJQ/ » 8
10h “CL 96 (55) 8
Ph
10i @@ 84 (60) 8
10j N@ 57 8
10k “O 34 16
101 ’prh 98 (28) 16
10m U P 96 (30) 16
N
10n NP 62 32
H
100 N~0oH 19 >128

#1Csq values are in pM.

To facilitate an evaluation of the central aromatic ring, a
solid phase route was developed that would also permit
additional modification of the sulfonamide amine,
potentially allowing the evaluation of a full two-dimen-
sional array. Because of the clear superiority of the
5-bromoanthranilic acid in the solution phase libraries,
this diversity element was fixed in the solid phase li-
braries. Commercially available 5-bromoisatoic anhy-
dride was loaded onto Wang resin with DMAP
catalysis, affording resin-bound bromoanthranilic acid
5 (Scheme 2).° Commercially available aryl carboxylic
acids 6 were chlorosulfonylated with chlorosulfonic

acid, and the resulting sulfonyl chlorides 7 were loaded
onto resin 5 via the corresponding acid dichlorides
(Scheme 3). Consistent with literature precedent, the res-
in-bound aniline reacted preferentially with the carbonyl
chloride vs the sulfonyl chloride.® The resulting resin-
bound sulfonyl chlorides 8 were reacted with diverse
amines to afford sulfonamides 9. Cleavage from the res-
in was then effected with TFA, giving the desired ana-
logs 10.

A one-dimensional validation library was first prepared
as in Scheme 3 by combining the aryl sulfonyl chloride
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derived from 2, resin 5, and 46 diverse amines that were
selected based on the SAR of the solution phase li-
braries. Average overall yield of the resulting analogs
10 was 78% with 25 final compounds being pure enough
(>70%) for initial biological assay. Representative SAR
is presented in Table 2.

It is clear from these initial library results that reducing
the lipophilicity of the sulfonamide amine, ecither
through addition of polar functionality or simply lower-
ing the molecular weight, attenuates antibacterial activ-
ity. Interestingly, fused aromatic bicyclic systems (e.g.,
indoline and isoindoline) were superior to aromatic
substituted cycloalkylamines. It is noteworthy that this
library revealed that some analogs in this series possess
antibacterial activity without significant TT inhibition
(e.g., 10g), suggesting that an additional mechanism
for antibacterial activity is likely operative. Neverthe-
less, a significant advancement in both TT and antibac-
terial activity was realized in this validation library
relative to the best compound from the solution phase
libraries (10b vs 4l).

Encouraged by the results of the validation library, a
larger two-dimensional array was designed and put
into production. A total of 12 central aromatic rings
and 45 amines were sclected as diversity elements.
The central rings are presented in Figure 1. Amines
were selected to maintain some of the successful ele-
ments of the previous libraries (bicyclics, aromatics)
along with additional attempts to reduce lipophilicity
and incorporate some new diversity. It was assumed
that production on solid phase would facilitate the
isolation of more analogs with more divergent physi-
cochemical properties.

The success rate of the larger library was more modest
than those of the solution phase or solid phase valida-
tion libraries, presumably due to the production for-
mat (96-well plates) and the wider diversity of the
amines, which spanned a broad range of reactivities.
Although all 12 acid chloride diversity elements got
successfully incorporated into products, only 23
amines yielded products (Fig. 2). A total of 156 com-
pounds were obtained in purities sufficient for biolog-
ical assay (>70%).
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Figure 1. Central aromatic ring diversity.
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Figure 2. Successful amine diversity elements in two-dimensional
library.
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Key SAR from this library is summarized in the Excel®
contour plots depicted in Figures 3 and 4. These plots
use color to depict levels of activity, as indicated by
the legends in the figures. It is important to note that
there are only 156 data points contained within the
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Figure 5. Most potent antibacterial compounds from the two-dimen-
sional library.

12 x23 =276 possible grid intersections depicted in
these plots. This is because not all possible combinations
were tested due to insufficient purity or simple absence
of product. Thus these plots are only useful for identifying
pockets of significant activity corresponding to particular
diversity elements. Regions where no activity is apparent
can either be due to genuine lack of activity or to simple
lack of testing data. As can be seen in Figure 3, the
amines associated with good inhibition of TT are c, e,
m, and q (identified in Fig. 2). The aromatic rings most
associated with good TT inhibition are F, I, and J. In
Figure 4 it can be seen that the amines associated with
the best antibacterial activity were c, e, h, and q, while
the best central aromatic rings were A and F. Although
the contour plots bear some resemblance, indicating a
correlation of TT inhibition with antibacterial activity,
there are significant areas of diversion where antibacte-
rial activity exists without significant TT inhibition
(e.g., for amine h). It is apparent from the two contour
plots that the amines associated with the best combina-
tion of TT and antibacterial activity are 6-chloroindo-

line (c) and 2-aminoindane (q), while the best central
aromatic ring is F.

Despite the apparent disconnect between TT and anti-
bacterial activity, this library was successful in identify-
ing four compounds with MICs less than 1 pg/mL
(Fig. 5). One of these compounds (15) proved to be iden-
tical to one of the best compounds from the validation
library (10b) that was included as a control.

In summary, through a series of both solution and solid
phase libraries, we were successful in rapidly converting
a modest bacterial TT inhibitor with weak antibacterial
activity (MIC = 64 pg/mL) into a number of highly po-
tent antibacterials (MICs = 0.25-1 pg/mL). In the pro-
cess we discovered that the antibacterial activity within
the series is not fully coupled with TT inhibition. This
apparent disconnect is suggestive of additional mecha-
nisms of antibacterial activity. Studies are underway to
better understand this.
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Abstract—Two novel microgonotropens (MGTs) comprised of hairpin N-propylaminepyrrole polyamides linked to a Hoechst
33258 (Ht) analogue (3 and 4) were synthesized on solid phase by adopting an Fmoc technique using a series of HOBt mediated
coupling reactions. The dsDNA-binding properties of MGTs 3 and 4 were determined by thermal denaturation experiments. Both
MGTs were found to be selective for their nine-bp match dsDNA sequence 9 and were less tolerant of G/C bp substitutions in the
binding region than linear progenitor MGT 1. MGT 3 was intolerant of a G/C substitution located in the middle of the binding
region and did not bind to sequences 13 and 14. MGT 4 also did not bind to sequence 13, and its linker-bound Ht moiety was found
to be more sensitive to a G/C substitution in the Ht-binding target, as demonstrated by the lack of binding to sequence 16.

© 2006 Elsevier Ltd. All rights reserved.

Studies indicate that low molecular weight minor
groove-binding agents may bind to specific sequences
of dsDNA and influence gene expression by inhibiting
the formation of key transcription factor (TF):DNA
complexes in a target promoter region, thus impeding
the binding of RNA polymerases.'~’ The development
of DNA-binding ligands capable of recognizing long
sequences with high affinity and improved sequence
specificity is essential to control a specific gene’s expres-
sion, thus curing the disease rather than simply treating
the symptoms. Dervan has reported that synthetic
polyamides containing N-methylpyrrole (Py) and/or N-
methylimidazole (Im) amino acids have been shown to
bind the minor groove of DNA with sequence specifici-
ties comparable to those of natural DNA-binding
proteins.”

Our interest in the control of gene expression via inhibi-
tion of TF binding has led to the development of
microgonotropens (MGTs).>® An MGT is comprised
of a DNA minor groove-binding moiety attached to a
basic amine side chain (pK, > 9) capable of reaching
into the major groove and electrostatically interacting
with the acidic phosphodiester backbone. Like N-meth-
ylpyrrole polyamides, the MGT class of compounds

Keywords: Hairpin polyamide-Hoechst 33258 conjugates.
* Corresponding author. Tel.: +805 893 2044; fax: +805 893 2229;
e-mail: tcbruice@chem.ucsb.edu

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.09.032

forms hydrogen bonds in the minor groove, but in addi-
tion, the basic side chain also extends up and interacts
electrostatically with the phosphate backbone of
DNA.° The basic tails endow the MGTs with the ability
to bend DNA, which helps them to more effectively
compete with transcription factors for binding to the
target sites.”-!® These attributes result in increased li-
gand-binding affinity and enhanced inhibition of tran-
scription factor binding in cell-free assays.!! However,
most MGTs were unable to inhibit endogenous gene
expression, presumably due to poor cellular uptake of
these ligands and their inability to achieve nuclear
localization.?

In 2001, we reported the synthesis'? and biological eval-
uation' of N-propylaminepyrrole (prPy)/Hoechst (Ht)
conjugate 1 (Fig. 1), the first MGT capable of inhibiting
gene expression in whole cells, as well as cell-free assays.
Conjugate 1 was shown to bind DNA at subpicomolar
concentrations and was at least three orders of magni-
tude more potent than its N-methylpyrrole/Ht analogue
(2) at inhibiting TF binding to the c-fos serum response
element (SRE) in cell-free assays. Unlike any other
MGT, 1 also inhibited endogenous c-fos expression in
NIH 3T3 cells at micromolar concentrations. These
findings are significant because they represent the first
minor groove-binding agent possessing the important
characteristics of cell penetration and endogenous inhi-
bition of protein expression.
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Figure 1. Structure of MGT 1 and its N-methylpyrrole:Ht analogue 2.

Structure-reactivity — relationships!®  suggest  that
although the tripyrrole-polyamide functionality of 1
may be largely responsible for its inhibition of TF com-
plexes in cell-free assays, its Ht moiety appears to enable
cellular uptake and biological activity in whole cells.
Thus, subsequent MGTs should contain both of these
features. Recently, we have published a series of papers
describing the synthesis and DNA-binding affinities of
hairpin-shaped N-methylpyrrole-imidazole-Ht conju-
gates.!41® These ligands were formed by the head-to-tail
linkage of N-methylpyrrole-imidazole polyamides with
y-aminobutyric acid (y) to provide hairpin polyamides
that mimic the 2:1 side-by-side anti-parallel binding of
the unlinked polyamides.'” In general, the binding affin-
ity of hairpin structures is 100-fold enhanced relative to
that of the unlinked polyamides.!” 23

In an effort to develop novel MGTs with the desirable
characteristics of high specificity, longer-binding sites,
and increased probability of cellular uptake, a new
class of prPy:Ht minor groove-binding agents has
been designed (Fig. 2). These new MGTs combine
the prPy and Ht moieties essential for endogenous c-
fos expression inhibition with the hairpin scaffold
which provides increased binding affinity and 1:1 bind-
ing stoichiometries. MGT 3 is based on the common
hairpin framework formed by the simple head-to-tail
linkage of three prPy polyamides, a y linker, followed
by three more prPy polyamides and conjugation with
Ht.

Recent studies have shown that incorporation of bulky
groups on the linker-turn forces a polyamide to adopt
a hairpin motif instead of an extended motif.'>2124-26
The linkage of the Hoechst ligand at the hairpin turn ap-
pears to force the polyamide to adopt the hairpin motif
irrespective of minor groove length and provide side-by-
side amino acid pairings,'®> which is a prerequisite for se-
quence specific recognition. Incorporation of a bulky
group on the linker-turn forms a new stereocenter, and
both computational and binding affinity studies have
found that (R)-configured amine y-turn substituents
produce superior DNA minor groove-binding
agents.'>?> MGT 4 incorporates these findings into
our current application. The synthesis of novel MGTs

3 and 4, and their dsDNA-binding properties are dis-
cussed herein.

The solid-phase syntheses of conjugates 3 and 4 were
accomplished manually in a stepwise manner on rink
amide MBHA resin (100-200 mesh, 0.5 mmol/g loading
sites) by employing Fmoc technique with a series of HOBt
mediated coupling reactions as described in Schemes 1
and 2. The Fmoc—prPy-OPfp (5)'>?” and Hoechst
33258 acid (7)*® building blocks were synthesized as
reported, y-hydroxybutyric acid linker (6) was purchased
from Novabiochem, and masked 2,4-diaminobutyric acid
derivative (Fmoc-D-Dab(ivDde)-OH) (8) was purchased
from Chem-Impex. The solid-phase synthesis of MGT 3 s
shown in Scheme 1. Coupling reactions for 5 were accom-
plished using 3 equiv of 5, 5 equiv of HOBt, and 10 equiv
of DIPEA in anhydrous DMF, and were run for 24 h.
High coupling yields (95-100%) were measured by
absorption at 290 nm of the dibenzofulvene produced
from the Fmoc deprotection after treating with 20%
piperidine-DMF solution. Coupling reactions for 6 were
accomplished using 5 equiv of 6, 7 equiv PyBOP, 7 equiv
HOBt, and 15 equiv DIPEA in anhydrous DMF, and
were run 24 h with coupling yields of 95%. After each cou-
pling, unreacted terminal amines were capped with a
DMF solution of acetic anhydride and TEA. Coupling
reactions for 7 were accomplished employing 3 equiv of
7, 6 equiv of HOBt and PyBOP, and 10 equiv of DIPEA,
and were run for 48 h. Resin cleavage and concurrent
removal of the Boc protecting groups were achieved in
2-4 h using TFA containing 1% TIS. All final products
synthesized via SPS were purified via preparative HPLC
(silica, reverse phase, C8 column) with an increasing gra-
dient of acetonitrile in 0.1% aq TFA solution and lyoph-
ilized to dryness. Product purity was checked by
analytical RP-HPLC using the same column and solvent
system.?’

The solid-phase synthesis of MGT 4 was accomplished
in a similar fashion and is shown in Scheme 2. The cou-
pling of Fmoc—prPy-OPfp (5) was achieved after 24 h in
the presence of HOBt and DIPEA in anhydrous DMF.
After the coupling reaction, any unreacted amine sites
were capped by acetylation. The Fmoc protection on
the N-propylaminepyrrole was removed and the cou-
pling cycle (coupling/capping/deprotection) was repeat-
ed two more times with Fmoc—prPy-OPfp (5) before
introducing orthogonally protected 2,4-diaminobutyric
acid (Fmoc-D-Dab(ivDde)-OH) (8). The Fmoc protec-
tion of the linker a-amino group was removed and cou-
pled with Hoechst 33258 acid (7). After the capping
reaction, the ivDde protection on the y-amino group
was removed using 5% hydrazine in DMF and the
coupling cycle was repeated three more times with
Fmoc—prPy—OPfP (5). The Fmoc on the last pyrrole
was removed and the amine was capped to obtain
conjugate 4. The coupling yield in each cycle was found
to be 95-99%, as determined from the absorbance of
dibenzofulvene from the deprotected Fmoc. The conju-
gate was cleaved from the resin in 2 h using 1% TIS in
TFA, during which time, the Boc groups were concur-
rently removed. The cleaved product was purified as
2described above.?°





A. L. Kahane, T. C. Bruice | Bioorg. Med. Chem. Lett. 16 (2006) 62556261 6257

0O ~NO O
(\N@N»—@\N O\/\)OLN/E;’“ MNMNH

N

4
Figure 2. Hairpin N-propylaminepyrrole:Ht MGTs 3 and 4.
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Scheme 1. Solid phase synthesis of MGT 3. Reagents and conditions: (i) Deprotection.: 20% piperidine/DMF, 15 min; (ii) Coupling: Fmoc-prPy-OPfp
(5), HOBt, DIPEA, DMF, 24 h; (iii) Capping: acetic anhydride, TEA, DMF, 10 min; (iv) Fmoc-y-aminobutyric acid (6), PyBOP, HOBt, DIEA,
DMF, 24 h; (v) Hoechst 33258 acid (7), PyBOP, HOBt, DIPEA, DMF, 48 h; (vi) Cleavage: TFA, TIS, 2h. Ht = Hoechst 33258.
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Scheme 2. Solid phase synthesis of MGT 4. Reagents and conditions: (i) Deprotection: 20% piperidine/DMF, 15 min; (ii) Coupling: Fmoc-prPy-OPfp
(5), HOBt, DIPEA, DMF, 24 h; (iii) Capping: acetic anhydride, TEA, DMF, 10 min; (iv) Fmoc-D-Dab(ivDde)-OH (8), PyBOP, HOBt, DIEA,
DMF, 24 h; (v) Hoechst 33258 acid (7), PyBOP, HOBt, DIPEA, DMF, 48 h; (vi) Deprotection: 5% hydrazine in DMF (2 x 5 min); (vii) Cleavage:

TFA, TIS, 2 h. Ht = Hoechst 33258.

Thermal denaturation experiments were employed to
investigate the dSSDNA:MGT complex stabilities and se-
quence selectivities of each MGT (Table 1).3! The se-
quence selectivity of each ligand was determined by
investigating the binding affinities to the 18-bp dsDNA
by gradually changing the position of a G/C base pair
(bp) substitution in the optimal (or “match’) nine-bp
binding site found in dsDNA 9. The thermodynamic
data for the melting transitions of dsDNA and ligand-
bound dsDNA were calculated using the method of
Marky and Breslauer.??

A noteworthy testament to the remarkable DNA-bind-
ing affinity of MGTs 3 and 4 was the need to perform
the thermal denaturation studies at a decreased ionic
strength (1 = 0.03). Typically, these experiments are per-
formed close to physiological ionic strength (u = 0.17),
however, under these conditions, the T}, values of the li-
gand-bound DNA were too close to the solution boiling
point to be accurately determined (Fig. 3). A decreased
u lowers the T, of dSDNA, but the binding of 3 and 4 to
dsDNA is strengthened. Performing the thermal dena-
turation studies at a lower ionic strength decreased the
observed dsDNA:MGT T, values thus ensuring accu-
rate determination and free energy calculations. To al-
low accurate binding affinity comparisons, MGT 1 was
reexamined under these conditions.

The largest AT,, for each ligand is expected to occur
upon its binding in the minor groove to its match se-
quence, dsDNA 9 (Fig. 4). Indeed, MGTs 1, 3, and 4
each bind specifically to 9, indicated by displaying their
largest AT, values (Table 1) and most favorable AAG
values (Table 2). As the G/C substitution is moved into
the binding region, significant drops in AT, and AAG
values are observed. MGT 3 demonstrates the lowest
tolerance for a G/C bp in the binding region. MGT 3
does not bind to dsDNA sequences 13 and 14 which
have the G/C substitution located in the center of the
binding region. MGT 4 also does not bind to 13, but
the 4/14 complex has a small AT, of 8 °C. Although
when bound to sequence 14, 1, and 4 show a decrease
in ATy, of 9° and 18°, respectively, they do not possess
the superior selectivity for their target sequence that 3
does.

Previous studies conducted in our laboratory'#!® have
suggested that the dsDNA-binding affinity of hairpin
Ht-polyamides is driven by both the Ht recognizing its
target sequence (AATT), and the polyamide interactions
within the DNA minor groove. Dependence of the
binding affinity of Ht-polyamides on the presence of
the Ht target sequence is usually evident from the signif-
icantly smaller values of AT, for dSDNA sequences
which lack the AATT sequence (i.e., 15-17). Indeed,





A. L. Kahane, T. C. Bruice | Bioorg. Med. Chem. Lett. 16 (2006) 6255-6261 6259

Table 1. Melting temperatures®

dsDNA T T AT,

1 3 4 1 3 4
5'- gcggTATAAAATTcgacg-3' (9) 49 74 74 75 25 25 26
5'-gcggCATAAAATTcgacg-3' (10) 52 77 76 75 25 24 23
5'-gcge TGTAAAATTcgacg-3' (11) 52 72 73 73 20 21 21
5'-gcgg TACAAAATTcgacg-3' (12) 52 71 72 74 19 20 2
5'-gcge TATGAAATTcgacg-3' (13) 51 61 50 51 10 0 0
5'-gcge TATAGAATTcgacg-3' (14) 50 66 49 58 16 0 8
5'-gcggTATAAGATTcgacg-3' (15) 50 63 63 70 13 13 20
5'-gcgg TATAAAACTcgacg-3' (16) 53 70 71 52 17 18 0
5'-gcggTATAAAATCcgacg-3' (17) 50 75 73 73 25 23 23

*All T,, values are the average of at least three determinations and standard deviations are +1 °C. Ty, values are melting temperature values of
dsDNA in the absence of ligand, and ATy, values are differences in melting temperature values of dsSDNA in the presence and absence of ligand (7,

in °C). The binding region of each sequence is shown capitalized.

t)

dsDNA 9 + MGT 3 ( = 0.17)

0.84
082 { —9
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Figure 3. (a) dSDNA 9+ 3, £ =0.17 (b) dsDNA 9 + 3, = 0.03.
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Figure 4. Schematic representation of MGTs 3 and 4 bound to their
match sequence. The binding regions of the dsDNA sequences are
shown capitalized.
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b dsDNA 9 + MGT 3 (u = 0.03)

—9

9+3

Absorbance
o

o 0o

© [3)]

I
3
a

o

~
N
o

40 60 80
Temperature (C)

MGTs 1 and 3 are observed when the G/C bp is located
in the portion of the dsDNA sequence bound by the
polyamide moiety. In contrast, MGT 4 shows no bind-
ing to 16, indicating that it is more sensitive to the G/
C bp located in the middle of the Ht target sequence
than is the binding of MGTs 1 and 3. Compared to
binding with match sequence 9, although a smaller
ATy, is observed for each MGT binding to 15 and 16, lit-
tle decrease in AT}, is observed upon binding with 17.
With the exception of the 4/16 complex, this implies that
the complexation of the pyrrole polyamides and subse-
quent interaction of the propylamine side chains with
the phosphate backbone of DNA imparts more stability
than binding of the Ht moiety in the minor groove.

In conclusion, in an effort to develop MGTs capable
of recognizing long sequences with high affinity, im-
proved sequence specificity, and the increased proba-
bility of cellular uptake, prPy:Ht conjugates 3 and 4
were synthesized and evaluated via thermal denatur-
ation experiments. Both MGTs were found to be
selective for their match dsDNA sequence 9, as larger
increases in the AT, and the AAG values were ob-
served when MGTs 3 and 4 were interacting with se-
quence 9 compared to the values observed when each
MGT interacted with sequences containing a G/C sub-
stitution. When bound to their match sequence 9, the
resultant complexes exhibited 7, values 25-26°C
higher than unbound dsDNA 9, demonstrating the
high binding affinity of MGTs 3 and 4. Although
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Table 2. Free energy calculations®

dsDNA AG (kcal/mol) AG’ (kcal/mol) AAG (kcal/mol) ATy,
1 3 4 1 3 4 1 3 4

9 —18 -22 -22 —24 —4 —4 —6 25 25 26
10 -19 -23 —24 -23 —4 -5 —4 25 24 23
11 —18 -21 =22 —24 -3 —4 -6 20 21 21
12 -19 -20 -21 —24 -1 -2 -5 19 20 22
13 -20 —15 — — 5 — — 10 0 0
14 —18 -20 — —19 -2 — -1 16 0 8
15 -19 —18 -19 =23 1 0 —4 13 13 20
16 —21 -20 -20 — 1 1 — 17 18 0
17 —18 -22 -21 =23 —4 -3 -5 25 23 23

#AG values represent dsDNA in the absence of ligand, AG’ values represent dsSDNA in the presence of ligand, and AAG represents the differences in
the changes of free energy of dsDNA in the presence and absence of ligand. AG’ and AAG values were not calculated for non-binding (AT}, = 0)

ligand-dsDNA combinations.

hairpin-shaped MGTs 3 and 4 exhibited binding affin-
ities similar to linear MGT 1, 3, and 4 were found to
bind with higher specificitiecs. MGT 3 was intolerant
of a G/C substitution located in the middle of the
nine-bp binding region and did not bind to sequences
13 and 14. Decreased ATy, values 1-12 °C lower than
that of the 3/9 complex were observed when the G/C
substitution was located elsewhere in the binding re-
gion. MGT 4 also did not bind to sequence 13, and
its linker-bound Ht moiety was found to be more sen-
sitive to a G/C substitution in the Ht-binding target,
as demonstrated by the lack of binding to sequence
16. Decreased ATy, values of 3-18 °C lower than that
of the 4/9 complex were observed when the G/C sub-
stitution was located elsewhere in the binding region.
MGTs 3 and 4 are promising candidates for gene sup-
pression due to their high-binding affinity, increased
specificity, and the presence of the Ht moiety. Biolog-
ical evaluations of these agents are currently
underway.
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Abstract—Ubiquitously in natural products occurring desosamine is introduced into isocyanide based multicomponent reaction

chemistry. Corresponding products are of potential interest for the design of novel antibiotics.

© 2006 Published by Elsevier Ltd.

Many natural products are glycosylated and their bio-
logical activity is crucially dependant on the glycosyla-
tion. The amino sugar desosamine occurs in diverse
natural products with different activities, for example,
in the antibiotics tylosin 1 with mycaminose structurally
related to desosamine, erythromycin 2 and methymycin
3. SAR studies indicate that the disappearance of the
sugar moiety leads to biologically inactive molecules.
Recent structural clucidation of the binding mode of
desosamine containing antibiotics (clarithromycin,
erythromycin, azitromycin and tylosin) towards the
ribosome can help to further understand the role of this
amino sugar.! Based on these studies a net of hydrogen
bonds and an ionic interaction is responsible for the
strong binding of desosamine towards the ribosome,
the primary target of this group of antibiotics (Fig. 1).
Besides direct binding involvement towards the target
one has to assume a considerable role of desosamine
in the solubility and pharmacokinetic of the natural
product.

The prokaryotic ribosome is sufficiently different form
the eukaryotic one and thus comprises a major validated
antibiotic target. More than 40 different antibiotics have
been characterized to bind to the ribosome.? Several of
those belong to the economically very successful
antibiotics.

Based on the direct binding of desosamine onto the ribo-
some and the available structural data we envisioned to

Keywords: Desosamine; Ribosome; Antibiotic; Multicomponent
reaction; Isocyanide; Tetrazole.
* Corresponding author. E-mail: alexander.doemling@abc-pharma.de

0960-894X/$ - see front matter © 2006 Published by Elsevier Ltd.
doi:10.1016/j.bmcl.2006.07.017

prepare small molecular weight compounds containing
the desosamine unit.

In the past, we collected a lot of experience in the synthesis
of libraries using MCR chemistry.> MCRs have intrinsic
advantages making them highly useful in discovery and
medicinal chemistry, such as superior accessible chemical
space and time and effort to outcome ratio.*

Here, we show pilot preparative studies towards this
goal, involving the gram scale preparation of 2-amino
desosamine and first compounds based on Ugi’s tetra-
zole scaffold.

Desosamine can be prepared on a gram scale by acid
hydrolysis from readily available erythromycin (Fig. 2).

Having established a convenient gram scale synthesis of
desosamine we started to prepare building blocks based
on the desosamine moiety useful as starting materials
for multicomponent reactions, such as the primary
amine and the isocyanide (Fig. 3).° First, the Kochetkov
reaction of glycosides with ammonium carbonate in
water at room temperature served to prepare
2-aminodesosamine.’

For the synthesis of compounds based on MCR back-
bones, we initially investigated the a-aminomethyl tetra-
zole scaffold based on an Ugi reaction (Fig. 4).% This
backbone has the advantage to yield a secondary amine
derived from the primary amine input and thus to
maintain the solubility and basic character of the target
compounds. Thus Ugi-tetrazole based compounds have
beengproven to show excellent ADME properties in the
past.
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Figure 1. Above: Desosamine in different natural products. Below:
Binding of the desosamine moiety of erythromycin to the ribosome
(pdb ID: 1JZY). The 2'-OH contributes three hydrogen bonding to N6
and N1 of A and N6 of another A. The 3’'NMe, forms a salt bridge
with a phosphate of a G. Overall desosamine is involved in four
hydrogen bonds and one salt bridge. The model was created using
PyMol (www.pymol.com).
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Figure 2. Acid hydrolysis of erythromycin yields desosamine.
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Figure 3. Preparation of 1-aminodesoasamine 5 from desosamine and
ongoing synthesis of 1-isocyanodesosamine 6.
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Figure 4. The synthesis of disubstituted o-aminomethyl tetrazoles
according to Ugi.
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Figure 5. Two exemplary desosamine containing tetrazoles.

Synthesis of 7 and 8 was accomplished by the reaction of
1 mmol each of TMS-azide, aldehyde, 2-amino desos-
amine and the corresponding isocyanide in methanol
at room temperature for 24 h. Evaporation of the sol-
vent and concomitant chromatographic purification of
silica gel yielded 7 and 8 as a mixture of diastercomers
in 37% and 25% yield, respectively (Fig. 5).!°

Disappointingly, screening of the two compounds 7 and
8 as mixtures of diastereomers against growth of the
four representative gram positive and negative bacterial
and fungal pathogens Bacillus subtilis, Staphylococcus
aureus, Candida albicans and Echerichia coli at the three
concentrations 50, 100 and 400 mM revealed no antibi-
otic activity.'! The lack of activity might be explained by
an inefficient cell penetration, efflux or no or bad recog-
nition at the molecular ribosomal level for effective inhi-
bition of protein biosynthesis.

In summary, we have synthesized 2-aminodesosamine
from readily available erythromycin, by hydrolysis and
subsequent aminolysis for the introduction in MCR
chemistry. There are several points to mention. First, we
introduced the amino sugar in the Ugi-4CR, the tetrazole
variant, in initial experiments. Unfortunately the result-
ing compounds did not show any antibacterial activity
in several bacterial and fungal strains. Second the combi-
natorial synthesis of arrays of desosamine containing
organic molecules could lead to novel types of antibiotics
interfering with the prokaryotic protein synthesis. Third,
the described strategy could form an alternative to the
introduction of desosamine containing polyketide
libraries using glycosyltransferases.!?> Further studies
are ongoing to produce novel antibacterials based on
the outlined strategy and libraries derived from novel
building blocks, for example, 1-isocyanodesosamine 6.
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General procedure: 1 mmol of each isocyanide, desos-
amine, aldehyde, and trimethylsilylazide are stirred in 1 ml
of methanol at 20 °C for 24 h. The solvent is evaporated
and the residue is purified by silica gel chromatography
(ethylacetate/hexane 1:1) to yield the corresponding prod-
ucts. The products where characterized by HPLC-MS and
NMR. Compound 7: CyH3NgO,: MS: MH" = 389.2;
M+Na=411.2. Compound 8: C;4HxxNgO,: MS:
M+H"* =313.4; M+Na" = 436.4.

Antibacterial screening method: The screening method
used was designed to be high throughput. The test strains
(P. aeruginosa ATCC 9027, S. aureus ATCC 6538, C.
albicans ATCC 10231) where grown over night (at 35 °C
in CASO bouillon: bacteria; at 20°C in Sabouraud
bouillon: C. albicans). The suspension is centrifuged
(5000 pl min, 40 °C) and the pellet is resuspended in fresh
medium and for another 2 h incubated. The suspension is
then transferred into a 96 well plate and incubated with
compounds. The cps where tested at 400 pM. The DMSO
content is 5%. In the first column of a 96 well plate a 5%
DMSO solution without cps refers to 100% growth. The
growth in the presence of cps is determined by measuring
the optical density at 550 nm in a plate reader at three
different times: 0, 24, 48 h. The screening service was
performed at Bioservice/Planegg/Germany.
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Abstract—Fluorescence response upon hybridization of perylene labeled oligonucleotide probes depends on the microenvironment
experienced by the perylene fluorophore. In mismatched duplex ("*"U-C), enhanced fluorescence was observed while in matched
duplex (7"U-A) fluorescence intensity decreased considerably. This observation will be a promising research effort in giving rise

to a new powerful tool in detection of SNP.
© 2006 Elsevier Ltd. All rights reserved.

The completion of the Human Genome Project, after 50
years of Watson—Crick, has set the stage to the biomed-
ical researchers toward the conceptual basis of develop-
ment of personalized medicine through the screening of
genetic mutations.! Among all other mutations, single
nucleotide polymorphisms (SNPs) are the most common
form of genetic mutation. These genetic polymorphisms
are often diagnostic of particular genetic predispositions
toward diseases and drug responses.” The detection and
targeting of such SNPs in an array of disease related
genes provides an avenue for the rational design and
the realization of new diagnostics and chemotherapeu-
tics. Recently, a number of methods based on oligonu-
cleotide probes sequence have been developed for SNP
typing,? and all the research efforts are aimed to detect
the fluorescence signal generated upon hybridization
with complementary fully matched target oligonucleo-
tide sequences. Since last several years, we have also
devoted research efforts in designing base discriminating
fluorescence (BDF) nucleobases for the discrimination
of mismatched base and they are successfully utilized
in the detection of SNPs in homogeneous assay.*

The fluorescence behavior of 3-perylene carboxaldehyde
and 3-acetyl perylene toward the solvent polarity is just

Keywords: Oligonuleotide probes; Fluorescence; Perylenefluorophore;
SNP typing.
* Corresponding author. E-mail: saito@mech.ce.nihon-u.ac.jp

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.09.039

opposite to that of the corresponding pyrene or anthra-
cene derivatives.® Being inspired by the hydrophobic
nature of the perylene fluorophore,®’ we thought that
it will be worthwhile to tether perylene carboxamide into
oligonucleotides and follow up the fluorescence behav-
ior in presence of complementary sequences. We
hypothesized that upon binding with its fully matched
complementary sequence, the fluorescence of the peryl-
ene chromophore would be quenched as a result of
exposing toward more polar aqueous environment.
But in the presence of mismatched sequence, however,
it would involve in intercalative stacking interaction in
the mispaired position (because of the lack of Watson—
Crick base pairing) of the duplex, facing more hydro-
phobic organic microenvironment and thus mismatch
containing duplex detection will be accomplished by
fluorescence enhancement. This concept is completely
opposite to the case of pyrene chromophore which upon
hybridization with mismatched target oligonucleotide
showed only weak fluorescence.*® Thus, if we are able
to utilize a novel concept of detecting mismatch-contain-
ing duplexes with our designed perylene labeled nucleo-
side, it will be a promising research effort in giving rise
to a new powerful tool in the detection of SNP and in
designing quencher-free molecular beacon.®

To explore our concept, we tethered perylene to de-
oxyuridine and incorporated it into two different oligo-
nucleotide sequences. We synthesized perylene
carboxamide containing nucleoside 2 bearing a rigid
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acetylenic linker via Sonogashira coupling of 5-iodo-2’'-
deoxyuridine and the corresponding perylene carboxam-
ide 1 (Fig. 1). Nucleoside 2 was ultimately incorporated
into two oligonucleotide sequences ODN 3 and 4, differ
only by flanking bases near the labeled nucleoside [ODN
3 contains C (G-C rich sequence), while 4 contains T
(A-T rich sequence) as the flanking bases] via standard
DNA synthesis protocol, and were analyzed by MAL-
DI-TOF mass spectrometry (Table 1).

Prior to incorporation into oligonucleotides, photo-
physical properties of nucleoside 2 were examined in dif-
ferent organic solvents of varying polarity. Increasing
the solvent polarity has only little effect on their absorp-
tion maxima but a blue shifted pattern was observed. In
contrast both the fluorescence emission intensity and the
wavelength are markedly affected by solvent polarity
(E,* as a polarity parameter). In 1,4-dioxane, least po-
lar solvent tested nucleoside 2 displays relatively strong
emission with a maximum at 467 nm, while in methanol,
the most polar organic solvent tested, showed a weak
emission at around 486 nm. Solvents of intermediate
polarity display an intermediate behavior with a clear
bathochromic and hypochromism effects with increase
in solvent polarity.®

The single stranded ODN 3 (5'-CGCAACP'UCA
ACGC-3’) and 4 (5-CGCAATP"UTAACGC-3')
showed strong fluorescence emission at around 496
and 498 nm, respectively, when excited at 452 nm in
sodium phosphate buffer (pH 7.0). When hybridized to
their perfectly matched complementary ODNs to form
duplexes 3/5 and 4/9, the fluorescence intensity de-
creased considerably. The fluorescence intensities also
quenched in the case of duplex containing T or G base
opposite to "'U in the complementary strands for both
A-T and G-C rich sequences. Most importantly, we ob-
served a strong fluorescence enhancement in case of het-

5-CGCAACXCAACGC-3 5-CGCAATXTAACGC-3
[G-C Rich ss DNA; X = Peru] [A-T Rich ss DNA; X = Pery]

3 4

Figure 1. Synthesized perylene labeled nucleoside and oligo-
nucleotides.

Table 1. The sequences of oligonucleotides (ODN5s)

eroduplexes, 3/8 and 4/12, containing mismatched base
cytosine opposite to the labeled base, U, in the target
oligonucleotide sequences (Fig. 2).

Three possible factors may be considered all of which
can explain these photophysical observations. These
are: (i) the intercalation,!® (ii) stacking interaction,'®
and (iii) the intercalative stacking interaction and the
hydrophobic® nature of perylene fluorophore. There
are several reports in which fluorescence of matched du-
plex is quenched via intercalation/stacking between the
fluorophore and the DNA bases inside the duplex.'!
This is only possible in case of flexible ethylenic linker
that can allow the fluorophore to come inside the du-
plex. But in the present case the linker is rigid acetylene
containing amide bond and thus the fluorophore is un-
able to come in between the bases inside the duplex
for matched case. Thus, the only possible way is that
perylene may reside outside the duplexes along the ma-
jor groove and hence more exposed toward the polar
aqueous microenvironment, and fluorescence quenching
is the result, which was exactly the case of completely
matched duplex (Fig. 2). This explanation is supported
by the nature of monomer fluorescence and absorption
behavior in solvents of different polarity as described
above.’

On the other hand, the mismatched duplexes 3/8 and 4/
12 showed a strong fluorescence emission that can be ex-
plained if we consider a possible more hydrophobic
environment faced by perylene. As the opposite base is
cytosine, hence in that position of the duplex because
of impossible H-bonding between "'U and C bases, it
is quite reasonable that the rigid fluorophore upon get-
ting little flexibility and may slightly exposed itself to
the mispaired position and bind strongly via intercala-
tive stacking interaction and thus experienced more
hydrophobic organic microenvironment. As a result,
fluorescence enhancement was observed (Fig. 2).

The UV absorption of monomer "U and ODNs, and
the thermal melting temperature behavior of duplex
ODN:Ss support our proposed explanation. The melting
temperature experiments showed that the mismatched
duplexes 3/8 and 4/12 are almost as stable as
(T, =56.4°C, for 3/8 and T, = 52.0 °C, for 4/12) the
fully matched duplexes 3/5 and 4/9 (T, = 59.9 °C, for
3/5 and Ty, = 52.3 °C, for 4/9). Such stability is only pos-
sible if the perylene unit comes closer to the DNA bases
on the opposite strand and takes part in stacking inter-
action. The absorbance behavior of the mismatched
duplexes compared to that of the fully matched one also
supports such stacking interaction within the duplexes

(ODNs) G-C Rich sequences (ODNs) A-T Rich sequences

3 5-d(CGCAACP"UCAACGC)-3' 4 5'-d(CGCAAT""UTAACGC)-3’
5 5'-d(GCGTTG A GTTGCG)-3’ 9 5'-d(GCGTTA A ATTGCG)-3’

6 5'-d(GCGTTG T GTTGCG)-3’ 10 5'-d(GCGTTA T ATTGCG)-3’

7 5'-d(GCGTTG G GTTGCG)-3’ 11 5'-d(GCGTTA G ATTGCG)-3’

8 5'-d(GCGTTG C GTTGCG)-3’ 12 5'-d(GCGTTA C ATTGCG)-3'
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Figure 2. Fluorescence behavior of 2.5 pM solution in a buffer (pH 7.0) containing different ODNSs; ss denotes single stranded ODN and dsA, dsT,
dsG, and dsC denote double stranded ODNs containing A, T, G, and C bases opposite to P*"U, respectively. Left side is for G-C and right side is for

A-T rich sequences.

along the major groove. The higher T}, value for **"U-C
mismatched duplexes suggests that perylene is involved
in stronger stacking interaction than in the case of other
mismatched duplexes (N=T and G) in both
sequences.'?

Further support to our explanation comes from the
molecular modeling study. The optimized structures of
the PU containing homo- and hetero-duplexes
5'-d(CGCAACP*"UCAACGC)-3'/5"-d(GCGTTGNGTT
GCG)-3' (N=A, C) and 5-d(CGCAAT""UTAAC
GC)-3'/5-d(GCGTTANATTGCG)-3' (N=A and O)
were obtained using AMBER* force field in water
employing MacroModel vs. 9.0.° In the energy mini-
mized structures for the fully matched duplexes in both
the A-T and G-C rich sequences, the perylene carbox-
amide chromophore was extruded to the outside of the
duplexes and thus exposed to a highly polar aqueous
microenvironment. On the other hand, the duplexes
containing ""U-C mismatched pairs bound strongly
via site-specific intercalative stacking interaction be-
tween the DNA bases and the aromatic rings of perylene
from the major groove side of the helix. The intercalated
perylene itself resembles another base pair, stacked be-
tween neighboring base pairs. Thus, in case of mis-
matched duplexes, perylene fluorophore is exposed to
a more hydrophobic microenvironment. Thus, it is clear
that the microenvironment around "*'U is quite different
in matched (°"U-A) and mismatched (°*"U-C) cases irre-
spective of flanking base pairs. As discussed earlier, per-
ylene emits fluorescence more strongly in hydrophobic
environment, thus, from both study it is quite obvious
that P"U shows cytosine selectivity in fluorescence irre-
spective of the sequences because of hydrophobic nature
of the perylene fluorophore. Although our present result
is just opposite to our previously reported pyrene-la-
beled BDF nucleoside,* it will open a new dimension
in SNPs typing.

In conclusion, both G-C and A-T flanking base pairs
stabilize the ""U-C mispair containing duplexes that is
clear from the melting temperature behavior. We have
developed a novel perylene containing fluorescent oligo-

nucleotide which upon hybridization with the comple-
mentary strands containing a mismatched or fully
matched sequence opposite to the base labeled with fluo-
rophore is able to sense "*"U-C mispair containing du-
plex through the generation of enhanced fluorescence
signal. We explored, for the first time, that the hydro-
phobic nature of the perylene fluorophore is mainly
responsible for the selection of a particular duplex con-
taining P°"'U-C mismatch base pair. Selection of particu-
lar mismatched pair irrespective of sequence is highly
promising for the detection of SNPs. Discrimination
based on mismatched base pair recognition offers an
opportunity for selective targeting of mutated genes. Ef-
forts are underway to find even more efficient hydropho-
bic probes with longer emission wavelength for SNPs

genotyping.
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Abstract—The first successful Pd/C-mediated Sonogashira coupling of iodothiophene with terminal alkynes in water is described
here. Pd/C-Cul-PPh; was found to be an efficient catalyst system for this coupling reaction. Using this economic and reliable process
a variety of acetylenic thiophenes with a wide range of functional groups were prepared in good yields. Synthetic applications and
in vitro anticancer properties of some of the compounds synthesized are described.

© 2006 Elsevier Ltd. All rights reserved.

The pair benzene/thiophene represents one of the most
prominent examples of bioisosterism! (bioisosteres are
isosteric> molecules that have similar or antagonistic
properties in biological systems) and therefore the syn-
thesis of thiophene analogues has attracted consider-
able attention especially in pharmaceutical research.
The exploratory replacement of a benzene ring in suc-
cessful drugs by a thiophene moiety has become a rou-
tine strategy in modern drug design and development.
The physiological effects of thiophene are similar to
those of benzene (bioisostere), with frequently superior
pharmacodynamic, pharmacokinetic, or toxicological
properties. For example, thiophene replacement of the
annulated benzene ring in derivatives of piroxicam, an
anti-inflammatory agent used in arthritis patients, had
no effect on activity.> Similarly, the thiophene ana-
logue of amphetamine retains complete amphetamine-
like activity.* Nevertheless, thiophene derivatives have
shown numerous biological activities such as nematocid-
al,” insecticidal,® antibacterial,” antifungal,® and antivi-
ral® activity. Recently, acetylenic thiophenes have been
shown to possess good anti-inflammatory activities in
rats.!? In view of reported biological activities of alkynyl

Keywords: lodothiophene; Terminal alkynes; Palladium catalyst;

Aqueous media.

“ DRF Publication No. 603.

* Corresponding author. Fax: +91 40 3045438/3045007; e-mail:
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substituted heterocycles'! and our effort in the synthesis
of thiophene derivatives!? of potential pharmacological
significance we became interested in the synthesis of
alkynyl substituted thiophenes. Due to the known anti-
cancer activities of thiophene derivatives'? as well as
alkynes!!2 we anticipated that a combination of both
in an appropriately substituted alkynylthiophene might
show similar pharmacological properties. Herein, we
report the synthesis and in vitro anticancer activities of
alkynylthiophenes. Notably, development of alkynylthi-
ophene as potential anticancer agents has not been
explored earlier.

Transition metal-mediated cross-couplings have proven
to be powerful tools for mild, highly efficient carbon-
carbon bond formations. Among these processes, those
involving palladium catalysis especially Sonogashira
coupling or alkynylation of aryl halides'# are particular-
ly useful for the synthesis of complex molecules, owing
to excellent levels of selectivity and high functional
group compatibility. Sonogashira coupling or its modi-
fied form has been used successfully for the preparation
of a variety of alkynylthiophenes.!> This includes the
coupling of terminal alkynes with halothiophene'%*®
or 2-(butyltelluro) thiophene'® or coupling of lithium
alkynyl diisopropoxy borates with iodothiophene.!> A
major problem associated with the conventional Sono-
gashira coupling is the use of large excess of secondary
or tertiary alkyl amines as a solvent or co-solvent that
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Figure 1. Synthesis of 2-thienyl derivative as selective A,, adenosine
receptor agonists.

often leads to environmental pollution. To overcome
this problem we have recently developed a highly conve-
nient method for the alkynylation of aryl halides under
Pd/C-Cu catalysis using 2-aminoethanol as a base in
water.'® While a number of aryl halides were examined
in our previous study the use of heteroaryl halides espe-
cially halothiophene has never been explored. Consider-
ing palladium-catalyzed alkynylation reactions based
upon a thiophene scaffold could be an attractive strategy
toward the synthesis of substituted thiophenes of poten-
tial biological significance'!! (Fig. 1), we chose to inves-
tigate the coupling of a wide array of terminal alkynes
with iodothiophene in water. We reasoned that this
aqueous version might have advantages over the con-
ventional Sonogashira procedure and would provide
flexible and rapid access to the substituted thiophenes.

To determine the feasibility of this approach, 2-iodothi-
ophene (1) was treated with terminal alkynes (2, R = al-
kyl, hydroxyalkyl, aryl, etc.) in water in the presence of
10% Pd/C (0.026 equiv), PPh; (0.20 equiv), Cul (0.05
equiv), and 2-aminoethanol (3 equiv) under nitrogen.
The reaction proceeded well and alkynylthiophenes were
obtained in good to excellent yields (Scheme 1).!7 The
results are summarized in Table 1.

Initially, we used our previous method!¢ that involved
the use of 0.04 equiv of 10%Pd/C for the coupling of
2-iodothiophene (1la) with 2-methyl-3-butyn-2-ol (2a)
and the desired product 3a was isolated in 85% yield (en-
try 1, Table 1). However, in the subsequent experiments
we observed that the use of lesser quantity, that is, 0.03
or 0.026 equiv of Pd/C, did not affect the product yield
(entries 2 and 3, Table 1). Therefore, to make the pro-
cess more economical we decided to use 0.026 equiv of
Pd/C in all other experiments as listed in Table 1. As
outlined in Table 1, 2-iodothiophene (1a) showed good
reactivity toward the present coupling reaction and a
variety of terminal alkynes were employed under the
condition studied (entries 4-15, Table 1). Various func-
tional groups including hydrophobic and hydrophilic
substitutents, for example, aryl, alkyl, hydroxy, ether,
etc., present in the terminal alkynes were well tolerated.

ﬁ_\\/l 10%Pd/C, PPhy, Cul 1
[ ) + HC=C-R ? / ) ——R
S 2-aminoethanol S
1 2 H,0, 80 °C 3

Scheme 1. Pd/C-mediated alkynylation of iodothiophenes in water.

This allowed the preparation of a variety of 2-alkynyl-
thiophenes (3a-m) under mild condition. Generally,
yields of products were not affected by the nature of al-
kyne used. The use of other iodothiophene derivatives
having electron-donating or -withdrawing groups, for
example, N-(2-iodo thiophen-3-yl)acetamide (1b) and
3-iodo-4-nitrothiophene (1¢), was also investigated and
both of them afforded good yield of desired products
when coupled with 2-methyl-3-butyn-2-ol under the
condition employed (entries 16 and 17, Table 1).

While 2-iodothiophene (1a) is commercially available N-
(2-iodo thiophen-3-yl)acetamide (1b) was prepared
according to the literature method.'®* 3-Iodo-4-nitrothi-
ophene (1c) was prepared from commercially available
3-iodothiophene by using nitric acid and sulfuric acid
mixture. All the terminal alkynes used are either commer-
cially available or prepared!®® according to Scheme 2.

Compared with the previous work,'® the present reac-
tion required lesser equivalent of Pd/C, which suggested
higher reactivity of 2-iodothiophene than iodobenzene
toward the Pd catalyst under the condition studied.
The electron-withdrawing inductive effect of sulfur at
the nearby position perhaps aided the higher reactivity
shown by 2-iodothiophene. Nevertheless, mechanistical-
ly the reaction seems to proceed according to a typical
Sonogashira pathway where participation of 2-amino-
ethanol facilitated the coupling in aqueous media.'”
Having established 10% Pd/C-Cul-PPh; as an efficient
catalyst system for the coupling of iodothiophene with
terminal alkynes in water we decided to explore the syn-
thetic application of alkynylthiophenes prepared by
using this methodology. Thus compound 3m was con-
verted to the 4-hydroxy-1-thiophen-2-yl butan-1-one
(4) and finally to the corresponding acid (5) as shown
in Scheme 3. The acid can be converted to the cyclic ke-
tone 6 (6,7-dihydrobenzo[b]thiophene-4(5H)one or 4-ke-
to-4,5,6,7-tetrahydrothianaphthene)  via  reduction
followed by cyclization of the resulting acid chloride
according to the known method.?’ The present route
therefore provides an useful and alternative access to
the ketone 6°! and is amenable for the synthesis of
diversely functionalized derivatives of 6.

Besides their potential as synthons, we then evaluated
some of the alkynylthiophenes synthesized for in vitro
anticancer activity. Selected compounds were tested on
a panel of cancer cell lines, for example, HT-29 (colon),
NCI-H460 (lung), and LoVo (colon) using the NCI
standard protocol for screening anticancer molecules.??
After treating the cells with compounds at 100 pM con-
centration initially the percentage growth of cells was
measured which is shown in Table 2. Based on the result
obtained for compound 3i against LoVo cell line we test-
ed this compound further at lower concentrations such
as 10, 1.0, 0.1, and 0.01 uM against the same cancer cell
line (Fig. 2) and the Gls, value (the concentration that
causes 50% inhibition of cancer cell growth against a cell
line is expressed as Glsg) for this compound was found
to be 47.5 uM. Additionally, the LCs, (lethal concentra-
tion 50 is the concentration of a compound that kills
50% of cells treated) for 3i was noted as 100 uM. The
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Table 1. Synthesis of alkynylthiophenes in water®
Entry Iodothiophene (1) Alkynes (2); R= Products® (3) Yield (%)°
1 @\I la ~C(CH;),0H 2a | = OH 38 85
S S
2 la 2a 3a 83
3 la 2a 3a 87
| h—
4 la —(CH,);0H 2b S 3b 85
OH
OH
5 1a _CH(OH)CH; 2¢ | D= 3c 90
S
)
6 la —CH,0C¢Hs 2d | N — 3d 90
S
d =
7 la —CH,SC¢Hss 2e \ N — 3e 86
S
: W,
8 la —CH,NHCgH;s 2f | N — 3f 88
S
9 la —(CH,)sCH3; 2g | A 3g 87
S
10 1a ~C¢H,CH;-p 2h E\>%©7 3h 87
S
11 1a ~CH,OCgH,NO,-p 2i = 3i 86
| N =
12 la —1-indolyl 2j S N 3j 84
N\
S
13 la ~5-indolyloxy 2k p 0 NH 3y 85
S
d O
14 1a ~CH,OCgH,CH;-p 21 = 31 85
S
OH
159 1a ~(CH»),OH 2m @%ﬁ 3m 80
S
(0] /[(2
16 NH - 1p 2a NH 3bb 77
B MOH
S S
OoN | NO,
17 >/ \( 1c 2a = o OH 3ce 78
S s/

% All the reactions were carried out by using 1 (1.0 equiv),

2-aminoethanol (3 equiv) at 80 °C for 8 h.
® Identified by "H NMR, IR, and MS.

“Isolated yields.

4 The reaction was carried out for 10h.

2 (1.5 equiv), 10% Pd/C (0.026 equiv), PPh; (0.20 equiv), Cul (0.05 equiv), and
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HC——=CCHBr
ArXH —— 3= ArXCH,C=CH
K>COg/Toluene
reflux
Ar= CGH5, CGH4N02-p, CGH4CH3-O, 5-indo|y|
X=0,NH, S
Scheme 2.
HO o
@éfm Tc”ﬂ;; acid @ PDC, GH,Cl; ﬁi} Reiz0 ‘ %
S roomtemp S room temp S S
10-12h O s-10h o)
3m 4 5 6
Scheme 3.

Table 2. In vitro anticancer activities of alkynylthiophenes

Compound Percentage growth at 100 uM in different
cell lines
LoVo H460 HT-29
3a 78 105 95
3d 47 88 63
3i 26 48 44
3h 83 68 83
3bb 78 56 90
110 B
1
A
100 - i
= ||
QD -
]
g 80
o
& 70 4
£ g
8
= —e— LoVo
€ 50 | = NCIH460 .
A HT-20 A
40
30 -
L]
20 T T T T T
0.01 0.1 1 10 100

Compoud conc in pM

Figure 2. Cell growth inhibition curve of compound 3i.

present study thus indicates that alkynylthiophene moi-
ety could be a new and potential scaffold for the devel-
opment of novel anticancer agents.

In conclusion, we have demonstrated that Pd/C-
Cul-PPh; can be used as an efficient catalyst system
for Sonogashira coupling of iodothiophene with termi-
nal alkynes, irrespective of aliphatic or aromatic, in

water. The reactions proceed well to afford alkynylthi-
ophenes in good yields. This process is highly reliable
and economical and it opens an easy way to access alky-
nyl heteroarenes of synthetic and potential pharmaco-
logical interest. Synthetic application of compound 3m
has been demonstrated. In addition, some of the com-
pounds synthesized showed anticancer properties when
tested in vitro against a panel of cell lines.
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Abstract—A series of new derivatives of the clinically used aminoglycoside antibiotic paromomycin were designed, synthesized, and
their ability to read-through premature stop codon mutations was examined in both in vitro translation system and ex vivo mam-
malian cultured cells. One of these structures, a pseudo-trisaccharide derivative, showed notably higher stop codon read-through
activity in cultured cells compared to those of paromomycin and gentamicin.

© 2006 Elsevier Ltd. All rights reserved.

A large number of human genetic disorders result from
nonsense mutations, single point alterations in the
DNA, where one of the three stop codons (TAA,
TAG or TGA) replaces an amino acid-coding codon,
leading to premature termination of the translation
and eventually to truncated, nonfunctional proteins.
Currently, hundreds of such mutations are known,!
and for many of those diseases there is presently no
effective treatment.

Aminoglycosides are highly potent, broad-spectrum
antibiotics that exert their antibacterial therapeutic ef-
fect by selectively binding to the decoding aminoacyl site
(A-site) of the bacterial 16S rRNA, and interfering with
translational fidelity during protein synthesis.? Interest-
ingly, in the last several years, numerous experiments
performed either in vitro in mammalian translation sys-
tems, cultured cell lines, or animal models confirmed the
ability of certain types of aminoglycoside antibiotics
(Fig. 1) to induce mammalian ribosomes to read-
through stop codon mutations via insertion of a random
amino acid by a nearcognate tRNA. This unique activ-

Keywords: Aminoglycosides; Cystic fibrosis; Drug design; Stop muta-
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ity was shown to generate full-length functional proteins
in several genetic disorders.? Furthermore, clinical trials
with cystic fibrosis patients clearly showed that amino-
glycosides can suppress premature stop mutations in
affected patients.* However, unfortunately, this great
excitement which continues over the last two decades
was largely hampered because of the following reasons.
First and foremost, aminoglycosides are highly toxic to
mammals (nephrotoxicity and ototoxicity), and the use
of subtoxic doses in clinical trials resulted with the re-
duced read-through efficiency probably insufficient for

"0 o I
NH  OH
OH NH» m \
520 O R' R? RS
HoN ; » — =
IV OH Gentamicin C;  CHz NHCH3; H

Paromomycin GentamicinC, CHz NH, H
Gentamicin Cip H NH, H

Geneticin (G-418) CH; OH OH

Figure 1. Aminoglycosides with stop codon read-through activity.
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successful therapy. Second, unlike recent insights into the plain ribose (structures 2, 4, and 6) or 5S-amino ribose
our understanding of how aminoglycosides might (structures 3, 5, and 7) attached at C5, C6, and C3’ of 1,
induce deleterious misreading of the genetic code in respectively. The rational in selecting the ribose as a
prokaryote cells,® the molecular mechanism of amino- third sugar ring in 4 and 6 was to retain the identity
glycoside-induced nonsense mutation suppression in of this sugar as in the parent paromomycin, and in par-
mammalian cells remains to be established. Third, to allel to explore another hitherto unknown areas of the
date, nearly all suppression experiments have been per- mammalian A-site TRNA with possible location of
formed with clinical, commercially available aminogly- new modes of binding. Since at physiological pH amino-
cosides,® and no efforts have been made to optimize glycosides are highly charged and their interaction with
their activity as stop codon read-through inducers. rRNA is mainly determined by electrostatic interaction,®
Clearly, a systematic search for new structures with im- we reasoned that by adding additional aminosugar to
proved termination suppression activity and lower toxic- the paromamine 1 moiety, superior binding to mamma-
ity is required to extrapolate the approach to the point lian rRNA and probably better suppression activity will
where it can actually help patients. result. Therefore, we selected 5-amino ribose as a third
sugar ring and prepared the new generation of pseudo-
For this purpose, as an initial trial, we have modified trisaccharides 3, 5, and 7 with the expectation that they
paromomycin and prepared a series of derivatives, 1-9 will possibly function better as read-through inducers
(Fig. 2). In selecting paromomycin as the modification than the parallel structures containing the plain ribose
target we have taken into consideration the following ring (structures 2, 4, and 6). Similar arguments, the di-
points. First, although to date there are not enough data rect addition of an extra amino group to the parom-
to answer the question why some aminoglycosides in- amine 1 moiety and its dimerization, served as a basis
duce termination suppression, while others do not, from for the preparation of compounds 8 and 9, respectively.
the available data, it turns out that aminoglycosides Enhanced RNA binding by using dimerized aminogly-
with a C6’ hydroxyl group on ring I (such as G-418 cosides’ and amino-aminoglycosides'® supports these
and paromomycin, Fig. 1) are generally more effective designs.
than those with the amine functionality at the same po-
sition.® Second, paromomycin is the least toxic among All the designed structures 1-9 were synthesized accord-
the aminoglycosides that show considerably high sup- ing to the general strategy (Fig. 2) that involves direct
pression activity.” Based on these data we reasoned that Lewis acid promoted cleavage of paromomycin into
by dissecting paromomycin structure (via selectively the pseudo-disaccharide 1, which is then used as a com-
removing one or two sugar rings) we could identify a mon starting material for the preparation of all the
minimal structural motif with significant suppression designed structures. For the construction of pseudo-
activity, which then can be used as a scaffold for the con- trisaccharides 2-7, we employed the appropriately pro-
struction of diverse structures with improved termina- tected three different paromamine acceptors, 11-13,
tion suppression and probably with lower toxicity. which selectively expose C5, C6, and C3’ hydroxyl
groups of the paromamine moiety, respectively, for gly-
Structures 2-7 preserve rings I and II of paromomycin cosidation reactions. These acceptor molecules were
(paromamine 1 moiety) as the minimal structural motif readily accessible from paromamine 1 as illustrated in
of paromomycin that binds to the mammalian ribosome Scheme 1. Simultaneous conversion of all the amino
and has significant suppression activity (vide infra). The groups of 1 into the corresponding azides was done
extended sugar ring (ring III) in each structure is either by treatment with TfN; to afford 10. Regioselective
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Figure 2. Structures of paromamine 1 and its synthetic derivatives 2-9.
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Tf, trifluoromethanesulfonyl; CSA, camphor sulfonic acid; DMF,
dimethylformamide; Bz, benzoyl; TFA, trifluoroacetic acid.

acetylation of 10 with acetic anhydride at low tempera-
ture gave acceptor 11.!' In another pathway, treatment
of 10 with cyclohexanone dimethyl ketal gave the second
acceptor, 12, in which all functional groups, except the
C3’-OH, are protected. Benzoylation of 12 was followed
by acid hydrolysis and benzylidene acetal formation
steps to afford the third acceptor 13.

The acceptors 11-13 were separately subjected to glycos-
idation reactions with two sets of glycosyl donors, 14a-b
and 15a-b,'? to furnish the designed protected deriva-
tives 16-18 in 68-95% yields (Scheme 2). These protect-
ed compounds were then subjected to either two step or
three step deprotection to furnish the final pseudo-tri-
saccharide products 2-7 with excellent purity and isolat-
ed yields.

Ring I in the pseudo-disaccharide 8 has D-allo configu-
ration and was constructed from the paromamine 1 by
selectively inverting the configuration at C3’ (Scheme
3). Triflation of the C3’-OH in 12 was followed by nucle-
ophilic displacement with azide to afford the corre-
sponding  cis-diazide 19. Hydrolysis of the
cyclohexylidene ketals with aqueous acetic acid, fol-
lowed by the Staudinger reaction, provided the designed
pseudo-disaccharide 8. Treatment of the same acceptor
12 with CH,Br; in the presence of NaH gave the pro-
tected dimer 20, which after the similar deprotection
as in the case of 19, afforded the designed dimer 9.
The structures of 1-9 were confirmed by a combination
of various techniques, including HMQC, HMBC, 2D
COSY, and 1D TOCSY NMR, along with mass spectral
analysis. For the biological assays, all compounds (1-9)
were used in their sulfate salt forms, obtained by titra-
tion of the free base forms with diluted sulfuric acid.

13 .
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Scheme 2. Reagents and conditions: (a) 15a or 15b BF3;-Et,O (cat),
CH,Cl,, 4 A molecular sieves, 11 — 16a (85%), 11 — 16b (71%),
12 — 18a (95%), 12 — 18b (93%); (b) i—MeNH, (33% soln in EtOH),
ii—PMe; (1 M in THF), NaOH 0.1 M, THF, rt; 16a — 2 (84%),
16b — 3 (91%), 17a — 4 (for two steps 75%), 17b — 5 (44%), 18a — 6
(84%),18b — 7 (75%); (c) 14a or 14b NIS, TfOH (cat), CH,Cl,, 4A
molecular sieves,13 — 17a (68%), 13 — 17b (76%); (d) AcOH/H,O
6:1,THF 50 °C for 17a, TFA/H,O 3:2, THF, 60 °C for 17b (52%),
AcOH/H,0 10:3, 1,4-dioxane, 70 °C for 18a (75%), TFA/H,O 5:1,
THF, 50°C for 18b (82%). PMP, p-methoxyphenyl, NIS,
N-iodosuccinimide.
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Scheme 3. Reagents and conditions: (a) Tf,O, pyridine, (92%); (b)
NaN;, DMF, HMPA, (72%) (c) for 19 AcOH/H,O 8:1, 1,4-dioxane,
75 °C, (60%), for 20 TFA/H,0 5:6, THF, 60 °C, (90%); (d) i—MeNH,
(33% soln in EtOH), ii—PMes (1 M in THF), NaOH 0.1 M, THF, rt;
19 — 8 (76%), 20 — 9 (81%), (¢) CH,Br», NaH, DMF/HMPA 2:1, 4 A
molecular sieves, (82%). HMPA, hexamethylphosphoramide.

O

Initially, derivatives 1-9 were tested for their ability to
suppress a nonsense mutation in vitro, using a reporter
construct carrying an R3X nonsense mutation (a prema-
ture UGA C stop codon) of the PCDH15 gene (Table 1,
Fig. 3).!'*»!% Each compound was assayed at several
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Table 1. Maximal in vitro suppression and translation levels of the R3X mutation, along with the MIC values measured for the designed structures

1-9
Compound® Conen (ug mL™h) Supp. level® (%) Trans. level® (%) MICE (ug mL™1)
E. coli B. Subtilis
Paromomycin 40 49+6 40 £ 13 12 8
Gentamicin 30 49 + 4 40 %9 4 <0.5
Paromamine (1) 80 62+0.2 74+ 15 512 128
2 80 1.3+0.1 100 + 10 256 64
3 80 21%3 n+6 >512 48
4 80 1.5+0.1 74+7 256 96
5 80 44+2 75+9 >512 192
6 160 <1 82+8 >512 >512
7 80 29+2 98 10 192 48
8 80 20%2 71 %7 192 48
9 80 <1 2+2 96 48

@ All the designed structures tested (1-9), along with paromomycin and gentamicin, were in their sulfate salt forms.
® The determination of the suppression and translation levels were performed as in the footnote of Figure 3. The results are averages of at least three

independent experiments.

“The MIC values were determined using the double-microdilution method, with two different starting concentrations of the tested compounds (384
and 512 pg/mL). The bacterial strains used were Escherichia coli (ATCC 25922), and Bacillus Subtilis (ATCC 6633). All the experiments were
performed in triplicates and analogous results were obtained in two to four different experiments.

different concentrations and the concentrations at which
maximal suppression levels were observed are given in
Table 1.

As seen from the data in Table 1, removal of either one
ring (ring IV) or two rings (rings III and IV) in paromo-
mycin dramatically decreases its maximal in vitro
read-through activity from 49% suppression to 1.3%
(compound 2) and 6.2% (compound 1), respectively.
The substantially higher suppression level of 1 (6.2%)
compared to that of the pseudo-trisaccharide fragment
2 (1.3%) implies that paromamine 1 represents the min-
imal structural motif of paromomycin that has signifi-
cant suppression activity. Connection of the plain
ribose ring to the paromamine scaffold either at C6
(compound 4) or C3’ position (compound 6), along with
the addition of one extra amine (8) or paromamine
dimerization (9), gave lower suppression levels than that
of paromamine itself.

The most important results, however, were observed
when instead of plain ribose, the 5-amino ribose was
connected at different positions. The observed suppres-
sion levels of all these derivatives (compounds 3, 5,
and 7) are higher than the parallel structures containing
plain ribose ring at the same location (2, 4, and 6,
respectively). Compound 3, in which the ribosamine is
attached to C5 of the paromamine structure, shows
the highest suppression level among the new derivatives.
The maximal suppression level of 3 (21%) was obtained
at 80 pgmL ™', a concentration which is much higher
than the concentrations required for the maximal activ-
ities of both paromomycin and gentamicin (Table 1,
Fig. 3). Nevertheless, the fact that compound 3 still re-
tained translation level of 72% at 80 pg mL ™' is also a
very important result, as discussed below.

In the series of pseudo-trisaccharides 3, 5, and 7, a par-
ticular influence of the position of the ribosamine ring is
observed: C5 (3) > C6 (5) > C3’ (7), suggesting that the

preservation of the pseudo-trisaccharide core structure
of the parent paromomycin (rings I-111) in 3 is important
for efficient read-through activity. The suppression data
of 2-7 show that in the series of pseudo-trisaccharides,
an increased number of amino groups in each pair leads
to improved read-through activity, in agreement with
the reports about enhanced RNA binding of aminogly-
coside derivatives with extra amino groups.”'® Howev-
er, the data obtained with 8 and 9 indicate that merely
increasing the number of amino groups on the parom-
amine scaffold does not always lead to an increase in
read-through activity. Nevertheless, the observed 13-
fold higher suppression level of derivative 3 compared
to that of the corresponding ribose derivative 2, and
over 3-fold better activity compared to that of parom-
amine 1, suggest that the presence of C5”-NH, in 3 is
responsible for its elevated read-through activity.

To further evaluate the read-through potential of
compound 3, its activity was assayed in cultured
mammalian cells using a dual luciferase reporter sys-
tem,'® and compared to the activities of paromomycin
and gentamicin (Fig. 4). At all concentrations tested,
the activity of 3 is superior to those of paromomycin
and gentamicin. In addition, gentamicin (Fig. 1),
which is currently the only clinically relevant amino-
glycoside shown to have the ability to suppress non-
sense mutations in patients, is less efficient than
either paromomycin or 3. The improved read-through
efficiency of compound 3 relative to those of paromo-
mycin and gentamicin in the whole-cell system (in
contrast to the in vitro results) indicates that the effec-
tive concentration of compound 3 inside the cell and
near the ribosome is higher than the effective concen-
trations of paromomycin and gentamicin. This could
be an outcome of better penctration and improved up-
take of 3 by the cells, resulting from its smaller size
compared to paromomycin and gentamicin. In addi-
tion, since compound 3 has one less positive charge
(+4) than either paromomycin (+5) or gentamicin
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Figure 3. Levels of in vitro suppression of a nonsense mutation () and
overall translation (o) by compound 3 (A) and by paromomycin (B).
Panel C describes the reporter system used for the in vitro translation
assays. A plasmid-based reporter construct contains a TGA C
nonsense mutation between a 25-kDa polypeptide encoding open
reading frame (ORF) and a 10-kDa polypeptide encoding ORF, such
that efficient translation termination at the stop codon results in the
production of a 25-kDa polypeptide, while suppression of the nonsense
mutation by the aminoglycoside allows the synthesis of a 35-kDa
protein.® The nonsense mutation context was derived from PCDH15
cDNA. The reporter plasmid was in vitro transcribed and translated in
the presence of [*>S]methionine, and the reaction products were
separated by SDS-PAGE and quantified using PhosphorImager
analysis. The suppression level was calculated as the relative propor-
tion of the 35-kDa product out of total protein (the sum of 35-kDa and
25-kDa), and the translation level was calculated as the relative
proportion of the total protein at each drug concentration out of the
total protein without drug. The results are averages of at least three
independent experiments.

(+5), it is possible that 3 has less nonspecific binding
to other cell components than those of paromomycin
and gentamicin.

Finally, the designed structures 1-9 were investigated as
antibacterial agents against both Gram-negative (Esche-
richia coli) and Gram-positive (Bacillus subtilis) bacteria
(Table 1). From the MIC values, it can be seen that
whereas gentamicin and paromomycin exhibit excellent

8

% Suppression
B

0246 02 46
Comp. 3 Paromomycin

0 2 4 6 mgmL
Gentamicin

Figure 4. Ex vivo suppression of a nonsense mutation by compound 3,
paromomycin, and gentamicin. The p2Luc plasmid containing a TGA
C nonsense mutation in a polylinker between the renilla luciferase and
firefly luciferase genes'® was transfected into COS-7 cells and addition
of tested compounds was performed after 15 h. Luciferase activity was
determined following 24 h of incubation, using the Dual Luciferase
Reporter Assay System (Promega). Stop codon read-through was
calculated as described previously.'® The results are averages of at least
three independent experiments.

antibacterial activity against both strains, the synthetic
derivatives did not retain the antibiotic character of nat-
ural aminoglycosides. The antibacterial activities of all
new compounds, including compound 3 which had rela-
tively high read-through activity, are markedly lower
than that of the parent paromomycin.

The origin of aminoglycoside toxicity is still controver-
sial and probably results from a combination of different
factors/mechanisms.!> Yet, several encouraging results
obtained with compound 3 suggest that it might exhibit
reduced toxicity relative to that of the parent paromo-
mycin or gentamicin compounds. The data in Table 1
and Figure 3 show that besides the significant read-
through activity of compound 3, it also retained much
higher translation level (~72% at 80 pgmL™') than
either gentamicin or paromomycin (~40% at 30-40 ug
mL~"). Another factor thought to be one of the causes
for the cytotoxicity of aminoglycosides is their binding
to mitochondrial 12S rRNA A-site (whose sequence is
very close to the bacterial A-site).® Thus, the observed
inability of 3 to show significant antibacterial activity
could also hint about its lower toxicity. Nevertheless,
only cell cytotoxicity assay could determine whether
these results truly indicate about lower toxicity of com-
pound 3.

In summary, this study provides a new direction for
the development of novel aminoglycoside-based small
molecules that selectively target mammalian cells by
means of optimizing the efficiency of aminoglycoside-
induced suppression of premature stop mutations; this
progress may offer promise for the treatment of many
genetic diseases. Thus, although the ‘ideal readthrough
inducer molecule’ is yet to be identified, the results
introduced in this study indicate that this is an achiev-
able goal. Direct cytotoxicity and cell permeability as-
says of 3, along with the design and synthesis of
‘second generation derivatives’ of paromomycin, are
currently underway.
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Abstract—A series of xanthine mimetics containing 5,5 and 5,6 heterocycle fused imidazoles were synthesized as dipeptidyl peptidase
IV inhibitors. Compound 7 is potent (h-DPPIV K; = 2 nM) and exhibits excellent selectivity and no species specificity against rat and
human enzymes. The X-ray structure confirms that the binding mode of 7 to rat DPPIV is similar to the parent xanthines.

© 2006 Elsevier Ltd. All rights reserved.

The incretin hormones glucagon like peptide-1 (GLP-1)
and glucose dependent insulinotropic polypeptide (GIP)
play an important role in glucose homeostasis with
effects on the pancreas, gastrointestinal tract, muscle tis-
sue, and brain."> GLP-1 enhances glucose-stimulated
insulin secretion from the B-cells of the pancreas,® pro-
motes insulin biosynthesis,* and inhibits postprandial
glucagon secretion.’ Administration of GLP-1 reduces
the rate of gastric emptying,® suppresses appetite and,
importantly, promotes B-cell mass.” Exenatide, a potent
GLP-1 mimetic administered subcutaneously, is current-
ly approved for treatment of type 2 diabetes.® Under
physiological conditions, the incretin effect is brief
because of the short half-life of the incretin hormones
due to the action of dipeptidyl peptidase IV (DPPIV)
enzyme. DPPIV is a serine protease that cleaves a dipep-
tide from the N-terminus of the active form of GLP-1,
GIP, neuropeptides, and chemokines, and renders them
inactive. This discovery has led to the development of
DPPIV inhibitors to increase the half-life of circulating
incretin hormones and normalize glucose homeostasis.’
DPPIV has now become a validated target with several
small molecule inhibitors in late stage clinical trials for
the treatment of type 2 diabetes.'?

Keywords: Dipeptidyl peptidase IV (DPPIV); Xanthines; SAR; X-ray

structure; Type 2 diabetes.
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DPPIV inhibitors can be broadly categorized into pep-
tidic and non-peptidic series, with a majority of the
inhibitors that have successfully advanced to late stage
trials being of peptidyl origin.!® DPPIV inhibitors relat-
ed to xanthines include purine, uracil, imidazole, pyrim-
idine, and pyridine analogs.!' Each of these subclasses
serves as a core to direct key peripheral groups in a
direction important to maintain several points of con-
tact needed for potent DPPIV inhibition. Takeda San
Diego (formerly Syrrx) recently disclosed SYR-322
which bears a central uracil moiety.!> SYR-322 was
reported to be in phase III clinical trials making it likely
that compounds in this class will play an important role
in DPPIV inhibition and type 2 diabetes therapy

(Fig. 1).

A high throughput screen of the Abbott library of com-
pounds for potential DPPIV inhibitors revealed several
xanthine analogs exhibiting low micromolar potency

CN

o)
\NAN

\NH
o = ,\O 2

Syr-322
DPPIV IC5¢ = 4 nM

Figure 1. Lead DPPIV inhibitor in late stage clinical trials.
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for the enzyme. Preliminary SAR on the xanthine
revealed that N-7 alkylation of the xanthine moiety
was needed, preferably with a (2-cyano) benzyl group.
Substitution at the 8-position was also required with 3-
amino piperidine being optimal. N-1 substitution was
tolerated but not required. A protein X-ray crystallo-
graphic study of the most potent screening lead 6,3
bound within the active site of rat DPPIV, was in accor-
dance with these early SAR observations.'* Groups at
the 7- and 8-positions of the xanthine ring system made
specific protein contacts. In addition, a hydrogen bond
between the 6-carbonyl oxygen and the backbone N-H
of Tyr 632 of the protein was observed. Positions 1 and
2 were in close proximity to the protein but had no
direct interaction, while N-3 and N-9 appeared to be
in a large solvent pocket (Fig. 2).

Based on the X-ray data, we embarked on a synthetic
program which targeted xanthine analogs that retain
the imidazole and 6-carbonyl moieties but possess alter-
native A-ring heterocycles. We envisioned that such a
change would still enable the core to orient the vital
N-7 benzylic and the C-8 (3-amino)-piperidine pharma-
cophores in a similar direction as the xanthine to main-
tain potent DPPIV inhibition while providing the
flexibility to modulate the pharmacokinetic properties
of the compounds. To aid the medicinal chemistry strat-
egy, a convergent procedure was developed to obtain 5,5
and 5,6 ring fused xanthine mimetics. A Cu' mediated
cyclization utilizing the acyclic guanidine derived from
3-amino piperidine was the key step (Scheme 1).!> Alkyl-
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Figure 2. Preliminary SAR on the xanthine hit.
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ation at N-7 and deprotection provided DPPIV inhibi-
tor 6. Related fused imidazole compounds were
synthesized by similar procedures.

The in vitro activity of the compounds was tested
against human and rat DPPIV enzyme. Data for select-
ed compounds are shown in Table 1. Xanthine 6 with an
ortho-cyano benzyl group off the imidazole (N-7) nitro-
gen was extremely potent (h-DPPIV K; =2 nM). The
potency is retained when the A ring of the xanthine is re-
placed with a methyl maleimide as in 7 (h-DPPIV
K; =2 nM) or methyl pyridazinone as in 8 (h-DPPIV
K; = 5nM). The ortho-cyano group can be substituted
with small electron-withdrawing groups such as a chloro
as in 9 (h-DPPV K; =9 nM) or trifluoromethyl as in 10
(h-DPPIV K;=10nM) with a 5-fold loss in potency.
Larger groups such as a trifluoromethoxy as in 11
(h-DPPIV K; =22 nM) are less desirable with a 10-fold
loss in DPPIV activity compared to 7. Notably human
DPPIV inhibition is dramatically weakened when the
ortho-cyano group is moved to the meta-position as in
12 (h-DPPIV K; = 1200 nM). Modeling of meta-substit-
uents indicated that a meta acetonitrile as in 13 would
allow the cyano group to reorient to be similar to 8.
As modeling predicted, potency was re-established with
13 (h-DPPIV K; = 11 nM). The SAR indicates that both
the benzylic moiety and a small electron-withdrawing
group (EWQG) are important for potent DPPIV inhibi-
tion and the optimum orientation for the protein—
inhibitor interaction is when the small EWG is at the
ortho-position of the aryl group. Extended groups at
the A ring are less desirable. For example, benzyl malei-
mide as in 14 (h-DPPIV K; =29 nM) was less potent
than methyl maleimide 7. Similarly naphthoquinone as
in 15 (h-DPPIV K;=25nM) was less potent than 7.
Not all heterocyclic substitutions at the A ring were
tolerated. Substitution of the C-6 carbonyl of the uracil
moiety of 6 with a fluoro group as in 16 (h-DPPIV
K; = 57 nM) diminished potency while a pyridine N-ox-
ide as in 17 (h-DPPIV K; = 300 nM) was weakly active.
The location of the C-6 carbonyl group relative to the
benzyl moiety off the imidazole is also critical. For
example when the ortho-cyano benzyl group is attached
to the imidazole N-9 nitrogen distal to the carbonyl of
the pyridazinone as in 18 (h-DPPIV K; =260 nM) the
potency decreased sharply.

0]

~ Br
a N NH»
—— ;\ﬁ by

o l‘\l N/ UNHBOC

4
CN

Scheme 1. Reagents and conditions: (a) NaOMe, MeOH, 80 °C, 64%; (b) NaH, Cul, THF, 75 °C, 77%; (c) BnBr, K,CO;, DMF, 23 °C, 50%;

(d) TFA, CH,Cl,, 23 °C, 95%.
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Table 1. Human DPPIV binding for selected compounds
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Table 1 (continued)

Compound Het Product h-DPPIV K; (nM)
CFs
o
Br o RiH,
. e : :
: et
o N
o
CF,
F NH,
16 MeO N 2 57
)N
N
N _cl _
17 EI o ) fiHg 300
X
Br

18 \NﬁBr
Na Br

1% NHz
| ‘ \>7N )
Nf:[N 260

The X-ray structure of 7 bound to rat DPPIV (pdb code
2I37) assisted in further rationalizing the SAR by
revealing critical binding features necessary for potent
DPPIV inhibition (Fig. 3). Analysis of the crystal struc-
ture revealed that the 3-amino piperidine was in an ideal
position to interact with Glu 203 and Glu 204. The
maleimide was oriented to form a = stacking interaction
with Tyr 548. The ortho-cyano benzyl group is in the
vicinity of Ser 631 (the catalytically active serine in
DPPIV). Unlike the cyano pyrrolidine DPPIV inhibitors
that have been reported in the literature'*'® there was
no direct interaction between the nitrile of 7 and the
hydroxyl group of Ser 631. However, the nitrile is being
directed to a shallow hydrophobic pocket in PI1'4
increasing the inhibitor—protein interaction. This result
possibly explains the similar potencies observed when

n-stacking
with Tyr 548 -~

No direct
interaction
with Ser: 631

Electrostatic
interaction with.
Glu 203 and.Glu 204

Figure 3. X-ray structure of 7 bound to rat DPPIV.

the nitrile was replaced with a chloro or trifluoromethyl
group as in 9 and 10 (Table 1). The crystal structure de-
picts the benzyl group to be orthogonal to the plane of
the heterocycle. It is likely that steric and electronic
properties of the adjacent carbonyl of the maleimide
are contributing to the orthogonality of the benzyl
group as predicted by AM1 modeling. Methyl malei-
mide, 7, seems to be optimum and larger groups or
extensions may be in the way of the protein, as demon-
strated by the diminished potency of 14 and 15.

Compound 7 was unstable in rat plasma and showed a
poor pharmacokinetic (PK) profile in Sprague-Dawley

CN CN
.
0 NHBoc P, d Q NH;
)0 S W
_ N H »—N
N ‘N/% o) N
(e} _NH 19
XY,z
CN
.
0 NHs
~ N
N
W
- N
O 20

Scheme 2. Reagents and conditions: (p) Methylamine, ACN, 80 °C,
90%; (q) TFA, CH,Cl,, 23°C, 95%. (x) N,N’-dimethylhydrazine,
ACN, 80 °C, 90%; (y) 6N HCIl, MeOH, H,0, 80 °C, 80%; (z) TFA,
CH,Cl,, 23 °C, 95%.
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Table 2. Human and rat DPPIV binding

Compound h-DPPIV r-DPPIV r-DPPIV
(0% plasma) (0% plasma) (18% plasma)
Ki (nM) Ki (nM) K; (nM)
6 2 3 7
7 2 2 600
19 450 ND ND
20 11 17 24

Table 3. Inhibition of other peptidases for selected compounds
(K; = nM)

Compound DPP8 DPP9 POP
6 >30,000 ND >30,000
7 >3000 >3000 >30,000
8 >3000 ND >30,000
13 >3000 ND >30,000
15 >30,000 >3000 ND
20 >3000 ND >30,000

rats with a high clearance rate and low oral bioavailabil-
ity. We reasoned that the low plasma stability was partly
due to the electrophilicity of the carbonyl groups which
made the maleimide susceptible to nucleophilic attack.
In an attempt to make more stable DPPIV inhibitors,
7 was reacted with either N-methyl amine to convert
the A ring to the ring opened diamide 19 or reacted with
N,N'-dimethylhydrazine to prepare the corresponding
pyridazine dione 20 (Scheme 2).

Compounds 7, 19, and 20 were tested against human
and rat DPPIV enzyme in the presence of 2% and 18%
rat plasma to study the effects of plasma stability on
DPPIV inhibition (Table 2). Xanthine 6, maleimide 7,
and pyridazinedione 20 did not show species specificity
against human and rat DPPIV enzymes in the absence
of plasma. Xanthine 6 is stable in rat plasma with a mere
2-fold shift in potency in the presence of 18% rat plasma
(r-DPPIV K; = 3-7 nM). Confirming the PK and plasma
instability result, a significant shift in potency was ob-
served for 7 against DPPIV in the absence of plasma
(r-DPPIV K; =2 nM) compared to 18% rat plasma (r-
DPPIV K; = 600 nM). The ring opened analog 19 was
weak against h-DPPIV. The ring expanded product 20
was 5-fold less potent than 7 (h-DPPIV K; =11 nM).
However, the compound was stable in rat plasma with-
out a significant shift in potency in the presence of plas-
ma (r-DPPIV K; = 17-24 nM in 18% plasma).

Human peptidases including DPP7, DPP§, DPP9, and
POP are structurally or functionally related to DPPIV
and most importantly inhibition of DPP8 and/or
DPP9 is associated with significant toxicity.!” The com-
pounds were screened and found to be inactive against
these isozymes (Table 3).

In summary, we have discovered novel, potent, and
selective xanthine mimetics based on 5,5 and 5,6 ring

fused imidazoles. Compound 7 was found to be a potent
and selective DPPIV inhibitor, but it showed a signifi-
cant loss of activity in the presence of plasma. Com-
pound 20 showed minimal potency changes in the
presence of plasma. Hence the shift in potency of 7
was attributed to plasma instability and not protein
binding. X-ray analysis of 7 bound to DPPIV indicates
that the binding mode is similar to the parent xanthine
6. Xanthine mimetics allowed us to unravel the key
structural features important for potent DPPIV activity
while providing good selectivity and no species specific-
ity enabling them to be studied in rodent models of dia-
betes. These attributes make them excellent compounds
to study DPPIV inhibition in vivo as well as assist in
designing future DPPIV inhibitors based on this impor-
tant class of heterocycles.
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Abstract—The identification and hit-to-lead exploration of a novel, potent and selective series of substituted benzimidazole—thio-
phene carbonitrile inhibitors of IKK-¢ kinase is described. Compound 12e was identified with an IKK-¢ enzyme potency of
pICso 7.4, and has a highly encouraging wider selectivity profile, including selectivity within the IKK kinase family.

© 2006 Elsevier Ltd. All rights reserved.

Protein kinases catalyse the transfer of the y-phosphate
from ATP to the side-chain hydroxyl group of tyrosine,
serine or threonine residues of proteins involved in the
regulation of diverse cellular functions. Aberrant kinase
activity is implicated in many diseases and makes this
target class attractive for the pharmaceutical industry.!

The IxkB (IKK) family of kinases represents an area of
intense research, most of which has centred on inhibi-
tion of IKK-B or the complex formed between the ki-
nases [KK-o and IKK-B and the regulatory sub-unit
NEMO (also known as IKK-I, IKK-2 and IKK-y,
respectively).? IKK-¢ (also known as IKK-3, inducible
IKK or IKK-i) was initially identified as an LPS-in-
duced transcript from a macrophage cell-clone and later
as part of a PMA-inducible IkB kinase complex, differ-
ent from the classical IKK-o/B/NEMO complex.>* It
was shown to be predominantly expressed in cells and
tissues of the immune system (peripheral blood leuko-
cytes, thymus and spleen) and constitutively expressed
in human rheumatoid arthritis, osteoarthritis and nor-
mal synovium.® Several observations suggest that
IKK-¢ might be involved in the regulation of transcrip-
tion factors, such as NF-kB, IRF3 and C/EBP, all of

Keywords: IKK-¢ kinase inhibitors; IKK.
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which are known to be involved in the regulation of
pro-inflammatory cytokines.>®!! Inhibition of IKK-¢
has been less widely explored than inhibition of IKK-f3
or the classical IKK-o/B/NEMO complex. Potent inhib-
itors of IKK-g with selectivity within the IKK family
will therefore be valuable in further clarifying the roles,
and defining the therapeutic value, of this kinase target.

As part of a hit identification exercise, benzimidazole 1
was identified as a moderately potent inhibitor of
IKK-g, pICsy 5.4 (Fig. 1).!? Extensive in-house kinase
cross-screening is routine within GSK, and substantial
selectivity data were readily available for 1. Analysis
of these data revealed a moderate selectivity profile, with
inhibition of Polo-like kinase 1 (PLK1, pICs, 6.9) being
one of the most significant off-target activities. The
PLK1 activity was not surprising, as 1 and analogues
originated from in-house medicinal chemistry efforts tar-
geted at this kinase. PLK1 has the potential to interfere
with several stages of mitosis and therefore presents an
intervention opportunity in the oncology arena.'

/S
o
OHN

Figure 1. Initial hit compound 1.
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Table 1. IKK-¢ and PLK1 inhibition of compounds 2-5
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Compound R! IKK-B pICsg IKK-¢ pICs, PLK1 pICsg
2 CONH, <4.8 <4.8 6.9
3 CN <4.8 5.3 6.2
4 CONH, <4.8 <4.8 6.6
5 CN <4.8 6.1 <5.0

Identification of 1 and the availability of analogues from
the PLK1 drug development effort prompted further
screening of members of the series to gain a clearer pic-
ture of the IKK-¢ structure—activity relationships and
the wider kinase selectivity profile. From this exercise
it became apparent, as illustrated by the two pairs of
molecules in Table 1, Compounds 2-5, that replacement
of the amide moiety by a nitrile group was detrimental
to the PLK1 activity, but beneficial to the inhibitory ef-
fect upon IKK-¢.!'* Furthermore, compounds 2-5 were
observed to be inactive against IKK-p.13

Encouraged by these early indications of selectivity,
especially in the case of 5, we sought to obtain a li-
gand-bound crystal structure to clarify the binding
mode and aid our understanding of the origins of the
selectivity. Although IKK-e crystallography was not
available, amide 6 showed modest CDK-2 inhibitory
potency (pICsy 5.8). It was possible to soak this com-
pound into crystals of CDK-2/cyclin A to obtain a struc-
ture of the complex.'® The CDK-2 structure acted as a
surrogate for IKK-g and provided valuable information
which could be translated, with knowledge of the amino
acid differences in the ATP-binding sites, to aid our
understanding of the binding mode in the target kinase.
As illustrated in Figure 2, the structure shows that the
characteristic hydrogen-bond from the Leu83 residue
in the hinge region of the CDK-2 ATP-binding site is

Figure 2. X-ray structure of compound 6 complexed with CDK-2/
cyclin A.

Rt N RAS N
T e e
R3- N R} N
7S @
~ N0 ~CN

R2-0 N Hz R (6]

Scheme 1. Reagents and condition: (a) (F3CCO),0, pyridine, CH,Cl,,
—10°C.

accepted by N3 of the benzimidazole ring. The dime-
thoxy subsituents at the 5 and 6 positions of the benz-
imidazole ring point towards solvent at the edge of the
ATP site. The benzimidazole also makes hydrophobic
contacts with Ala31 and Leul34. The thiophene ring lies
alongside the gatekeeper Phe80. An internal hydrogen-
bond between the carboxamide NH, and the ether oxy-
gen orientates the ether-linked R2 benzyl group (see
Scheme 1) so that its plane lies perpendicular to the
plane of the benzimidazole ring. The ortho-Cl atom
makes hydrophobic contacts with Vall8 and Glyl1 on
the N-terminal lobe. The opposite edge of the phenyl
ring is in the region of the backbone carbonyl of
GInl131 in the C-terminal lobe, although it makes no
specific interactions. The primary carboxamide substitu-
ent on the thiophene ring points towards the back pock-
et of the active site, where it makes a direct hydrogen-
bond with Glu51 via the NH,. However, the carbonyl
of the carboxamide lacks any hydrogen-bonding partner
protein atom or visible water.

MeO N N
o, o
MeO N 6 N 7

/S /S
( 2 0] < 2 0}
¢l T OHN O Ho

CDK-2 pICs, 5.8
IKK-¢ pICsg 4.7

TKK-€ pICs < 4.8
PLKI pICs 6.2

It is believed that the binding mode of this series in
IKK-¢ is similar to that seen in CDK-2, and that N3
of the benzimidazole also forms a hydrogen-bond to
the hinge region (Cys89 in IKK-¢). Comparison of the
sequences of IKK-g& and PLK1 in the context of the
CDK-2 structure provides an explanation for the selec-
tivity differences between amide and nitrile analogues
in these kinases. A model of compound 12a docked into
a homology model of IKK-¢ is illustrated in Figure 3.7
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Figure 3. Compound 12a docked into the homology model of IKK-&.

Table 2 shows some of the aligned residues in the ATP-
binding sites of CDK-2, IKK-g, PLK1 and MK2. Espe-
cially relevant is the unusual histidine (His105) buried
deep in the back of the ATP site of PLKI. It is much
more common in protein kinases to find aliphatic resi-
dues at the equivalent position, for example Leu55 in
CDK2 and Leu59 in IKK-¢. MK2, whose X-ray struc-
ture has been solved, has an analogous histidine
(His108) at the same position as His105 in PLK1. The
crystal structure of staurosporine bound to MK?2 shows
a water molecule buried at the back of the ATP site that
appears to be hydrogen-bonded to both His108 and
Glu104.'® Since both residues are conserved in PLKI,
we believe that a similar situation exists, and that in cer-
tain ligand-bound situations a water molecule can
bridge between His105 and GlulO1 at the back of the
ATP site. It is striking that even carboxylic acids can
be tolerated in the position of the amide in PLKI1
(e.g., compound 7), presumably because the ionisable
histidine provides a counter to the charge.

Replacement of the PLK1 His105 with leucine in both
CDK-2 and IKK-g means that the hydrogen-bonding
potential of a water at the same position cannot be sat-
isfied. Burial of water in this location in IKK-¢ would
therefore be expected to be less favourable than in
PLK1, and so compounds that bind with a hydrogen-
bond to this water are less potent. In contrast, com-

Table 2. ATP site comparison between human CDK-2, IKK-¢, PLK1
and MK2

CDK-2 IKK-¢ PLK1 MK2
ILE10 LEUIS LEUS9 LEU70
VALIS8 VAL23 CYS67 VAL78
ALA31 ALA36 ALAR0 ALA91
LEUSS LEUS59 HIS105 HIS108
VALG64 VALG68 VALI114 VALI118
PHES0 METS86 LEU130 METI138
LEUS83 CYS89 CYS133 LEU141
GLN131 GLY139 GLY180 GLU190
LEU134 MET142 PHEIS83 LEU193
ALA144 THR156 GLY193 THR206

pounds such as 5, where the amide is replaced by nitrile,
lose much of their potential to hydrogen-bond to any
buried water, and so are less potent against PLKI1. It
is believed that in the ATP-binding site of IKK-¢ they
displace any buried water and the cyano group fills the
lipophilic cavity left behind.

A chemistry effort was initiated, with the aim of expand-
ing the SAR, enhancing the IKK-¢ potency and improv-
ing the selectivity profile. Two approaches were pursued
in parallel; first, selections of available molecules with
amide substitution on the thiophene were dehydrated
to the corresponding nitrile, using trifluoroacetic anhy-
dride in dichloromethane (Scheme 1). The precursor
amides were prepared by routes previously reported.'®

Alternatively, the nitrile moiety was installed at an early
stage in the synthesis via the dehydration of 3-hydroxy-
2-thiophenecarboxamide 8, itself formed by the conju-
gate addition/cyclisation of 2-mercaptoacetamide onto
methyl 2-propiolate (Scheme 2). With nitrile 9 in hand,
installation of the benzimidazole portion was achieved
via reaction with sulfuryl chloride and displacement of
the intermediate chloride under conditions reported by
Corral.?® O-Alkylation under standard conditions then
furnished target compounds 12.

Key data are summarized below in Table 3. In most
cases, R2 O-substitution was found to be beneficial to
the IKK-¢ activity, when compared to the unsubstituted
hydroxy compound 12g. O-Benzyl substitution appears
to be generally more favourable than O-alkyl (compare
12a to 5, 12f, 12h and 12j). Within the benzyl series, a
significant preference for ortho-substitution on the phen-
yl ring is apparent, as illustrated by comparison of sulf-
ones 12e and 3. a-Branching of the benzyl chain in 12d
and 121 is observed to be unfavourable (the (S)-enantio-
mers of 12d and 121 were not prepared), with a 10-fold
drop in potency observed between 12a and 12d. This is
interpreted to mean that there is a precise steric require-
ment which requires both ortho substitution on the ring
and the absence of an a-branch to position the benzylic
phenyl ring in a suitable position.

0
o + 9 @ s
HS\)LNHZ = oMe —— [ NH,
OH

8
S S CN
OH 0o
9 10
R* N R* N
oLy o)
R3 N R3 N
(d a (@ @
CN CN
u HO 12 R2-0

Scheme 2. Reagents and conditions: (a) NaOMe, MeOH, 0 °C; (b)
(F5CCO),0, pyridine, CH,Cl,, rt; (c) Cl,SO,, CHClIs, rt; (d) substi-
tuted benzimidazole, triethylamine, CHCls, rt; (e) alkyl bromide,
K,CO;, DMF, 100 °C, microwave heating.
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Table 3. IKK-¢ inhibition values

6239

Compound R? R? R* IKK-¢ pICs,
3 —CH,(4-SO,MePh) OMe OMe 5.3
5 (£)-CH,(2-Tetrahydrofuranyl) H H 6.1

12a ~CH,(2-CF;Ph) OMe OMe 6.6

12b —CH,(2-CF;Ph) OMe O(CH,),-4-Morpholine 7.3

12¢ —CH,(2-CF;Ph) OMe O(CH,);0H 7.6

12d (R)-CHMe(2-CF5Ph) OMe OMe 5.4

12e —CH,(2-SO,MePh) OMe OMe 7.4

12f —(CH,),-4-Morpholine OMe OMe 5.8

12g H OMe OMe 5.6

12h —CH,-Cyclopropyl OMe OMe 5.5

12i —CH,Ph H H 6.0

12§ —(CH,),-1-Piperidine OMe OMe 5.3

12k —CH,(4-CONH,Ph) OMe OMe 4.9

121 (R)-CHMe(2-CIPh) OMe OMe 5.8

Table 4. Kinase inhibitory potencies of 12e (values in pICsg)
Alk-5 EGFR ErbB2 GSK-3 IKK-o IKK-B IKK-¢ Jnk-3 p38a p38P PLK1
<53 <5.0 <5.0 <4.8 <4.8 7.4 <4.8 <4.8 <4.8 6.1

In most cases, the R* and R* substituents are identical in
this initial exploration of the SAR. From the CDK-2
crystal structure, which shows R* and R* pointing to-
wards solvent, it was anticipated that modifications
incorporating solubilising groups to alter the physico-
chemical properties of the series would be well tolerated
in these positions. Comparison of 12b and 12¢ with 12a
shows that this is the case, and in fact longer chains give
an increase in IKK-¢ activity, perhaps because of lipo-
philic interactions with Leul5 and other residues around
the edge of the ATP site.

In addition to the highly encouraging IKK-¢ inhibitory
characteristics of the compounds, in-house cross-screen-
ing indicated that an excellent overall kinase selectivity
profile was maintained, a key finding being that all com-
pounds in Table 3 were essentially inactive (pICsy < 4.8)
at IKK-o and IKK-B. Kinase data are summarized
above in Table 4 for 12e, which also has encouraging
developability characteristics; specifically good aqueous
solubility (60 pM) and inactivity (pICsy < 4.3) against
the cytochrome P450 isozymes 1A2, 2D6, 2C9 and 3A4.

In summary, the 5-(1H-Benzimidazol-1-yl)-3-alkoxy-2-
thiophenecarbonitrile series represents a novel, potent
and selective class of IKK-¢ inhibitors. The most potent
compounds obtained are 12b,12¢ and 12e, with enzyme
inhibitory potencies of pICsq 7.3, 7.6 and 7.4, respective-
ly. The series has excellent selectivity against IKK-o and
IKK-B, and provides an opportunity to examine the
therapeutic role of IKK-¢ and further aid the under-
standing of the IKK family of kinases.

Acknowledgments

The GSK Screening and Compound Profiling and Com-
putational, Analytical and Structural Sciences groups
are thanked for the generation of kinase inhibition data,
and for solubility and P450 data for 12e. The authors

also thank Karen E. Lackey and David D. Miller for
their guidance and support, and synthetic contributions
from James A. Linn, Kristen E. Nailor, Kevin W. Kuntz
and James M. Salovich are gratefully acknowledged.
Duncan B. Judd and Bethany Brown are thanked for
their assistance in the large-scale synthesis of 9.

References and notes

1. Parang, K.; Sun, G. Curr. Opin. Drug Disc. Dev. 2004, 7,
617.

2. Coish, P. D. G.; Wickens, P. L.; Lowinger, T. B. Expert
Opin. Ther. Patents 2006, 16, 1.

3. Shimada, T.; Kawai, T.; Takeda, K.; Matsumoto, M.;
Inoue, J-i.; Tatsumi, Y.; Kanamaru, A.; Akira, S. Int.
Immunol. 1999, 11, 1357.

4. Peters, R. T.; Liao, S.-M.; Maniatis, T. Mol. Cell 2000, 5,
513.

5. Aupperle, K. R.; Yamanishi, Y.; Bennett, B. L.; Mercurio,
F.; Boyle, D. L.; Firestein, G. S. Cell Immunol. 2001, 214,
54.

6. Nomura, F.; Kawai, T.; Nakanishi, K.; Akira, S. Genes
Cells 2000, 5, 191.

7. Sankar, S.; Chan, H.; Romanow, W. J.; Li, J.; Bates, R. J.
Cell. Signal. 2006, 18, 982.

8. Fitzgerald, K. A.; McWhirter, S. M.; Faia, K. L.; Rowe,
D. C.; Latz, E.; Golenbock, D. T.; Coyle, A. J.; Liao, S.-
M.; Maniatis, T. Nat. Immunol. 2003, 4, 491.

9. Sharma, S.; tenOever, B. R.; Grandvaux, N.; Zhou, G.-P.;
Lin, R.; Hiscott, J. Science 2003, 300, 1148.

10. McWhirter, S. M.; Fitzgerald, K. A.; Rosains, J.; Rowe,
D. C.; Golenbock, D. T.; Maniatis, T. Proc. Natl. Acad.
Sci. U.S.A. 2004, 101, 233.

11. Kravchenko, V. V.; Mathison, J. C.; Schwamborn, K.;
Mercurio, F.; Ulevitch, R. J. J. Biol. Chem. 2003, 278,
26612.

12. pICso = —log;o ICso; where the ICs is the concentration of
compound required to inhibit the kinase activity by 50%.
IKK-¢ inhibition data were generated as follows: recombi-
nant human IKK-¢ was expressed in baculovirus as a
FLAG-tagged fusion protein, and its activity assessed using
a time-resolved fluorescence resonance energy transfer





6240

13.

14.

15.

P. Bamborough et al. | Bioorg. Med. Chem. Lett. 16 (2006) 6236—6240

(TR-FRET) assay. Briefly, IKK-g (15nM total protein)
diluted in assay buffer (50 mM HEPES, 10 mM MgCl,,
I mM Chaps, 1 DTT and 0.01% w/v BSA, pH7.4) was
added to wells containing various concentrations of com-
pound or DMSO vehicle (3% final). The reaction was
initiated by the addition of 15 pul of GST-IkBa substrate
(25 nM)/ATP (2uM) in a total volume of 30 pl. The
reaction was incubated for 15 min at ambient temperature
and then stopped by the addition of 15 pul of 50 mM EDTA.
Detection reagent (15 pl) in buffer (100 mM Hepes, 150 mM
NaCl, 0.1% w/v BSA, pH 7.4) containing antiphosphoser-
ine-IkBa-32/36 monoclonal antibody, Clone 12C2 (Cell
Signalling Technology, Beverley, Massachusetts, USA)
labelled with W-1024 europium chelate (Perkin-Elmer,
Turku, Finland) and an allophycocyanin labelled anti-
GST antibody (Prozyme, San Leandro, California, USA)
was added and the reaction further incubated for at least
45 min at ambient temperature. The degree of phosphory-
lation of GST-IkBa was measured using a Packard
Discovery plate reader (Perkin-Elmer Life Sciences, Bea-
consfield, UK) as a ratio of specific 665 nm energy transfer
signal to reference europium 620 nm signal. The error of the
assay is estimated as 0.3 log units, based on the standard
deviation around the mean value of an inhibitor used as a
standard compound in every assay.

Barr, F. A.; Silljé, H. H. W.; Nigg, E. A. Nat. Rev. Mol.
Cell Biol. 2004, 5, 429.

PLK1 kinase activities were determined using methods
described below.'*?

IKK-B kinase activities were determined using methods
previously described; see: Baldwin, I. R.; Bamborough, P.;
Christopher, J. A.; Kerns, J. K.; Longstaff, T.; Miller, D.
D. Int. Patent Appl. WO 05/067923.

16.

17.

18.

19.

The PDB deposition code for this structure is 2140. The
expression, purification and crystallization of CDK-2/
Cyclin A was carried out as previously described; see:
Jeffrey, P. D.; Russo, A. A.; Polyak, K.; Gibbs, E;
Hurwitz, J.; Massagué, J.; Pavletich, N. P. Nature 1995,
376, 313. Crystals were soaked with 50 uM compound for
2 days prior to data collections. The structure was refined
to an Rfactor of 20% at 2.75 A.

The sequence of IKK-¢ was aligned to a large panel of
protein kinase structures. CDK-2 was chosen as the
template despite its relatively low sequence similarity
(24% identity over the kinase domain) because of the
availability of CDK-2 crystal structures complexed with
molecules of interest. The kinase chain was extracted
from a complex of CDK-2 with Cyclin A to give an
active-like ATP site conformation. MODELLER (Sali,
A.; Blundell, T. L. J. Mol. Biol. 1993, 234, 779) was used
to generate IKK-¢ coordinates. Limited refinement, in
the presence of a manually bound ligand from a different
chemical series to the one described here, was performed
using Discover running through InsightIl (Accelrys,
www.accelrys.com).

Underwood, K. W.; Parris, K. D.; Federico, E.; Mosyak,
L.; Czerwinski, R. M.; Shane, T.; Taylor, M.; Svenson,
K.; Liu, Y.; Hsiao, C.-L.; Wolfrom, S.; Maguire, M.;
Malakian, K.; Telliez, J.-B.; Lin, L.-L.; Kriz, R. W
Seehra, J.; Somers, W. S.; Stahl, M. L. Structure 2003,
11, 627.

(a) Andrews, C. W. III.; Cheung, M.; Davis-Ward, R. G.;
Drewry, D. H.; Emmitte, K. A.; Hubbard, R. D.; Kuntz,
K. Int. Patent Appl. WO 04/014899; (b) Cheung, M.;
Emmitte, K. A. Int. Patent Appl. WO 05/037827.

20. Corral, C.; Lissavetzky, J. Synthesis 1984, 847.



http://www.accelrys.com



		5-(1H-Benzimidazol-1-yl)-3-alkoxy-2-thiophenecarbonitriles as potent, selective, inhibitors of IKK- z.epsiv  kinase

		Acknowledgments

		References and notes






Bioorganic & Medicinal Chemistry Letters
Summary of Instructions to Authors

Bioorganic & Medicinal Chemistry Letters publishes research results of
outstanding significance and timeliness in the fields of medicinal
chemistry, chemical biology, bioorganic chemistry, bioinorganic
chemistry, and related disciplines. Articles are in the form of com-
munications reporting experimental or theoretical results of special
interest. These notes are a summary of the full-length Guide for
Authors available at http://elsevier.com/locate/bmcl.

Submission of manuscripts

Authors should submit their manuscript to the appropriate regional
editor via the online submission page of this journal at http://
ees.elsevier.com/bmcl. The following items should be supplied:

e Manuscript. It is not necessary to embed graphics in the text, but if
you do so please note that separate graphic files will always be
required for proof production when a manuscript is accepted for
publication. Graphics should be submitted as separate, high-resolu-
tion artwork files. These will be automatically incorporated into
the single PDF that the system creates for review.

Graphical abstract for the contents list (submitted as a separate
document).

Cover letter highlighting the novelty, significance and urgency of the
submitted work that merits rapid publication and providing details
of other relevant information, e.g., submitted or in press manu-
scripts.

List of potential referees (separate document).

The submission site automatically converts manuscript source files to a
single Adobe Acrobat PDF version of the article, which will be used in
the review process. A printed copy of the manuscript is not required.
All correspondence takes place by e-mail and via the Author’s
Homepage.

Manuscript preparation

Manuscripts must be written in English and should be compiled as

follows:

o Article length (including graphics) should not exceed four journal

pages (~700 words per page).

Graphical Abstract (maximum 5 X 17 cm) should summarise the con-

tents of the paper in a concise, pictorial form and may include a

short text (maximum 30 words).

o Title and author names and affiliations

o Abstract should briefly state the purpose of the research, the princi-
pal results, and major conclusions.

Main body of article. No section headings should be used, except for
‘Acknowledgments’ and ‘References and notes’.

Acknowledgments

References and notes. Authors should consult The ACS Style Guide;
2nd ed.; American Chemical Society: Washington, DC, 1997, for a
detailed listing of citation formats for journal papers, books, and
other publications. Journal titles should be abbreviated according
to the Chemical Abstracts Service Source Index (CASSI) 1907—
1999 Cumulative and its supplement. A list of abbreviations can also
be found at: http://elsevier.com/locate/bmel (click on ‘Guide for
Authors’).

Artwork. Figures and schemes must be provided in electronic for-
mat and at the actual size that they are to appear (single-column
width is 8.4 cm, double-column width is 17.7 cm). Tagged Image
File Format (TIFF) or Encapsulated PostScript (EPS) files are
preferred. Colour figures may be printed in the journal at no
charge to the author if the editor considers colour is necessary
to convey scientific information. Colour figures should be sup-
plied in electronic format as JPEG files (minimum 300 dots
per inch).

Supplementary information. Authors can submit supplementary data
to support and enhance their Communication. These should be sup-
plied as separate electronic files and will be published online along-
side the electronic version of the article on ScienceDirect. Authors
may alternatively choose to submit supplementary information as
an aid to the referees only.

Journal conventions

X-ray crystallographic data. Prior to manuscript submission the author
should deposit crystallographic data structures with the Cambridge
Crystallographic Data Centre (http://www.ccdc.cam.ac.uk/).

Structural data. Atomic coordinates for structures of biological mac-
romolecules determined by X-ray, NMR, or other methods must be
deposited with the RCSB Protein Data Bank (PDB) prior to
publication. Deposition and release information is available at http://
deposit.pdb.org/depoinfo/depofaq.html.

GenBankIDNA sequence linking. In the final version of the electronic
copy, accession numbers in the text can be linked to the appropriate
source in the NCBI databases. Please refer to the full-length Guide for
Authors for details.






ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 16 (2006) 6161-6164

Binding of f-PIP, a pyrrole- and imidazole-containing triamide, to
the inverted CCAAT box-2 of the topoisomerase Ila promoter
and modulation of gene expression in cells

N. Minh Le,* Alan M. Sielaff,® Amanda J. Cooper,” Hilary Mackay,” Toni Brown,*®
Minal Kotecha,® Caroline O’Hare,® Daniel Hochhauser,® Moses Lee®®* and
John A. Hartley®
aDepartment of Chemistry, Furman University, 3300 Pointsett Highway, Greenville, SC 29613, USA
®Division of Natural Sciences and Department of Chemistry, Hope College, Holland, MI 49423, USA

“Cancer Research UK Drug-DNA Interactions Research Group, Department of Oncology, University College London,
91 Riding House Street, London, WIW 7BS, UK

Received 17 August 2006; revised 13 September 2006; accepted 14 September 2006
Available online 29 September 2006

Abstract—An N-formamido pyrrole- and imidazole-containing triamide (f-PIP) has been shown by DNase I footprinting, SPR, and
CD studies to bind as a stacked dimer to its cognate sequences: 5'-TACGAT-3’ (5'-flank of the inverted CCAAT box-2 of the
human topoisomerase Ilo promoter) and 5'-ATCGAT-3'. A gel shift experiment provided evidence for f-PIP to inhibit protein—
DNA interaction at the ICB2 site. Western blot studies showed that expression of the topoisomerase Ila gene in confluent NTH
3T3 cells was induced by treatment with f-PIP. The results suggested that the triamide was able to enter the nucleus, interacted with
the target site within ICB2, inhibited NF-Y binding, and activated gene expression.

© 2006 Elsevier Ltd. All rights reserved.

Pyrrole (P)- and imidazole (I)-containing polyamides
bind to the minor groove of DNA with sequence speci-
ficity,'™ and they are potentially useful as gene control
agents.>>® Studies on the development of polyamides
have been inspired by the DNA binding properties of
distamycin A, a naturally occurring polyamide that pre-
fers A/T-rich sequences. Distamycin A and related
polyamides are known to bind tightly as dimers, stacked
in an anti-parallel fashion, within the minor groove. The
resulting DNA sequence selection is due to stacking of
the heterocycles, which interact with the DNA base
pairs through a combination of favorable hydrogen
bonding, van der Waals forces, and electrostatic interac-
tions. A set of pairing rules has been developed for pyr-
role- and imidazole-containing polyamides.>™> A stacked
P/P pairing recognizes an A/T base pair, a P/I pairing
recognizes a C/G base pairing, an I/P recognizes a G/C

Keywords: CC-1065; Duocarmycins; Pyrrolobenzodiazepines; Achiral;

sec-amino-CBI; Dimer; Polyamides; Sequence specificity, Footprint-

ing; SPR; Gene control; Topoisomerase.
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base pair, and an I/l pairing selects for a T/G mis-
match.!%!! The pairing rules have provided an opportu-
nity for the rational design of compounds capable of
targeting predetermined DNA sequences.

Topoisomerase Ila (topolla) is an enzyme essential for
cell function, including DNA replication and mitosis.'?
It is a target for anticancer agents, including etoposide
and doxorubicin.'?!'? Confluent cancer cells down-regu-
late topolla expression, making these cells resistant to
therapy by these drugs.!>!> The promoter region of
the topolla gene consists of five inverted CCAAT boxes
(ICBs);!3 binding of nuclear factor-Y (NF-Y) to ICB2 is
responsible for inhibiting gene expression at confluence.
The DNA sequence of ICB2 including its 5’-flanking se-
quence is 5'-TACGATTGGT-3’ (ICB2 is indicated in
bold).!3!> Consequently, ligands designed to target the
ICB2 site and block NF-Y from binding should upregu-
late topolla expression in confluent cells, thereby sensi-
tizing these cells to topolla acting drugs.!>

As part of our overall strategy for the design of com-
pounds capable of inhibiting NF-Y from binding to
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ICB, JH-37, a hairpin polyamide depicted in Figure 1,
was developed and previously reported.'® It was found
to bind selectively to 5’-TTGGT-3’, which is embedded
within the 3’-flanking regions of ICB2 and ICB3.!¢
DNase I footprinting and biophysical analysis con-
firmed the preferential binding of JH-37 to ICB2 and
ICB3. However, it was also found to bind the 3’-flank
of ICBI1, which contained a 5’-TTGGC-3’ site.

Even though JH-37 has demonstrated selectivity for
binding to ICB sites, there is a need to design polyamide
structures that are simpler and smaller, while improving
sequence specificity. It is becoming apparent that even
though hairpin polyamides demonstrate excellent
sequence selectivity, they often have poor solubility in
water and cell culture media. Hairpin polyamides are
also taken up poorly by cells, especially into the
nucleus.'”

This paper details the results from an investigation into
the question of whether simple polyamides that bind as
stacked dimers to their target sequences in the minor
groove could elicit biological activity. An advantage of
using small polyamides is that they should more readily
enter cells and concentrate in the nucleus.'® For exam-
ple, a dicationic furamidine analog has been shown by
fluorescence microscopy to enter cells and localize in
the nucleus. Furamidine is presumed to bind as a
stacked dimer in the minor groove of ATGA sites.!?

f-PIP, a N-formamido-triamide shown in Figure 1, was
selected for this study.?’ According to the pairing
rules,*> it should recognize 5'-ATCGAT-3’ as well as
5'-TACGAT-3’, which is found in the 5'-flank of
ICB2. Both are cognate sequences because the stacked
P/P pairing could recognize either an A/T or T/A base
pair (Fig. 2). The affinity of f-PIP for binding to the
5'-ATCGAT-3’ sequence was determined to be
2x10° M~ by using surface plasmon resonance.?’ In
this communication, the sequence selectivity of f-PIP
and its ability to induce the expression of the topolla
gene in confluent cells are reported.

DNase I footprinting studies of f-PIP on a fragment of
the topolla promoter were used to ascertain sequence
selectivity. The autoradiogram given in Figure 3 shows
that a footprint at the 5’-TACGAT-3’ site (5'-flank of
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Figure 1. Structures of distamycinA, JH-37, and f-PIP. The sequences
of the hairpin oligonucleotides used in this study are also given.
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3-CGATGCTAACCAA
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Figure 2. Binding of f-PIP (2) to the 5'-TACGAT-3' site on the 5'-
flank of ICB2.

U o 1 3 10 30 100 300 pM

Figure 3. DNase I footprinting of f-PIP using a 5'-*’P-radiolabeled
probe corresponding to the topolla promoter. The ICB1, ICB2, ICB3,
and ICB4 sites are indicated. ICBI1, 5-CAGGGAITGGCTGG-3';
ICB2, 5-CTACGATTGGTTCTT-3'; ICB3, 5-ACCTGATT-
GGTTTAT-3'; ICB4, 5'-TTCTCATTGGCCAGA-3'.

ICB2) begins to appear at a concentration of 10 pM
and by 30 uM a clear footprint had formed.

A weak footprint for the AT-rich sequence on the 3'-
flank of ICB3 did not become apparent until 30 puM. It
is worthy to note that f-PIP did not protect ICB1 and
ICB4 from DNase I cleavage even at 100 pM. This re-
sult represents an improvement in selectivity when com-
pared to JH-37, which showed binding to sequences
within the ICBI, 2, and 3 sites.'®

The DNA binding properties of f-PIP were further as-
sessed by circular dichroism studies,® %2° and the results
are given in Figure 4. Titration of f-PIP to the cognate
oligonucleotides (ICB2 and TCGA, Figure 4A and B,
respectively) produced a DNA-induced band at
330 nm, suggesting that the triamide was bound within
the minor groove.?! It is worthy to note that a weak
DNA-induced band was observed for the AT-rich hair-
pin oligonucleotide (Fig. 4C). This result was not sur-
prising because f-PIP had demonstrated binding to an
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Figure 4. CD titration studies of f-PIP with ICB2 (A), TCGA (B), and
AAATTT (C). The studies were performed on an OLIS spectropolari-
meter, using a 1 mm pathlength cuvette. Experiments were carried out
using a 10 mM phosphate buffer, containing 50 mM Na*, and 1 mM
EDTA, pH 6.2, and was titrated with 1 mol equivalents of the
polyamide f-PIP, past the point of saturation. ICB2, 5'-CTA CG4 ITG
GTC TTTTT GAC CAA TCG TAG; TCGA, 5'-GAA TCG ATT G
CTCT C AAT CGA TTC; AAATTT, 5-CGA AAT TT1C C CTCT G
GAA ATT TCG.

AT-rich sequence in the footprinting analysis (Fig. 3). It
has been reported that single imidazole-containing
polyamides can tolerate AT-rich sequences.”> The
appearance of an isodichroic point in the overlaid spec-
tra further indicated that the compound was binding to
the DNA through one mechanism, presumably as a
stacked dimer.?’

Electrophoretic mobility shift assays (EMSA) can pro-
vide direct evidence for the ability of small molecules
to affect the binding of transcription factors to target
DNA sequences.!> EMSA studies for the binding of
f-PIP to 5'-*?P radiolabeled ICBI and ICB2-containing
DNA fragments were conducted and the results are
given in Figure 5. At a concentration of 50 uM, f-PIP
completely inhibited protein binding present in nuclear
extracts of confluent cells, to the ICB2 oligonucleotide.
The complex includes NF-Y as demonstrated by
antibody supershift experiments (data not shown). The
inhibition is presumably due to binding of f-PIP to the
5’-TACGAT-3’ sequence, which partially overlaps the
ICB2 site. At a similar concentration, f-PIP did not dis-
place NF-Y from binding to ICB1, which was consistent
with the inability of f-PIP to bind to ICB1 according to
the footprinting studies (Fig. 3). For comparison, JH-37
inhibited the binding of NF-Y to ICB2 at 1-5 uM (data
not shown).

0 1 5 10

50 cold mut UM

ICB1

ICB2

Figure 5. EMSA studies on f-PIP using oligonucleotides containing
ICBI1 and ICB2 sequences present on the promoter of topo-Ila. The
oligonucleotides were incubated with f-PIP (concentrations ranging
from 0 to 50 uM) for 2 h prior to incubation with nuclear extracts from
cultured confluent NIH 3T3 cells. Cold and mut lanes represent
reactions carried out using unlabeled and mutated oligonucleotides,
respectively.

In order to demonstrate whether stacked dimers of
polyamides could be developed as cellular gene control
agents, the ability of f-PIP to enter the nucleus of cells
and affect gene expression was investigated.'> Confluent
NIH 3T3 cells were incubated with 10 uM f-PIP for 4, 6,
and 24 h. Western blot analyses of treated cells were per-
formed and the results are given in Figure 6 compared to
results obtained with JH-37.

The results confirm that topolla protein expression in
confluent cells was reduced as compared to exponential-
ly growing cells.!> However, as indicated in Figure 6B,
JH-37 was found to induce topolla protein expression
after 24 h of exposure. f-PIP treatment showed increased
level of topolla protein expression after only 4h of
exposure which increased with duration of exposure
(Fig. 6A), even though its binding constant to ICB2
was lower than JH-37 (3 x 10’ M~ ").!® This suggested
that the smaller f-PIP triamide could more effectively en-
ter cells and concentrate in the nucleus than the larger
hairpin molecule (Fig. 6B). The results also show that,
like JH-37, f-PIP was able to induce the expression of to-
polla by presumably binding as a stacked dimer on the
5'-TACGAT-3' sequence in the 5'-flank of ICB2 and

A Exp Conf +4 +6 +24
B
topo II o

Figure 6. NIH 3T3 cells were either exponentially growing (Exp) or
maintained at confluence for 96 h (Conf). Confluent cells were treated
with 10 uM {-PIP (A) or JH-37 (B), and Western blot analysis was
carried out on samples collected at +4, +6, and +24 h post-treatment
as indicated. The THICS rabbit polyclonal topo-Ila antibody was used
for Western blotting, and tubulin is shown as a loading control.
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preventing binding of NF-Y. In conclusion, and to our
knowledge, this report details the first example of a sim-
ple triamide analog of distamycin, capable of binding as
a stacked dimer and affecting gene expression in cells.
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Abstract—A new class of benzimidazolone p38 MAP kinase inhibitors was discovered through high-throughput screening. X-ray
crystallographic data of the lead molecule with p38 were used to design analogues with improved binding affinity and potency in
a cell assay of LPS-induced TNFao production. Herein, we report the SAR of this new class of p38 inhibitors.

© 2006 Elsevier Ltd. All rights reserved.

Tumor necrosis factor alpha (TNFa) and interleukin 1
(IL-1B) are pro-inflammatory cytokines implicated in
many inflammatory diseases such as rheumatoid arthri-
tis (RA), inflammatory bowel disease, and psoriasis. To
date, several anti-TNFo biologics including Enbrel®,
Remicade®, and Humira® have been approved by the
FDA for use as anti-inflammatory therapies.! p38a is
a mitogen activated protein (MAP) kinase that plays
an essential role in the signal transduction pathways
leading to the synthesis of TNFo and IL-1B.2 Efforts
from many pharmaceutical companies have led to the
development of several p38 inhibitor clinical candidates,
including our own BIRB 796 (1).3

As part of our ongoing efforts toward discovering alter-
native classes of p38a inhibitors that could be developed
as backups to BIRB 796 (1), we conducted a high-
throughput screening campaign against p38a and identi-
fied the benzimidazolone 2 as potentially interesting
starting point (Fig. 1). Compound 2 displayed an ICs,
in our high-throughput kinase assay of 130 nM and a
thermal denaturation temperature (7T,)* with p38a of
50 °C. However, compound 2 did not inhibit TNFa pro-
duction from LPS-stimulated THP-1 cells (Table 1).

Keywords: p38 MAP kinase; Inhibitor; Benzimidazolone.
* Corresponding author. Tel.: +1 203 798 5101; fax: +1 203 791
6072; e-mail: nmoss@rdg.boehringer-ingelheim.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.09.014

We were fortunate to obtain X-ray crystallographic data
of compound 2 bound to p38a (Figs. 2 and 3). Unlike
the diaryl urea based inhibitor 1, which binds to p38a
in its Phe-out conformation,> compound 2 binds to
p38a in its Phe-in conformation like many conventional
p38a inhibitors.>d The NH and carbonyl of the benzim-
idazolone engage in H-bonding interactions with the
carbonyl of His 107 and the NH of Met 109, respective-
ly. These interactions are analogous to the H-bonding
interactions typically seen between the adenine of ATP
and a kinase. The unsubstituted phenyl group of the
benzophenone portion of 2 occupies the so-called kinase
specificity pocket (KSP) of p38a. The combination of
the molecular potency of 2 together with the structural
information from the X-ray structure encouraged us to
initiate an SAR investigation of this class of p38
inhibitors.

The benzimidazolones 16-26 shown in Table 1 were syn-
thesized from one of the 5-substituted-2-halo-nitrophen-
yl derivatives 10, 11, or 12 (representative examples
shown in Scheme 1). Compounds 11 and 12 could be
obtained in good yields via a copper mediated coupling
of phenyl boronic acid 7 with 3-nitro-4-fluoroaniline 8
or with 3-nitro-4-chlorophenol 9, respectively.® Thus
as shown, reaction of 10-12 with cyclohexylmethyl-
amine provided the 4-amino-3-nitro derivatives 13-15.
Subsequent reduction of the nitro group and condensa-
tion of the resultant diamine with carbonyldiimidazole
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Figure 1. Structures of BIRB 796 (1) and the lead molecule 2.

Table 1. Effect of the linker (X) and Nl-substituents (R) on the
binding affinity to p38a as measured by thermal denaturation
temperature (7},) and on the inhibition of TNFa from LPS stimulated
THP-1 cells

R
/
N
L
X R
Entry X R T (°C)  Inhibition
of TNFa
from THP-1
cells EC5°
(nM)
2 —~CO-  4-Guanylbenzyl- 50.3+0.3 >10,000
3 —-CO- Ph-CH,- 529+04 1000
4 —-CO-  Cyclohexyl-CH,— 51.8 880
5 -CO- CH;- 49.1 >5000
6 -CO- H- 48.0 >5000
16 -NH-  Cyclohexyl-CH,— 54.0+0.3 270
17 -O- Cyclohexyl-CH,— 53204 250
21 -NH- #-Bu- 55.3 74
22 -NH- NH,CH,(CH3),C- 48.6%0.1 3400
23 -NH-  Cyclopentyl- 55.3 150
24 -NH-  3-Pyrrolidinyl- 49.6 +0.1 1100
25 -NH-  2,6-di-F-Benzyl- 55.2 220
26 -NH- Ph-CH,- 542+%0.2 320

#Values with errors are from two experiments (range/2).
®Values are from one or two experiments (reproducibility in this assay
observed with many compounds typically within £50%).

yielded the benzimidazolones 4, 16, and 17. The synthe-
sis of compounds 22 and 24 required an additional Boc
deprotection step to liberate the free amine.

Scheme 2 depicts the general approach used to function-
alize the 6-position of the benzimidazolone core (synthe-
sis of compound 36 used as an example). Copper
mediated coupling of 2,4-difluoro-5-nitroaniline 18 with
phenylboronic acid 7 afforded the difluoroaniline deriv-
ative 19. Sequential and selective nucleophilic aromatic

NH

2

HN

(@]
IZWZ
O

Figure 2. X-ray structure of 2 (green cylinder) complexed with p38a
(Thr 106 to Met 109 as cyan cylinders) highlighting H-bond interac-
tions between 2 and His 107 C=0 and Met 109 NH.

Triphosphate
binding
region
0, “I NH2
HN Adenine
HN Asp168 binding
_[-— region
07 ™o

H,
O 2 Met 109
Kinase specificity KU\

pocket (KSP) .. NH
His 107

Figure 3. Representation of binding interactions observed from the
complex of compound 2 with p38o.

substitutions of the two fluorine atoms were achieved
by displacement of the 4-fluoro with cyclohexylmethyl-
amine at room temperature, followed by displacement
of the 2-fluoro with N-methylpiperazine at 100 °C, to
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7 8, Y=NH, Z=F 10; L =C0O,Z=Cl
9;Y=0H,Z=ClI 11;L=NH,Z=F
12,L=0,Z=Cl
i NH i, iv N;
—_— —_—

13;L=CO 4;L=CO
14; L =NH 16; L=NH
15; L= 17;L=0

Scheme 1. Reagents and conditions: (i) for 11 and 12, Cu(OAc),,
NEt;, CH,Cl,, rt, 48 h, 61 and 54%, respectively; (i) Hunig’s Base,
DMEF, cyclohexylmethylamine, 100 °C, 24 h, 59-73%; (iii) 10% Pd/C,
H,, EtOAc, rt, 16 h, 63-82%; (iv) 1,1’-carbonyldiimidazole, THF, 12 h,
65-78%.

20 36

Scheme 2. Reagents and conditions: (i) Cu(OAc),, NEt;, CH,Cl,, rt,
48 h, 91%; (ii) cyclohexylmethylamine, DMF, rt, 14 h, 90%; (iii)
N-methylpiperazine, Hunig’s Base, DMF, 100 °C, 24 h, 64%; (iv) 10%
Pd/C, H,, EtOAc, rt, 16 h, 75%; (v) 1,1’-carbonyldiimidazole, THF,
16 h, 65%.

provide the tetrasubstituted nitrophenyl derivative 20.
Reduction of the nitro group, followed by condensation
with carbonyldiimidazole, provided the 5,6-diaminosub-
stituted benzimidazolone 36. Compounds 35-38 were
made in a similar manner.

X-ray crystallographic data of compound 2 bound to
p38a showed that the benzyl guanidine substituent lay
in a hydrophobic cleft leading up to the solvent front.
However, the guanidine group itself was not involved
in any particular interactions with the protein. Removal
of this group resulted in an increase of 2.5 °C in the ther-
mal denaturation assay (compound 3, Table 1). More-
over, compound 3 proved efficacious in inhibiting

TNFa production from LPS-stimulated THP-1 cells.
While the saturated analogue 4 proved equipotent to
compound 3, truncation to the methyl or hydrogen ana-
logues 5 and 6 resulted in a substantial decrease of
potency and a complete loss of binding, respectively
(compound 6 has a T, equal to apo p38a*).

X-ray co-crystallographic data of 2 also showed that the
oxygen atom of the benzophenone did not partake in
any binding interactions with the protein. However, this
carbonyl group does help link two key pharmacophores,
the hydrogen bond donor/acceptor motif of the benzim-
idazolone, and the phenyl group which binds in the
KSP. A comparison of the calculated relative energies
of the bound conformation and the ground state confor-
mation around the carbonyl region suggested the bound
state conformation to be disfavored by about 1.5 kcal.
We hypothesized that inhibitors with smaller linkers
such as O or NH linker would decrease this energy dif-
ference and thus be more potent. Indeed, replacement of
this carbonyl in 4 by an amino or an ether linker (com-
pounds 16 and 17) resulted in an increase of both molec-
ular and cellular potency.

Further explorations off N1, now using compound 16 as
a frame of reference, indicated a tolerance to various
lipophilic groups (21, 23, 25, and 26). However, modifi-
cation of the N1 group with an amine function resulted
in a substantial decrease in potency (cf. 21 and 22; 23
and 24), highlighting the incompatibility of such polar
substituents in the hydrophobic cleft leading up to the
solvent front.

Small substitutions on the phenyl ring of 16 (group that
interacts with the KSP) were found to modestly improve
molecular and cellular potency (Table 2). The 2,4-diflu-
oro analogue 30 offered the best overall improvement
increasing Ty, by 2.8 °C and decreasing the ECs, in the
TNFa cell assay by around 3- to 4-fold. In contrast,
the 3-position appeared less tolerant to substitution
(31-33).

With the aim of improving both the binding and the
physicochemical properties of this class of p38a inhibi-
tors, we investigated whether we could modify our com-
pounds to take advantage of a potential interaction with
Asp 168, located in the phosphate binding domain. The
introduction of appropriately positioned basic substitu-
ents to gain interactions within the phosphate binding
region has been reported to improve inhibitor potency
for certain kinases.® Based on the observed binding con-
formation, we felt the 6-position of the benzimidazolone
core offered the best directionality to position substitu-
tions within binding distance to Asp 168 (Fig. 3). Unfor-
tunately, introduction of either a piperazinyl (35 and 37)
or the more flexible N-methyl-N’,N’-dimethylaminoeth-
yl (38) led to a slight decrease in T}, (Table 2). Neverthe-
less, incorporation of a basic amine did significantly
improve inhibitor aqueous solubility (5.7 uM for 36 vs
0.2 uM for 16 at pH 7.4).

Interestingly, X-ray crystallographic data of compound
38 with p38a show the dimethylamino group situated





A. Hammach et al. | Bioorg. Med. Chem. Lett. 16 (2006) 6316-6320 6319

Table 2. Effect of the substituents (X), and R on the binding affinity to p38a as measured by thermal denaturation temperature (7,,) and on the

inhibition of TNFa from LPS stimulated THP-1 cells

HN

X)n

pess

Entry X)n R Tn' (°C) Inhibition of TNFa from
THP-1 cells ECso° (nM)
16 H H 54.0+0.3 180
27 2-F H 55.1£0.1 66
28 3-F H 52.1%£0.3 190
29 4-F H 54.6+0.2 74
30 2,4-di-F H 56.8+0.7 46
31 3,4-di-F H 51.5%£0.3 420
32 3-CF; H 49.6 £0.1 2300
33 3,5-di-Cl H 485+ 1.2 >10,000
34 2-CH; H 55 64
35 H Piperazinyl 52.8%0.2 150
36 H 4-CHj;-piperazinyl 534102 150
37 2-CH; 4-CHj;-piperazinyl 53.2 180
38 2-CH; N-Methyl-N’,N'-di-CH3-aminoethyl 52.8 150

#Values with errors are from two experiments (range/2).

®Values are from one or two experiments (reproducibility in this assay observed with many compounds typically within +50%).

within hydrogen-bonding distance from Asp 168
(Fig. 4). A comparison of the X-ray co-crystal structures
of compounds 38 and 30 provides a potential rationale
for the lack of observed improvement in molecular
potency for 38 (Fig. 4). The co-crystal structure of com-
pound 30 reveals an edge to face interaction between the
aromatic side chain of Tyr 379 and the aromatic core of
the benzimidazolone. In the co-crystal structure of com-
pound 38, neither Tyr 379 nor the entire glycine-rich
loop to which this residue is attached is observed.

20AN_»

P S

\Q’ .......

Asp 168

/

~ N/
\

; Met 109
His 107(44
4

¥ 4

Figure 4. Overlay of p38a co-complexes of compounds 38 (green
cylinder with residues Asp 168, His 107, and Met 109) and 30 (yellow
cylinder with residues Asp 168, His 107, Met 109, and Tyr 379). The
salt bridge (2.9 A) between Asp 168 and the dimethylamino group of
38 highlighted.

Conceivably, in order to accommodate the N-methyl-
N’,N’-dimethylaminoethyl group of compound 38, Tyr
379 and the glycine-rich loop must be displaced, thereby
losing the beneficial edge to face interaction between Tyr
379 and the aromatic core of the benzimidazolone.

Compound 30 possesses a very good overall kinase
selectivity profile showing negligible inhibition of the
following kinases when tested at 10 uM: Btk, Eck,
EGFR, FGFR3, Hek, HGFR, IGFIR, IR, Itk, JAK3,
Lyn, Syk, Tie-2, TXK, VEGFRI, MKKI, ERK2,
JNK1, p38y, p385, MAPKAP-Kla, MAPKAP-K2,
MSKI1, PRAK, PKA, PKCa, PDKI1, PKBOPH, SGK,
S6K1, GSK3p, ROCK-II, AMPK, CHK1, CK2, PHOS.
KINASE, LCK, CSK, CDK2/cyclin A, CK1, DYRK
1A, PP2A, NEK6. Compound 30 shows similar inhibi-
tion of p38B at 10 uM as seen for p38a (dose down
not done). It is noteworthy that compound 30 shows
selectivity even against Jnk2a2, a kinase frequently
inhibited by other classes of p38a inhibitors. Compound
30 inhibits Jnk2a2 with an ICsg of 5.5 uM, whereas
BIRB 796 (1) inhibits this enzyme with an ICsq of
0.006 pM.

In conclusion, X-ray crystallographic data of 2 with
p38a were exploited to improve the binding of the benz-
imidazolone class of p38a inhibitors culminating in
compound 30. Most notable were the improvements in
binding and cellular potency resulting from replacing
the carbonyl of the benzophenone with an amino-linker
and optimizing the lipophilic interactions within the
kinase specificity pocket.
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Abstract—Comparative binding energy (COMBINE) analysis method is one of the QSAR techniques for the prediction of biolog-
ical activities of inhibitors based on interaction energies between ligands and proteins decomposed into each amino acid residue. We
supposed that the predictive ability of the COMBINE method does not depend essentially on the molecular frameworks of ligands.
To verify this idea, we performed the COMBINE analysis of non-peptide inhibitors of HIV-1 protease (HIVp), where the prediction
model was constructed using inhibitors with a peptide scaffold as a training set. The predictive performance of the AMBER and
CHARMm force fields was very high and at the same level (q2 =0.75, 0.67, SDEP., = 0.76, 0.89, and SDEP,, = 0.92, 0.66, respec-
tively). The high predictive ability of the COMBINE method for the distinct scaffold compounds is due to the informative descrip-
tion of the interaction energies for compounds that are located at the binding site. This result suggests that COMBINE analysis may
be applied not only to the lead optimization stage but also to the lead evolution stages.

© 2006 Elsevier Ltd. All rights reserved.

One of the purposes of drug design is to progress a seed
or a lead compound to a candidate compound by
improving the potency or pharmacokinetic properties,
or by reducing toxicity. Intuitions or experiences of
medicinal chemists have greatly contributed to this
cause in many instances. On the other hand, quantita-
tive structure—activity relationship (QSAR) analysis
has been widely used to understand the relationship be-
tween biological activities and structure of compounds,
and to obtain guidelines for drug design. The 3D-QSAR
analysis represented by the CoMFA method! has be-
come popular for ligand-based drug design since the late
1980s. Recently, structure-based drug design (SBDD),
which utilizes structural information of proteins or pro-
tein—ligand complexes for drug design, is extensively
used in pharmaceutical companies in conjunction with
the recent progress in structural biology. Consequently,
3D-QSAR analysis has also evolved from a ligand-based
method to a receptor-based one, such as the compara-
tive binding energy analysis (COMBINE) method? and

Keywords: 3D-QSAR; HIV-1 protease.
* Corresponding author. Tel./fax: +81 75 753 9273; e-mail: isayan@
pharm.kyoto-u.ac.jp

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.09.006

the method of adaptation of fields for molecular com-
parison (AFMoC).?

In the COMBINE analysis, the van der Waals and elec-
trostatic terms of the interaction energies between a li-
gand and every amino acid residue of a protein are
calculated. Then, the relationship between binding affin-
ities such as Ky, K;, or ICsy values and residue-based
interaction energies is established by partial least squar-
es (PLS) analysis.* The weights of each component of
the interaction energies are treated as indexes of relative
importance to describe the variation in binding affinity.
It has been shown that the COMBINE analysis predicts
binding free energies with good accuracy, but also iden-
tifies important amino acid residues for the improve-
ment of affinity.”>>° Thus, the COMBINE analysis is
expected to provide useful information about how to
improve ligand activity, in addition to predicting precise
ligand affinities.

The PLS analysis implemented in the COMBINE anal-
ysis uses residue-base interaction energies between
ligands and proteins. This approach is expected to
predict the binding affinities of ligand molecules with
various frameworks, although the application of this
method has been limited to molecules with similar
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frameworks in previous studies.>>™ If the interaction

energies provided by the training set compounds are
informative enough to describe the relationship between
affinities and the energetic contributions of residues at
the binding site, COMBINE analysis should predict
the affinities of compounds possessing frameworks
distinct from those of the training set compounds.
Proteases and their inhibitors are suitable systems for
the validation of predictive ability, because proteases
mainly recognize substrates and inhibitors at their
binding subsites such as S1, S2, S1’, S2’, etc., and the
experimental affinities are accumulated. This was fol-
lowed by binding affinity prediction of non-peptide inhib-
itors of HIV-1 protease (HIVp) based on the COMBINE
analysis, where the prediction model was constructed
using inhibitors with a peptide scaffold as a training set.

Gago et al. carried out the COMBINE analysis of 48
peptide inhibitors of HIVp,> and showed that, using a
regression model generated based on a training set of
32 compounds, the binding affinities of the remainin%
16 compounds could be predicted successfully, with r
and SDEP,, values of 0.90 and 0.59, respectively. Here,
we used all the 48 peptide compounds as a training set,
and seven non-peptide compounds with the cyclic urea
and cyclic sulfonamide scaffolds were chosen'’ as a test
set. The chemical structures and biological activities of
the compounds used as the test set are shown in Table

6335

the protein and the peptide inhibitors (Fig. 1). Gago
et al. treated this water molecule as a part of the protein.
However, we incorporated this molecule into the inhib-
itor molecules in the following analysis, because the
amide oxygen atoms of the non-peptide inhibitors fill
the role of this water molecule. This treatment resulted
in the interactions between the two Ile residues and
the peptide compounds and the non-peptide compounds
being of the same order in magnitude.

Optimization of the complex structures was performed
using the Sander module in the AMBER software
suite.!® Parameter assignment was carried out according
to a method reported previously;® briefly, the AMBER
force field parameters'® were used for the protein and
water, the Generalized AMBER Force Field parame-
ters'> were assigned to the ligand molecules using the
Antechamber module, and the partial atomic charges
were derived by fitting the molecular electrostatic poten-
tial calculated by means of the AM1 method.'® The res-
idue-based interaction energies (van der Waals and
electrostatic terms) were calculated for every ligand mol-
ecule using the Anal module. To verify whether another
force field can construct a prediction model with similar

a b

1. The coordinates of the 48 HIVp complexes with pep- lleASO ,L H[lj leBS0 lleAS0 ,L H[lj lleBS50
tide inhibitors were provided by Prof. F. Gago. The SR TN
complex structures of three test set compounds (1, 2, L N

and 6) with HIVp were taken from X-ray experiments H O‘H\ R j\ R
(PDB codes; IMES,!' 1AJV,'? and 1AJX,'?, respective- SNT N

ly), and the others were modeled based on structurally o R ko) RQWK_&R'Z
similar complexes. The ICs, values of the compounds A I~ R >

were taken from the literature.'® Although there are sev- R H 6H |i2 ” HO  OH

eral mutations in the amino acid sequences of the non- /
peptide complexes relative to the peptide complexes, 0 090 Q S) )O
we consistently used the same protein for the former )J\OH O)\ )J\OH o’)\
inhibitor group as in the latter complexes. It is well- AspA25  AspB25 AspA25  AspB25

known that the non-peptide inhibitors used here interact
with IleA50 and IleB50 through direct hydrogen bonds,
while one water molecule mediates interaction between

Table 1. Non-peptide inhibitors used as a test set

Figure 1. Hydrogen bonding arrangements between protein and
inhibitor. (a) Peptide inhibitors. (b) Cyclic urea inhibitors.

R R
NN
R|2\v RVZ
HO  OH
No. X R R”? pICse® pICs® pICs¢°
1 CcO CH,-4-(CH,OH)Ph Ph 7.82 6.72 7.04
2 CO CH,Ph OPh 7.10 6.06 6.24
3 CcO CH,Ph CH,Ph 5.40 5.31 5.78
4 CO CH,Ph (CH,),Ph 5.00 5.74 6.22
5 CcO CH,-4-(CH,OH)Ph OPh 8.00 6.84 7.77
6 SO, CH,Ph OPh 6.70 7.02 6.84
7 SO, CH,Ph CH,Ph 6.70 7.95 6.69

% Experimental value.
® Calculated value using AMBER force field.
¢ Calculated value using CHARMm force field.
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precision, the same procedure was performed with the
CHARMmMmM force field (CHARMM.cfrc) using the
CHARMm program!’ implemented in InsightIl.'® To
investigate the electrostatic contribution of the solvation
effect on the molecular association, the Poisson—-Boltz-
mann equation was solved using the DelPhi program.'’
The PLS regression against these variables (residue-
based interaction energies and desolvation terms) was
performed using the COMBINE program.”> Noise was
reduced by zeroing the variables that had absolute
values lower than 0.1 kcalmol™', and by removing
any variables with a standard deviation below
0.1 kcal mol ' before PLS regression.

The predictive regression models derived are shown in
Tables 1 and 2, and Figure 2. As expected, these models
accurately predict pICs, values of the test set molecules
with a scaffold differing from those used as the training
set; the SDEP,, values are less than 1.0 and no significant
outliers exist. As seen in Figure 2, the deviations of the
predicted values from the experimental ones are small
and the predictive performances of both the force fields
are almost at the same level. This result indicates that sim-
ilar functions and parameters of the van der Waals and
electrostatic terms are employed in both force fields.

We think that the high predictive ability of the COM-
BINE method for compounds with distinct scaffolds is
produced by the informative description of the interac-
tions of the compounds at the binding site. The complex
structures showed that the non-peptide inhibitors used
the same binding pockets as by the peptide inhibitors;
both types of compounds occupied the S1, S2, S1’,
and S2’ sites and formed similar hydrogen bonds. This
fact suggests that both the types of compounds interact

Table 2. Comparison of the two regression models

S. Nakamura et al. | Bioorg. Med. Chem. Lett. 16 (2006) 6334—6337

with the protein in an analogous manner, and the train-
ing set compounds provide informative binding site fea-
tures. To verify this idea, the residue-based weights of
contribution for the van der Waals and electrostatic
interaction energies determined by compounds restricted
to the training set (predictive model) were compared
with those determined by using all the 55 compounds,
including the test set compounds (validation model).
The results are shown in Figure 3. The contribution
weights of each residue are almost the same in both
the analyses; the correlation between the two is extreme-
ly high (+*=0.97). The slight changes observed in the
AspA25 and AspB25 weights have to be brought about
by the differences in the hydrogen bonds with the
ligands; the peptide inhibitors interact with these
residues with one hydroxyl group, while the non-peptide
inhibitors interact with two hydroxyl groups as shown in
Figure 1. The ArgB8, AspB29, GlyB48, and GlyB49
weights changed to some extent because of the interac-
tions with the inhibitor’s substituents, which differ
among the inhibitor types. These differences in residue
weights between the two models are very small (0.022—
0.055) and affect the predicted pICsy by a value of 0.25
at most. The predictive performances of the two models
are practically the same, proving that the predictive
model is informative for the affinity prediction of non-
peptide ligands. Thus, the application of COMBINE
analysis is expected to give an accurate affinity predic-
tion model for ligands that have distinct scaffolds, where
the ligands interact with proteins at the same binding
pockets as the training set molecules.

We have shown that COMBINE analysis can predict the
binding affinities of test set compounds with scaffolds
distinct from those of the training set compounds

Model No. of Objects No. of variables No. of LVs ”? q2 SDEP,, SDEP,
AMBER 48 64 0.82 0.75 0.76 0.92
CHARMm 47% 67 0.85 0.67 0.89 0.66
#The ligand missing parameter in CHARMm force field has been omitted from regression.
a 1 = p 1
AMBER CHARMm %
. in
10 =’ 10 o y
y ."l. . '.‘I'ln "
I o .~ i
S ot e o o s "7
= i = e '.
£ & & > E s Py
- @ : ;
£ - E L £ Cu
g 7 F E a A:-IA. ‘g_ a 'l
B 6 b ‘- (1] £ | b 6 | :" s
LR L
5 k [] - 5 L o
4 L L L L 4 il L L L
4 5 6 7 8 9 10 1 4 5 6 7 8 9 10 M

calculated plCsg

calculated plCsg

Figure 2. Correlation between experimental and calculated pICsy values. Compounds in the training set and the test set are indicated by closed
squares and open triangles, respectively. The dashed lines show the 10-fold error margin of the ICs, value. (a) AMBER force field, (b)) CHARMm

force field.
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in the case of HIVp and its inhibitors. This might be an
easy example, because both types of inhibitors occupy
the same binding subsites where the protease recognizes
the ligand molecules. We are now applying the method
to other proteins that have no obvious binding subsites
unlike proteases. If the binding affinities of such proteins
are successfully predicted, the COMBINE analysis will
contribute not only to the lead optimization stage but
also to the lead evolution stages.
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Abstract—Synthesis and activity of derivatives at the O5 or O6 positions of 1-N-((S)-4-amino-2-hydroxybutyryl)-3’,4’-dideoxyne-
amine, which is the neamine moiety of arbekacin, were reported. Among these results, the 5-O-aminoethylaminocarbonyl derivative
showed effective activity against Staphylococcus aureus expressing a bifunctional aminoglycoside-modifying enzyme AAC(6')-

APH(2").
© 2006 Elsevier Ltd. All rights reserved.

Aminoglycoside antibiotics are clinically important
drugs used to treat various infections caused by
Gram-positive and Gram-negative bacteria.! It is well
recognized that these antibiotics bind specifically in
the bacterial ribosome to the A-site of the decoding re-
gion of 16S rRNA and interfere with protein biosyn-
thesis, leading to bacterial cell death.> Recently,
growing resistance to aminoglycosides has been ob-
served among bacterial species such as methicillin-resis-
tant  Staphylococcus aureus (MRSA). The major
mechanism of resistance to aminoglycosides is their
inactivation by aminoglycoside-modifying enzymes
(AMEs) such as aminoglycoside acetyltransferase
(AAC), aminoglycoside phosphotransferase (APH),
and aminoglycoside adenylyltransferase (AAD)! in
the bacterial periplasm. Modification of the antibiotic
by AME reduces its affinity for bacterial 16S rRNA
or decreases the membrane permeability of the drug.
To overcome this problem, the development of a novel
class of AME-resistant aminoglycosides is essential. In
the course of our work on such novel aminoglycosides,
we became interested in 1-N-((S)-4-amino-2-hydroxy-
butyryl)-3’,4’-dideoxyneamine 1, the neamine moiety
of arbekacin (ABK),? as a lead substrate, since the nea-
mine core in aminoglycosides plays a critical role in

Keywords: Aminoglycoside; Neamine; Methicillin-resistant Staphylo-

coccus aureus.
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aminoglycoside binding to A-sitt RNA.!? Further,
neamine derivative 1 would be stable against AMEs
such as APH(3’), AAD(4’), and the bifunctional en-
zyme AAC(6'-APH(2")* produced by MRSA. The
antibacterial activities of various neamine derivatives
have been studied to date;> however, to our knowledge,
little has been known about the antibacterial activities
of derivatives of 1. In this paper, we describe the
synthesis of 1-N-((S)-4-amino-2-hydroxybutyryl)-3’,4'-
dideoxyneamine derivatives at the O5 or O6 positions
and the antibacterial activity of these derivatives.

Z\jA
?\GA

Arbekacin

ﬂ
ﬂ
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Derivatives 8-11 possessing an amino alkyl side chain at
the OS5 or O6 positions were prepared from 2 (Scheme
1). Selective deprotection*®# of 2 prepared from nea-
mine gave 3,2',6'-tri-N-benzyloxycarbonyl-3’, 4’-dide-
oxyneamine. Then, N-tert-butoxycarbonyl (Boc)
protection of the amino group followed by treatment
of the resulting diol with 1,1’-carbonyl diimidazole
(CDI) afforded cyclic carbonate 3. Reaction of 3 with
N-(benzyloxycarbonyl)ethylenediamine (N-Cbz-ethylene-
diamine) gave carbamates 4 and 5 which could be
separated by column chromatography on silica gel
(CHCI13/MeOH, 80:1), while the reaction of 3 with N-
(benzyloxycarbonyl)propanediamine gave carbamates 6
and 7 which could be separated by flash chromatogra-
phy on silica gel (CH,Cl,/MeOH, 50:1). Deprotection
of the N-Boc group of 4 with formic acid followed by
condensation with the N-hydroxysuccinimide ester of
(S)-4-p-methoxybenzyloxycarbonylamino-2-hydroxybu-
tanoic acid (PMZ-AHB) gave the corresponding amide,
which was deprotected by Pd—C catalyzed hydrogena-
tion to afford the desired 8%7. In a similar procedure,
5, 6, and 7 were converted to 10,7 9, and 11,
respectively.®

Antibacterial activities of 8-11 are shown in Table 1.2
Staphylococcus aureus, Escherichia coli, and Pseudomo-

CbzHN
° a-d

HO (o]
O N © nHchz

2

H
CbzHN N Q
\( CbzHN o
n
_ eorf o NHCbz

HO
B9 o\ ez

4:n=2
6:n=3
H,oN H (0]
2
n T
4or6 9 O
/—/—§°
H,N

50r7

nas aeruginosa, including resistant strains, were tested.
Lead compound 1, the neamine moiety of ABK, showed
a good antibacterial spectrum compared to 3’,4'-dide-
oxyneamine (DN). Introduction of the aminoethylami-
nocarbonyl group at the OS5 position of 1 resulted in
increased activity against both sensitive and resistant
S. aureus (compound 8). In particular, compound 8
showed effective activity against gentamicin (GM) and
ABK-resistant strains such as S. aureus RN4220/
pMF490 and MF490 expressing AAC(6')-APH(2")
and AAD(4'). It is noteworthy that compound 8 is more
active than 1 and GM against P. aeruginosa GN4925
expressing AAC(6’)-Ib. On the other hand, compounds
9, 10, and 11 showed significantly reduced activity
against S. aureus, E. coli, and P. aeruginosa. These re-
sults seem to indicate that the introduction of the 5-O-
aminoethylaminocarbonyl group led to enhanced stabil-
ity against modification by AMEs such as AAD(4')-1,
AAC(6')-Ib, and AAC(6')-APH(2").

Further, to obtain information on how the O5 or 06
side chains of the derivatives bind to the A-site RNA,
docking studies were performed for these derivatives.
Structural models of compounds 8-11 bound to the A-
site RNA were generated based on the crystal structure
of the A-site RNA, in complex with paromomycin?® and
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Scheme 1. Reagents and conditions: (a) NaH, DMF, 0 °C; (b) Ba(OH),, dioxane, H,0, 80 °C; (c) (Boc),0O, Et;N, THF, H,0, rt, 51% from 2; (d)
CDI, THF, rt, 91%; (e) N-Cbz-ethylenediamine, CH,Cl,, rt, 4: 49%, 5: 30%; (f) N-Cbz-propanediamine, CH,Cl,, rt, 6: 24%, 7: 20%; (g) I —HCOOH,
rt; 2—PMZ-AHB, N-hydroxysuccinimide, DCC, THF, rt; 3—10% Pd-C, EtOH, H,O, rt, 8: 52%, 9: 42%, 10: 15%, 11: 32%.
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Table 1. Minimum inhibitory concentrations (MICs) of compounds 8-11

OH OH
o
0 H,N "'3 \ HN—7" 5
HN 0 R 2 HO NH
- 2
LR y My
AN
H,N NH, HO/C HN NH,

Gentamicin C4: R=CHg /—/_§0 Arbekacin

Gentamicin C,: R=H H,N
Test organism AME MIC (pg/ml)

8 10 9 11 DN 1 GM ABK

Staphylococcus aureus RN4220 2 8 16 16 16 4 0.25 0.5
S.aureus RN4220/pMS520 AAD#')-1 2 8 16 16 16 4 0.25 0.5
S.aureus RN4220/pCR 1948 AAC(6')-APH(2") 2 8 16 16 >128 2 64 1
S.aureus RN4220/pMF490 AAC(6')-APH(2") 2 16 32 16 >128 4 >128 8
S.aureus MF490 (MRSA) AAD(4"), AAC(6')-APH(2") 8 32 128 64 >128 8 >128 64
Escherichia coli NIH JC-2 8 32 32 64 32 8 0.5 1
Pseudomonas aeruginosa PAO1 8 >32 32 32 32 8 4 4
P.aeruginosa GN4925 AAC(6')-Ib 8 >32 128 128 >128 64 128 4
P.aeruginosa GN3054 AAC®3)-1 16 >32 64 128 64 16 128 8

DN, 3’,4’-dideoxyneamine; GM, gentamicin (gentamicin C;, gentamicin C,); ABK, arbekacin.

Figure 1. Modeling of compound 8 (blue) and paromomycin (red)
bound to the A-site of 16S rRNA (green).

neamine derivative.’® As expected, the molecular model-
ing studies suggest that the O5 side chain of 8, which
shows effective antibacterial activity, interacts signifi-
cantly with 16S rRNA, compared to the side chains of
compounds 9-11. Thus, the terminal amino group of

the OS5 side chain of 8 locates itself in the space near
the hydroxyl group O5” of paromomycin and forms
two hydrogen bonds with O6 and N7 of G1491%2¢

(Fig. 1).

In summary, we chose the neamine derivative 1 as a
lead compound and synthesized several derivatives
with side chains at the O5 and O6 positions. Among
these derivatives, 8 showed effective activity against
S. aureus expressing AAC(6’)-APH(2") and P. aerugin-
osa expressing AAC(6')-Ib. This series of derivatives
offers a new perspective for the development of novel
aminoglycosides that will prove effective against resis-
tant bacteria.
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1.1 N NH4OH).

. Selected spectral data. Compound 8: 'H NMR (D,O/
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1.80 (quin, J=7.2Hz, 1H, H-3"a), 1.88-1.96 (m, 1H, H-
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H-6', H-4", H-3""), 2.96-3.02 (m, 1H, H-3), 3.17-3.22 (m,
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J=10.1 Hz, 1H, H-6), 3.87-3.94 (m, 2H, H-1, H-5"), 4.23
(dd, J=17.8, 42Hz, 1H, H-2"), 475-479 (1H, H-5, J
value could not be correctly measured by overlapping
with the solvent peaks), 4.92 (d, J=2.9Hz, 1H, H-1);
FAB MS: m/z 478 (M+H)". Compound 10: '"H NMR
(D,O/ND3, 400 MHz) 6 1.37-1.46 (m, 1H, H-4'a), 1.55
(q, J=12.5Hz, 1H, H-2a), 1.63-1.78 (m, 4H, H-3'a, H-
3'b, H-4'b, H-3"a), 1.81-1.89 (m, 1H, H-3"b), 2.01 (dt,
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4", H-3"), 2.88 (dt, J=12.0, 3.9 Hz, 1H, H-2"), 2.94-2.97
(m, 1H, H-3), 3.08-3.14 (m, 1H, H-2"a), 3.17-3.26 (m,
IH, H-2"b), 3.40 (t, J=9.3Hz, 1H, H-4), 3.76 (t,
J=9.3Hz, 1H, H-5), 3.87-3.89 (m, 1H, H-5), 4.01-
4.06 (m, 1H, H-1), 4.18 (dd, J=8.6, 3.5Hz, 1H, H-2"),
4.60-4.66 (1H, H-6, J value could not be correctly
measured by overlapping with the solvent peaks), 5.15 (d,
J=2.7Hz, 1H, H-1'); FAB MS: m/z 478 (M+H)*. NMR
assignments were made by interpretation of COSY
experiments.

. MICs were detemined by the two-fold agar dilution method

according to NCCLS.
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Abstract—From in silico docking and COMPARE analysis, novel inhibitors of human NAD(P)H quinone oxidoreductase (NQO1)
have been identified from the NCI compound database, the most potent of which has an observed ICsy of 0.7 pM. The inhibitors
exhibit a diverse range of scaffolds. The ability of docking calculations to predict experimentally determined binding affinities for
NQOL1 is discussed, considering the influence of target flexibility and scoring function.

© 2006 Elsevier Ltd. All rights reserved.

Human NAD(P)H quinone oxidoreductase (NQOI1, DT
diaphorase, EC 1.6.99.2) is a homodimeric enzyme with
one molecule of non-covalently bound FAD per mono-
mer.! It is biochemically characterized by its unique
ability to use either NADH or NADPH as reducing
cofactors with equal efficiency.? NQO1 is widely distrib-
uted in animals, plants, and bacteria. In humans, it is
constitutively expressed in a variety of tissues through-
out the body with highest levels in epithelial and
endothelial cells, particularly of the kidney and gastroin-
testinal tract.®> NQOI is over-expressed in many solid
tumours compared to surrounding normal tissue, thus
making it an attractive target for selective anti-cancer
drug development.* The enzyme is an oxygen indepen-
dent two electron reductase that functions as a
protective enzyme,® an antioxidant enzyme,® and an
enzyme capable of bioactivating a variety of prodrugs,
such as EO9 and RHI, to their cytotoxic species
(Fig. 1).7

The catalytic mechanism of action of NQOI1 relies on
sequential two electron transfer from NAD(P)H to
FAD to the substrate.! This so-called ‘ping-pong’ reac-
tion is competitively inhibited by the anticoagulant dic-
oumarol (Fig. 1).8 Additionally, the mechanism-based
suicide inhibitor ES936 has been shown to bind and
alkylate the active site of the enzyme (Fig. 1).° Recent

Keywords: NQO1; Inhibitors; Rational drug design; Virtual screening;
Docking; Scoring functions.
* Corresponding authors. E-mail: r.a.bryce@manchester.ac.uk

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.09.015

evidence suggests another role of NQOI may be to de-
fend cells against oxidative damage. This is supported
by both dicoumarol and ES936 being able to inhibit
the growth of high NQOI1 expressing pancreatic tumour
cells in vitro and in vivo.!°

Several crystal structures of NQOI1 have been solved
making a structure-based drug discovery approach pos-
sible. The crystal structures of NQOI1 show that two
domains form each monomer: an N-terminal catalytic
domain (residues 1-221) and a C-terminal domain (res-
idues 222-274) which is involved in dimerization.!! The
catalytic domain comprises a central parallel B-sheet in
the middle of a number of connecting helices whilst
the smaller C-terminal domain is composed of an anti-
parallel hairpin motif, an a-helix and several loops.!!!
Two independent active sites are located at opposite
ends of the dimer and contain residues from each mono-
mer. The active sites are essentially large hydrophobic
pockets where the NAD(P)H cofactor and substrate
can bind independently. The active site of NQOI1 can
accommodate a broad range of substrates. !

In the present study, we applied a virtual screening ap-
proach to identify potential candidate ligands for
NQOI1 (either novel substrates or inhibitors for lead
optimization). This strategy involved a hierarchical
computational screening of the National Cancer Insti-
tute (NCI) database using computational molecular
docking. The database was selected on the basis that
biological data were available for many of the
compounds. The NCI inventory contains over 700,000
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Figure 1. Known substrates and inhibitors of NQOI.

contributed compounds and includes both natural and
synthetic structures (http://www.dtp.nih.gov).!3 Addi-
tionally, the NCI conducts an anti-cancer drug develop-
ment programme which provides an initial in vitro
screen to evaluate compounds for potential anti-cancer
activity. The NCI in vitro cancer screen is unique since
the results of any compound showing promise are used
to produce a biological response pattern which is then
utilized in pattern recognition algorithms such as COM-
PARE.'?> The COMPARE algorithm may be used to
determine a potential mechanism of action of a test
compound or identify whether the biological response
pattern is similar to any other compounds included in
the NCI database.!* Furthermore, following character-
ization of various molecular targets in the 60 cell line
panel, it may be feasible to select compounds most likely
to interact with a specific molecular target.'* Here, we
applied both database searching methods, with subse-
quent biochemical evaluation for their ability to act as
substrates or inhibitors of NQOI.

Docking calculations initially used DOCK 4.0,'> based
on its previous performance in our hands'® and others.!”
Docking was conducted using the crystal structure of
human NQOI1 with the co-crystallized ligand EO9 re-
moved (PDB entry 1GGS5; 2.5 A).!? The active site of
human NQOI, based around residues Trp105, Phel06,
Gly149, Gly150, Tyrl155, Hisl61, His194, Pro68’,
Tyr126’, Tyr128’, Glyl174’, Phel78’, and FAD (Fig. 2),
was used to generate a Connolly molecular surface with
a probe radius of 1.4 A. A 58 sphere negative image of
the active site was generated. A scoring grid (resolution
of 0.3 A/grid point) was calculated based on the
AMBER united atom forcefield and charges. A distance-
dependent dielectric function of 4.0r, a non-bonded
energy cutoff distance of 10 A and a bump overlap of
0.75 A was used. Ligands were assigned Gasteiger—Mar-
sili charges'® and 3-D coordinates using the program
CORINA." These compounds are referred to by their
unique NSC identifier using the NCI convention.
SYBYL 6.8 was used for molecular visualization.?’

Prior to docking of the NCI database, a series of
validation tests were performed to ascertain the optimal

0. _OH Oy__0
CH;

Dicoumarol

85

His194

ProGS’ﬁ
AJW 50%
Tyr128’

Gly149

Tyr1s5 mwm 26’

Tl'p105 Phe178’

His161
Phe106
Gly174’

Figure 2. The active site residues of human NQOI.

FAD

computational parameters for docking via DOCK. The
quality of docking was assessed by comparing the root
mean square deviation (RMSD) of the docked pose to
that of the crystal structure. EO9 was docked back into
the active site of NQOI1 with an RMSD of 1.3 A from
the crystal structure (the quinone ring was <0.9 A).
The in silico screening strategy involved an initial filter
to select for bioavailability using in-house software.!®
This removed ligands of greater than 500 g/mol and
absolute charge of greater than le.?! The NCI database
was then subject to rigid-body docking from which the
top-ranked 2000 compounds were retained for further
analysis via flexible ligand docking. The top 200 highest
scoring compounds were further filtered by identifying
appealing interactions and by pharmacokinetic consid-
erations.?! Of the 100 top-ranked compounds, 21 were
available for biochemical evaluation from the NCI
repository.

The COMPARE database was also mined using NQOI1
as a molecular target to identify compounds that statis-
tically may be potential substrates or inhibitors.'? All
hits were then docked allowing full ligand flexibility
to ascertain binding mode and affinity. Of the 25
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compounds requested from the NCI repository, 7
compounds were available for assay.

The combined set of 28 compounds from the two data-
base searches was evaluated for biological activity as fol-
lows: recombinant human NQOI1 was prepared and
purified as described by Phillips.?? The enzyme was then
diluted in 50 mM phosphate buffer to give an absor-
bance of 0.1 at 550nm; Spl of this solution was then
mixed with 495 ul of 50 mM phosphate buffer containing
200 uM NADH, 70 uM cytochrome c, 2 uM BSA, vari-
ous concentrations of the potential inhibitor dissolved in
DMSO (maximum concentration 0.5% v/v) and 3 uM
menadione at pH 7.4. This concentration of menadione
was chosen to correspond to the K, value for this sub-
strate determined under the same conditions. The
DMSO concentration used is sufficiently small to ensure
minimal perturbation of hydrogen bonding networks in
aqueous NQO1 complexes. Reactions were carried out
at 25 °C and cytochrome c reduction was monitored at
550 nm in a Beckman DU 650 spectrophotometer.
ICsy values were determined using nonlinear curve fit-
ting as implemented in the program Excel for which a
50% reduction of the initial rate was attained. Each
compound was also tested for its ability to act as a sub-
strate by repeating the experiment in the absence of
menadione. All reactions were carried out in triplicate
and all of the compounds evaluated transpired to be
inhibitors. The 28 compounds are ranked according to
ICso in Table 1.

Calculated binding energies from DOCK for the 200
top-ranked ligands ranged up to —61 kcal/mol and were
significantly higher than for the crystallographic ligand
EO9 (-39 kcal/mol) or for the competitive inhibitor,
dicoumarol (—38 kcal/mol). The docking studies con-
firm that the active site of NQOI1 can accommodate
ligands of different size and structure, adopting a variety
of binding modes and interactions. This is demonstrated
by the number of structurally diverse scaffolds shown in
Table 1. Most ligands made at least two hydrogen bond
contacts with active site residues, primarily Tyrl126’,
Tyr128’, and Hisl61 (Fig. 2); these residues are known
to be important in the catalytic mechanism of NQO1.!
Furthermore, many of the compounds made additional
hydrogen bonds with other residues such as Gly149,
Gly150, and His194 (Fig. 2). However, this was largely
seen with the higher molecular weight molecules. Com-
pounds with heteroaromatic ring systems appeared to
stack between the FAD and Phel78’ via n-overlap with
the isoalloxazine ring. Further hydrophobic interactions
were made with Trpl05 and Phel06. Eight out of the
top 100 ranked compounds from the in silico screen pos-
sessed an acridine-based motif, perhaps not unexpected
given the planar nature of these intercalators.

Interestingly, the compound ranked 23rd out of 200
from the in silico screen with a binding energy of
—51 kcal/mol was AQ4M (NSC684664, Fig. 3 and Table
1), the mono N-oxide anthraquinone intermediate in the
metabolism of bioreductive drug AQ4N which is cur-
rently in Phase I/II clinical trials. The calculated binding
of the prodrug AQ4N and its putative cytotoxic product

AQ4 were consequently assessed and also demonstrated
strong affinity for NQO1 (—54 and -—52 kcal/mol,
respectively). Although dicoumarol showed a relatively
low calculated binding energy, it remained the most effi-
cient competitive inhibitor of NQOI1-mediated reduction
of menadione (ICsy = 0.45 uM).

No clear correlation could be established between the
calculated binding affinity and experimentally deter-
mined ICs, values for the 28 ligands. In a bid to improve
the correlation between I1Csy and calculated score, the li-
gand set was re-evaluated using the two scoring func-
tions GoldScore and ChemScore, implemented in the
genetic algorithm-based docking program, GOLD2.2.%3
The GOLD method allows a limited degree of side-chain
flexibility (terminal H rotations). A validation test was
performed using GOLD/ChemScore, where EO9 was
docked back into its crystal structure with an RMSD
of 0.6 A (see Supplementary Data). However, for the
28 compounds, once again no significant correlation
with ICsq could be ascertained with either GoldScore
or ChemScore scoring functions. We did observe a weak
relationship (> = 0.5) between DOCK and ChemScore
energies (Table 1).

In an effort to include more protein flexibility in docking
calculations, two further crystal structures of human
NQO1 were studied: PDB entry 1IKBQ (1.8 A),>* a com-
plex with mechanism-based inhibitor ES936; and PDB
entry 1H66 (2.0 A)!2, containing the bioreductive drug
RHI1 (Fig. 1). The differences in active site conformation
have been described previously and reflect modest
changes in the side-chain conformations of Tyrl26’,
Tyr128’, and mainly His161.%° For validation, all three
crystal ligands were docked back into their native com-
plexes using DOCK or GOLD/ChemScore: an RMSD
of <1.4 A was found, and all native hydrogen bonds
were recovered.

For the set of 28 compounds, the binding modes for
many of the docked poses from DOCK and GOLD/
ChemScore were positioned in a similar spatial orien-
tation in the active site and made comparable binding
interactions; this was true across the three protein
crystal structures. The compound with the best mea-
sured ICsy, NSC645827 (Table 1), stacks against the
isoalloxazine ring in the active site of human NQOI,
forming polar contacts with Tyrl126’, Tyrl128’,
Glyl150, and Hisl6l (Fig. 4). Compound
NSC645808, which differs from NSC645827 in the
substitution of a N atom with a C atom in the five-
membered heteroaromatic ring (Table 1), lacks a polar
contact with Hisl61 and thus may contribute to its
14-fold reduced inhibitory activity relative to
NSC645827. DOCK and ChemScore rankings were
found not to vary significantly across the three crystal
structures (cross-correlation of r*> 0.8 for all combi-
nations, Supplementary Data). Consequently, no
improvement in correlation between the calculated
binding energies and the biochemical data by using
the three crystal geometries was obtained, reflecting
the modest difference in active site conformation
across the three crystal structures.?
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Table 1. 28 NCI compounds, their chemical structure, experimental ICs, values and DOCK interaction energy (kcal/mol)

NSC Heavy atoms Chemical structure Upind” ICso (UM)

645827 24 —49.9 (-31.9) 0.7
339583 28 —53.4 (=29.6) 2
354279 25 —51.5 (34.21) 2
275420 24 —51.3 (=37.9) 3

H
|
o]

339580 29 N~ N ‘ ‘ O —59.1 (—26.0) 3
H

o_ O
2113 12 o o —27.6 (—27.4) 3.5
H H H
w0 o7 o N7
s’
O/
73410 24 O‘O —52.6 (—26.1) 7.5
N (o] (o]
H/ ~N H
0/
106547° 18 OO‘ —36.8 (—38.7) 10
0\

(continued on next page)
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NSC Heavy atoms Chemical structure Upind” 1Cso (UM)
645808 24 —52.4 (=32.9) 10
224124 24 —51.3 (=33.5) 12.5
316158 26 N “O —53.7 (—28.6) 17.5
H
\

8735° 9 2N —20.5 (—24.5) 20

=

(o]
N
X N

=
25415° 14 —30.6 (—27.0) 22.5

N

7
i
oy
| H
H_ N

337766 30 —58.3 (=37.6) 25
600586 28 —55.3 (=39.5) 25
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NSC Heavy atoms Chemical structure Uping® I1Cso (UM)
H H
667757 18 | | —31.9 (—18.3) 25
BESPP:
H X Pz H
H H
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353671 32 (;[N/ N—N~ —48.7 (—37.5) 35
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Table 1 (continued)
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NSC Heavy atoms Chemical structure Uping® 1Cso (UM)
253272° 13 —26.2 (—14.2) 55
618201° 17 —-36.1 (—=30.5) 60
628440 32 —53.4 (—=39.1) 90
664238 28 —53.3 (—42.7) 90
o {
N~ M
/ N o
684664 31 O‘O —51.4 (—28.4) 95
NS O
Ho\
a
1424° 11 NS N —23.9 (—18.3) 105
Ly
N
\
!
658835 24 —N —51.7 (—42.4) 150
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Table 1 (continued)

NSC Heavy atoms Chemical structure Upind® 1Cso (UM)
—
102359 27 —55.1 (=30.8) 250
N S
H \(
#ChemScore binding energy values (kcal/mol) in parentheses.
®Signifies compounds identified from the COMPARE screen.

[7) 4 35
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©
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Figure 3. NSC684664 in the active site of NQOI. Polar contacts are
shown as dashed lines.

Gly150

Figure 4. NSC645827 in the active site of NQOI1. Polar contacts are
shown as dashed lines.

Although no relationship could be established between
calculated binding affinity and experimentally
determined ICs, values, despite including target flexibil-
ity and exploring different scoring functions, a clear
correlation exists between the number of heavy atoms
and the calculated energy score (> = 0.86, Fig. 5). This
is interesting since Kuntz et al.>® demonstrated that
the experimental free energy of binding for a wide range
of ligands to a variety of macromolecular targets

-70 -60 -50 -40 -30 -20 -10 0
DOCK score (kcal/mol)

Figure 5. Number of heavy atoms versus DOCK energy score for
compounds in Table 1.

increased with the number of ligand non-hydrogen
atoms. However, for ligands containing more than 15
non-hydrogen atoms, the free energy of binding in-
creased very little with relative molecular mass (attribut-
ed to non-thermodynamic factors).?® A subsequent
analysis of the dominant interactions of the ligands
studied by Kuntz et al. suggested that van der Waals
contacts and hydrophobic effects may provide a ratio-
nale for understanding binding affinities across a diverse
set of ligands.?® Whereas the DOCK energy function be-
haves according to this observed relationship (Fig. 5),
the experimental ICs, data here interestingly do not,
although one might expect such a hypothesis to be par-
ticularly pertinent to ligands binding into the largely
hydrophobic active site of NQOI.

In conclusion, using both in silico docking and COM-
PARE analysis, novel inhibitors of human NQO1 have
been identified from the NCI compound database,
exhibiting a diverse range of scaffolds including, for
example, acridine-based frameworks.  Although
lower affinity than the known competitive inhibitor,
dicoumarol (ICsg = 0.45 uM), the most potent inhibitor
identified here, NSC645827 (ICs5o = 0.7 uM), satisfies all
the criteria proposed by Lipinski for a ligand with
favourable pharmacokinetic properties for future opti-
mization.?! These compounds were identified despite
difficulty in demonstrating a significant relationship be-
tween calculated and experimental binding affinity, even
including target flexibility and exploring different
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scoring functions.?’” A relationship was found between
calculated binding energy and the number of non-hy-
drogen ligand atoms, reflecting the steric complementar-
ity and hydrophobicity of the active site of NQOI, and
mirroring a previous empirically observed correlation.
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Abstract—Three-dimensional quantitative structure—activity relationship (3D QSAR) studies were performed on acetylcholinester-
ase (AChE) inhibitors, based on molecular docking scores obtained by using FlexX and FlexiDock and comparative molecular field
analysis (CoMFA). The docking scores were used as molecular descriptors along with the steric and electrostatic field values of
CoMFA, for partial least square (PLS) analysis. The high leave one out (LOO) cross-validated correlation coefficient
(g2 = 0.714) reveals that the model is a useful tool for the prediction of test set as well as newly designed structures against AChE
activity. The superimposed CoMFA models on the receptor site of AChE are guiding the design of potential inhibitory structures

directed against AChE activity.
© 2006 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD), a neurodegenerative disease
affecting the elderly population throughout the world,
is clinically characterized by an impairment of cognitive
function. Aside from the two hallmarks of the disease—
the formation of amyloid plaques and neurofibrillary
tangles—the main histological change that occurs in
the AD brain is the loss of basal forebrain cholinergic
neurons, which is associated with reduced cortical and
hippocampal levels of acetylcholine and its associated
enzyme choline transferase. One possible approach to
treat this disease is to restore acetylcholine levels by
inhibiting acetylcholinesterase (AChE) with reversible
inhibitors.!# Clinical trials have shown that AChE
inhibitors such as physostigmine, donepezil, rivastigime,
and galantamine effectively improve memory in some
patients.>'? Designing novel core structures for AChE
inhibition is an area of active research in AD. Recently,
it has been reported that bis-tacrine congeners display
enhanced inhibitory activity toward AChE compared
to tacrine, the prototype of this structural family and
the first drug marketed for AD treatment.'*!> Bis-
tacrine compounds bind not only to the catalytic site,
but also to the AChE peripheral site, and thus, may

Keywords: QSAR; CoMFA.
* Corresponding author. Tel.: +1 202 687 4625; fax: +1 202 687
2354; e-mail: 1155@georgetown.edu

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.09.030

possibly prevent AChE from promoting AP fibrilliza-
tion.'*!8 In the current study, we have performed 3D
QSAR studies by molecular docking and comparative
molecular field analysis (CoMFA),!” which may serve
as a useful tool to gain insight into the mechanism of
inhibition and to predict the inhibitory properties of
newly designed compounds. The results obtained from
these studies were superimposed on the active and
peripheral receptor sites of AchE, and the ligand—pro-
tein interactions were studied. The main focus of the
current study was the peripheral site since it contains a
number of amino acid residues surrounding the key res-
idue W286. The purpose of this work was to validate
and predict the accuracy of biological ICs, values of
small molecules against AChE by using molecular
docking scores and comparative molecular field analysis
in combination. We believe that this procedure will
be helpful in the design of novel AchE inhibitory
compounds.

Computational methodology. All of the ligand structures
were built on the basis of the extracted coordinates (3,
8-diamino-6-phenyl-5-[6-[1-[2-[(1,2,3,4-tetrahydro-9 acrid-
inyl)amino]ethyl]-1H-1,2,3triazol-4-yl]hexyl]-phenanth-
ridinium) from the reported crystal structure 1Q84.%°
These structures were minimized in Sybyl with Gasteiger
charges, and additional minimization was performed
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with MOPAC using the AM1 method. The optimized
structures and MOPAC charges were used for all subse-
quent calculations. The X-ray crystal structure of the
AChE mouse model was obtained from the Brookhaven
Protein Data Bank (entry 1Q84). Residue A128 was re-
placed by Ser to reproduce the rat AChE active site se-
quence, and these coordinates were used for molecular
docking studies to calculate the docking scores using
FlexX and Flexidock algorithms (Tripos, St. Louis,
MO). These programs were interfaced with Sybyl 7.0
and were used for docking of all of the bis-tacrine com-
pounds at the AchE active site. The active site was de-
fined as including all atoms within a 7.0 A radius of the
co-crystallized ligand. The docking scores (D-Score, G-
Score, Chem-Score, and PMF-Score) of the ligands were
calculated from the FlexX docked ligand—protein com-
plexes using Cscore.>!?° In the FlexiDock study, the
backbone conformation of residues in the binding pock-
ets of the enzyme was kept rigid while a few rotatable
bonds of the ligands were kept flexible to explore the
most biologically active conformation. Docking studies
were performed for 5000 generations, and only the ener-
getically favorable complexes/conformations were ana-
lyzed. On the basis of the ligand orientation, one
complex structure for each ligand was selected as the best
fit, and its score was added to the molecular spreadsheet.

CoMFA. A total of 19 bis-tacrine structures selected
from the literature were used for COMFA.!® The train-
ing set was made up of 16 structures, and the remaining

three structures constituted the test set. Molecular align-
ment was carried out with the field-fit method using Syb-
yl17.0. The most active compound, 3H, was used as the
template, and the remaining molecules were aligned to
it using the basic core of tacrine. The CoMFA fields
were generated using sp> C atom with a +1 charge as
the probe. The region was created automatically, and
the default grid spacing (2 A) was employed, which
extended 5.0 A units in all directions beyond the dimen-
sions of each molecule. Energy cutoff values of
30 kcal/mol were selected for both the electrostatic and
steric fields, and the minimum ¢ value was set to 2.0.
Statistical analysis was performed by applying the
partial least square (PLS) procedure to the appropriate
columns of the CoMFA table and using the standard
scaling method (COMFA_STD). The experimental
IC5o (nM) values were converted into —log(ICs) values
(Table 1) and used as the dependent column. Column
filtering for the cross-validated and non-cross-validated
CoMFA analysis was set to 2.0 and 0.0 kcal/mol, respec-
tively. The optimal number of components was desig-
nated such that cross-validated > was maximal and
the standard error of prediction (s¢;oss) Was minimal.

Results and discussion. The substituted homodimeric ta-
crine (9-amino-1,2,3,4-tetrahydroacridine) congeners
reportedly exhibit strong inhibitory activities against
rat AChE and human BChE. In the current study, we
examined only the inhibitory activities against AChE
using 3D QSAR studies, specifically molecular docking

Table 1. Structural data, experimental (exp) and calculated (calcd) —logICs, values of bis-tacrine compounds

X
NH,
_—
N—(CHIn —N— N N
Tacrine
Compound X Y m n —logICsy (nM) Residual
Exp Calcd
2A H CH 1 6 —2.06 —2.06 0.00
2B H CH 1 7 —1.87 —1.81 —0.06
2C H CH 1 8 —1.34 —1.39 0.05
3A H CH 2 6 —1.04 —0.52 —0.52
3B H CH 2 7 0.69 0.70 —0.01
3C H CH 2 8 —0.24 —0.21 —0.03
3D F CH 2 6 0.04 —0.03 0.07
3E F CH 2 7 0.22 0.31 —0.09
3F F CH 2 8 0.15 0.28 —0.13
3G Cl CH 2 6 0.22 0.32 —0.1
3H Cl CH 2 7 1.15 1.13 0.02
31 Cl CH 2 8 0.52 0.47 0.05
3J H N 2 6 —0.68 —0.58 —0.10
3K H N 2 7 —0.11 -0.19 0.08
3M H N 2 8 -0.27 —0.28 0.01
4A H CH 3 6 —0.39 —0.47 0.08
4B H CH 3 7 -0.43 —0.44 0.01
4C H CH 3 8 —0.2 —0.27 0.07
Tacrine — — — —2.52 —1.86 —0.66

The ICsy (nM) values have been obtained from Ref. 16. Tacrine and the compounds 3A and 3G were not included in the initial set of compounds used
to develop the CoMFA model but were used to validate the model (values in italics).
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scores and CoMFA. To calculate the docked scores of
the inhibitory structures against AChE, we employed
the molecular docking programs, FlexX and FlexiDock.
FlexX is an automated docking program that assesses li-
gand conformational flexibility by an incremental frag-
ment placing technique. In the current study, 20
conformational binding modes for each ligand were gen-
erated at the active site. All of the 20 conformations
were viewed using 3D crystal eyes, and the conforma-
tion closest to the crystal structure orientation and with
the best score was chosen. It is interesting to note that
compounds 3B, 3E, and 3I exhibited better scores than
the highly active compound, 3H. FlexiDock, a genetic
algorithm based technique, was used for docking of all
the 19 compounds into AChE catalytic active site, and
the scores were calculated with the best possible crystal
structure orientation/conformation. The results ob-
tained from molecular docking are summarized in
Supplementary Table 1.

Compound 3B exhibited an excellent FlexiDock score
among the 19 structures. FlexX and FlexiDocked struc-
tures of the 3B ligand—protein complexes, once aligned
and superimposed, clearly showed that, in both cases,
one of the tetrahydro acridine moieties of 3B produces
cation-m and - interactions with W86 and edge to face
interactions with Y449 in the active site region. In addi-
tion, the other end of the acridine also forms n—r inter-
actions with W286 at peripheral site (Fig. 1). These
results demonstrate the crystal structure orientation of
the ligand and confirm the accuracy of the docking
and validity of the docking scores for 3D QSAR studies.

The CoMFA model was developed using a training set
of 16 compounds listed in Table 1. Tacrine, 3A, and
3G were not included in the initial set and defined as test
set, so as to test the predictions of the derived CoOMFA

W286

Figure 1. Comparison of the FlexX and FlexiDock, ligand-protein
complexes of compound 3B. The bound inhibitor is shown as ball and
stick model. Magenta colored ligand is FlexX docked structure where
orange color structure is FlexiDock. The backbone of the protein
structure is rendered as shaded ribbon with color by property and the
labeled protein residues are in capped stick model with color by atom.

model. These structures were randomly chosen based on
their diverse activities (low, moderate, and high). The
AChE binding affinities of the training set, expressed
as —logICsg, were related to the independent variables
(i.e., steric, electrostatic, and molecular docking scores)
using the PLS methodology. The high leave one out
(LOO) cross-validated correlation coefficient
(g2 = 0.714) revealed that the model is a useful tool for
the prediction of AChE inhibitory activity of small mol-
ecules. Furthermore, the model yielded a conventional r,
of 0.97 with a lower standard estimate of 0.082 (Table
2). As an additional test of robustness, the CoMFA
model was applied to the excluded ligands—Tacrine,
3A, and 3G. The correlation between the actual and pre-
dicted activity was fair. In Figure 2a, the steric contour
plots of compound 3B are displayed as green contours,
which denote regions where an increase in steric bulk
would enhance the activity and yellow contours, which
indicate regions where an increase in steric bulk would
reduce activity.

The large yellow contour situated near the peripheral
binding site (nitrogen) suggests that the addition of
bulky groups in this region will cause a reduction in
activity. Steric bulk groups substituted on the 3rd, Sth,
and 6th positions of the cyclohexyl ring toward the ac-
tive and peripheral sites will improve the activity. A
few favorable steric regions were observed close to the
C2 aliphatic chain, and small groups or atoms at this po-
sition may enhance the activity (Fig. 2a-b). The electro-
static contour plots of compound 3B are displayed in
blue and red contours in Figure 3. The red regions are
favorable for electron-rich groups. The blue regions
are favorable for electropositive/poor groups and pro-
mote inhibitory activity (Fig. 3a). As such, the electro-
positive nature of the tacrine group at the peripheral
site favors an increased activity. The negative charge

Table 2. Statistical analysis of COMFA

Cross-validate Conventional
7 No. of components 2 SEE F
0.714 2 0.97 0.082 328.40

1
DA~
&

)

Figure 2. (a) Steric contour plots of compound (b) superimposition of
the steric COMFA contour plot and few active site residues of AChE.
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Figure 3. (a) Electrostatic contour plots of compound 3B (b) super-
imposition of the electrostatic COMFA contour plot and few active site
residues of AChE.

favorable region is observed at the 4th, 5th, and 6th
positions of the aromatic ring of bis-tacrine toward the
active site region. Electronegative fragments at this posi-
tion may increase the binding affinity (Fig. 3a-b), and
this may account for the high activity of compound
3H. On the other hand, it should be noted that the addi-
tion of electronegative substituents at the 6th position of
the cyclohexyl ring might improve the inhibitory activity
of the compound. It has been reported that the structure
of 3B was more active than the hetero/homodimeric di-
chloro substitutes.”’” However, a more recent report
showed that the homodimeric mono-chloro substituent,
compound 3H, exhibited higher activity than 3B.'® Our
modeling studies suggest that mono-chloro heterodimer-
ic substituents better occupy the binding site. These
modeling studies strongly correlate with the previously
reported biological activity data on AchE.

Conclusion. In summary, 3D QSAR analyses have
been performed on 19 bis-tacrine compounds using
molecular docking scores and CoMFA. A satisfactory
CoMFA model was obtained to predict the activities
of test set structures. The steric and electrostatic
recognition sites of the peripheral binding site as well
as the superimposed CoMFA contours on the receptor
sites will guide the design of novel structures which
demonstrate optimal binding to and inhibition of
AchE.
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Abstract—The X-ray crystal structures of 5-amino-1,3,4-thiadiazole-2-sulfonamide (the acetazolamide precursor) and 5-(4-amino-3-
chloro-5-fluorophenylsulfonamido)-1,3,4-thiadiazole-2-sulfonamide in complex with the human isozyme II of carbonic anhydrase
(CA, EC 4.2.1.1) are reported. The thiadiazole-sulfonamide moiety of the two compounds binds in the canonic manner to the zinc
ion and interacts with Thr199, Glu106, and Thr200. The substituted phenyl tail of the second inhibitor was positioned in the hydro-
phobic part of the binding pocket, at van der Waals distance from Phel31, Val 135, Vall4l, Leul98, Pro202, and Leu204. These
structures may help in the design of better inhibitors of these widespread zinc-containing enzymes.

© 2006 Elsevier Ltd. All rights reserved.

The metalloenzyme carbonic anhydrase (CA, EC4.2.1.1)
catalyzes a very simple but critically important physiolog-
ical reaction: the interconversion between carbon diox-
ide, generated in huge amounts in all metabolic
processes, and the bicarbonate ion.!"® Inhibitors of these
zinc-containing enzymes show a multitude of applica-
tions as diuretic, antiglaucoma, antiobesity or antitumor
drugs, being also used as diagnostic tools.'® Various CA
isoforms are responsible for specific physiological func-
tions, and drugs with such a diversity of actions target dif-
ferent isozymes of the 15 presently known in humans.?¢
In all of them, the inhibitor is bound as anion to the cat-
alytically critical Zn>* ion, also participating in extensive
hydrogen bond networks and van der Waals interactions
with amino acid residues both in the hydrophobic and
hydrophilic halves of the enzyme active site, as shown
by X-ray crystallographic studies of such enzyme-inhibi-

Keywords: Carbonic anhydrase; Sulfonamide; 1,3,4-Thiadiazole; X-ray

crystallography; Enzyme inhibitor.
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tor complexes.” '* Among the three main classes of po-
tent CA inhibitors (CAls) described up to now, the
sulfonamides, the sulfamates, and the sulfamides, the first
one is the most investigated, since classical, clinically used
drugs such as acetazolamide 1, methazolamide 2, ethox-
zolamide 3, dichlorophenamide 4, dorzolamide 5, and
brinzolamide 6 all belong to it.'"® X-ray crystal stuctures
are available for adducts of several isozymes (i.e., CA I, 11,
IV, V, XII, and XIV)”'* mostly with sulfonamides, with
several sulfamates and few sulfamides.'?

Novel sulfonamide derivatives are thus constantly syn-
thesized and investigated as inhibitors of various CA en-
zymes (from vertebrates or other organisms) in the
search of compounds with selectivity for some of the
many physiologically relevant isoforms, or for new
applications, since the clinically used drugs 1-6 unselec-
tively inhibit many CA isozymes and as a consequence,
show many undesired side effects.'® For example, a
fluorescent sulfonamide recently reported by our group
is in clinical development as a diagnostic agent, allowing
the imaging of acute hypoxic tumors which are non-re-
sponsive to classical chemo- and radio-therapy.”-!
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Benzolamide 7, an orphan drug!®!'” behaving as a very
potent CAI, although quite similar structurally with
acetazolamide, 1, the CAI par excellence,' possesses dif-
ferent physico-chemical properties, due to the presence
of the second, highly acidic (pKa of 3.4)!7 sulfonamide
moiety in its molecule. In consequence, 7 is much more
polar than 1, does not possess antiglaucoma properties
when given systemically (in contrast to acetazolamide
or methazolamide), and to a certain extent, crosses bio-
logical membranes much more difficultly as compared to
other CAlIs in clinical use."'®!” However, benzolamide 7
was very much used as a lead molecule for the design of
diverse CAls,!%18:19 since the X-ray crystal structures of
some of its derivatives with CA II'>2° showed very
favorable binding between the enzyme and inhibitor.
The modifications of the molecule needed to ‘correct’
some of its physico-chemical properties were those
regarding its too hydrophilic character and lack of
water/lipid solubility. Indeed, some benzolamide deriva-
tives reported by this group, which incorporated poly-
halogenophenylsulfonamide moicties instead of the
phenylsufonamide one of 7, of types 8 and 9 among oth-
ers,'>2! were shown to generally maintain the excellent
inhibitory properties of the lead compound 7, but also
to possess much higher solubility both in water as well
as organic solvents (due to the presence of the halogen
atoms in their molecules) as well as excellent penetrabil-
ity through biological membranes. Some of these com-
pounds (such as 8)'° were shown to act as excellent
inhibitors of isoforms CA II and IV (involved in glauco-
magenesis) and to possess topical activity as antiglauco-

ma agents in an animal model of the disease, whereas
others, among which 9, were shown to strongly inhibit
the tumor-associated transmembrane isoform CA IX
(in addition to CA I and II, the classical, cytosolic iso-
forms).?! In order to better understand the interactions
between such potent CAls and the enzyme at molecular
level, which might be quite useful for the design of com-
pounds with improved pharmacological properties, we
investigated by means of X-ray crystallography the
binding of derivatives 8 and 9 to the widespread, physi-
ologically most important isoform of CA, that is, hCA
IT (h means enzyme of human origin).

The crystallographic structures of adducts of these two
compounds with hCA II were solved by difference
Fourier techniques, the crystals being isomorphous with
those of the native protein.?? The crystallographic R-fac-
tor and R-free, calculated in the 20.00-1.55 A resolution
range for the structure of the hCA II-8, were 0.194 and
0.215, respectively, while the last refinement cycle of the
hCA II-9 structure yielded a R-factor of 0.184 and a
R-free of 0.223, calculated in the 20.00-2.10 A resolu-
tion range. For both structures, 100% of the non-glycine
residues were located in the allowed regions of the
Ramachandran plot. The statistics for data collection
and refinement are summarized in Table 1.

The superimposition of all the Co atoms of the hCA 11
proteins in the two adducts with those of the protein in
the unbound form (PDB code 1CA2)** yielded to
r.m.s.d. values of 0.35and 0.36 A, respectively. According
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Table 1. Crystal parameters, data-collection and refinement statistics
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for the hCA II-10 and hCA 11-9 complexes

hCA 1I-10 hCA 11-9
Crystal parameters
Space group P2, P2,
Unit-cell parameters (A,") a=42.11 a=42.10
b=41.31 b=41.40
c=171.89 ¢=171.73
p=104.35 B =104.31
Data collection statistics
Resolution range (A) 20.00-1.55 20.00-2.10
Temperature (K) 100 100
Total reflections 85,927 38,885
Unique reflections 34,175 12,269
Completeness (%) 97.8 (86.0) 87.0 (75.6)
R-sym” 0.048 (=0.164) 0.080 (0.236)
Mean I/sigma(l) 15.8 (5.52) 13.4 (4.85)
Refinement statistics
Resolution range (A) 20.00-1.55 20.00-2.10
R-factor™ (%) 0.194 0.184
R-free™ (%) 0.215 0.223
r.m.s.d. from ideal geometry
Bond lengths (A) 0.007 0.009
Bond angles (°) 1.4 1.3
Number of protein atoms 2049 2059
Number of inhibitor atoms 10 44
Number of water molecules 198 161
Average B factor 13.7 18.9

Values in parentheses refer to the highest resolution shell.

* Ryym = S|l — (DI/S_I; over all reflections.

™ Riuctor = Y.|Fo — Fel/S"Fo; Riree calculated with 5% of data withheld
from refinement.

to these values, the three-dimensional structure of the
hCA II molecule within both complexes was very similar
to that observed in the unbound enzyme and in other hCA
II-inhibitor complexes reported to date.>*

Inspection of the electron density maps around the cat-
alytic site in the hCA II-8 structure clearly showed the
presence of one inhibitor molecule bound within the ac-
tive site. However, already from the first stage of the
refinement the shape of the electron density around
the inhibitor did not appear compatible with its chemi-
cal structure. In particular, no electron density was ob-
served for the 2,3,5,6-tetrafluorophenylsulfonyl moiety,
suggesting a cleavage of the secondary sulfonamide
bond present in 8. The structure of the species formed
after the release of the 2,3,5,6-tetrafluorophenylsulfonyl
group, that is, 5-amino-1,3,4-thiadiazole-2-sulfonamide
10, perfectly fitted the shape of the electron density
(Fig. 1). In fact, we obtained the high resolution X-ray
crystal structure of the adduct of hCA II with 10, and
not with 8. In this structure, the tetrahedral geometry
of the Zn>* binding site and the key hydrogen bonds be-
tween the sulfonamide moiety of the inhibitor 10 and the
enzyme active site were all retained with respect to other
hCA II-sulfonamide complexes solved so far.' Thus,
the ionized sulfonamide moiety displaced the hydroxyl
ion/water molecule present in the native enzyme, coordi-
nating the zinc ion through its nitrogen atom (2.00 A).
This nitrogen atom was also involved in a hydrogen
bond with the hydroxyl group of Thr199 (2.72 A), which

GIn92
all21
=

L&
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£
o \§
i
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Figure 1. Active site region in the hCA 11-10 complex. The inhibitor is
shown associated with simulated annealing omit |2F, — F| electron
density map,”® computed at 1.55 A and contoured at 1.0c.

in turn accepted a hydrogen bond from Glul060EIl
atom (2.58 A). One sulfonamide oxygen formed a
hydrogen bond with the backbone NH moiety of
Thr199 (2.96 A), while the other one was semi-coordi-
nated to the Zn>* ion (3.05 A). The thiadiazole ring
was located in the active site channel where it was in-
volved in several van der Waals interactions with the
side chains of residues GIn92, Vall21, Phel31, Leul9s,
Thr199, and Thr200. One nitrogen of the heterocyclic
ring participated in a hydrogen bond with the hydroxyl
group of Thr200 (2.87 A) and the other one was bound
to a water molecule by means of another hydrogen bond
(2.87 A). The exocyclic nitrogen atom was hydrogen
bonded to two water molecules (3.01 and 3.28 A, respec-
tively), while other water molecules and one glycerol
molecule filled the active site pocket of the protein.
The main protein—inhibitor interactions are schematical-
ly shown in Figure 1.

The analysis of the structure of the hCA I1I-9 adduct
clearly showed the presence of one inhibitor molecule
in the active site, which in this case was entirely defined
by the electron density map, indicating that the inhibitor
was not hydrolyzed. A second molecule of inhibitor 9,
with an occupancy factor of 0.8, was found in the region
close to residue Cys206 (outside the active site), stabi-
lized by a face-to-face stacking interaction between its
substituted-phenyl ring and the benzene ring of the
4-(hydroxymercury)benzoic acid, a compound usually
used in the crystallization solution for enhancing the
quality of the crystals, which is covalently bound to
Cys206.7-'% This crystallographic artifact did not affect
the binding mode of compound 9 within the enzyme
active site, since this second molecule was located on
the surface of the protein, far away of the catalytic site
(data not shown).

The inhibitor 9 (situated within the active site) presented
all the interactions generally observed in the complexes
of hCA II with sulfonamides and sulfamates.'3 The
main protein—inhibitor interactions are schematically
depicted in Figure 2. In particular, the deprotonated
primary sulfonamide nitrogen atom coordinated the
Zn*" jon (1.98 A) and was involved in a hydrogen bond
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Figure 2. Active site region in the hCA II-9 complex. The inhibitor is
shown associated with simulated annealing omit |2F, — F,| electron
density map, computed at 2.10 A and contoured at 1.0s.

with the side-chain oxygen of Thr199 (2.64 A), which
was alJso hydrogen bonded to the Glul060El atom
(2.40 A). One oxygen of the primary sulfamoyl moiety
also accepted a hydrogen bond from the backbone
NH of Thr199 (2.88 A), while the other one was
2.98 A away from the catalytic Zn>* ion. The tetrahe-
dral coordination site of the Zn>" ion was completed
by the imidazolic nitrogens of His94, His96, and
His119. Several polar and hydrophobic interactions sta-
bilized the organic scaffold of the inhibitor 9 within the
enzyme active site. In particular, the thiadiazole ring was
located in the active site channel where it established
several van der Waals interactions with side chains of
residues GIn92, Vall2l, Phel31, Leul98, Thr199, and-
Thr200, and it was hydrogen bonded with one of its
nitrogen atoms to the hydroxyl group of Thr200
(3.19 A), similar to the derivative 10 discussed above.
One oxygen of the secondary sulfonamide moiety made
a hydrogen bond with a water molecule (3.25 A), while
the second one was hydrogen bonded to an oxygen of
one glycerol molecule (2.70 A), which in turn was
stabilized by hydrogen bond interactions with the side
chain of GIn92 and Asn67, two residues located toward
the entrance of the enzyme active site. Finally the
substituted phenyl tail of 9 was positioned in the hydro-
phobic part of the binding pocket, at van der Waals dis-
tance from residues Phel31, Vall35, Vall4l, Leul98,
Pro202, and Leu204 (all of them known to be important
for their interaction with other thiadiazolesulfonamide
derivatives complexed with hCA II).!-312:20

Although 8 and 9 have quite similar structures (being
halogeno-substituted benzolamides) and the arrange-
ment of their thiadiazolyl-sulfonamide moieties within
the active site of the enzyme is very similar, the chemical
behavior of the two molecules as evidenced by these
studies is substantially different. Compound 8 was found
in the active site in the hydrolyzed form, the electron
density maps being defined for its precursor, 10, that
is, 5-amino-1,3,4-thiadiazole-2-sulfonamide. It is inter-
esting to note that although 10 is the precursor of the
most investigated and used CAI, acetazolamide 1, its
complexes with CA isozymes have never been investigat-
ed up to now by means of X-ray crystallography. In-
deed, compound 10 is a rather weak CA II inhibitor
(K7 of 60 nM) as compared to acetazolamide 1 (K of

12nM) or the derivative 9 (K; of 0.3nM)."?! On the
other hand, 9 is entirely defined by the electron density
maps. This can be ascribed to the different substitution
pattern of the phenylsulfonamide moiety in compounds
8 and 9, which affects the polarization of the sulfur—
nitrogen bond of the secondary sulfonamide moiety.
In particular, the inductive effect due to the four highly
electronegative fluorine atoms on the phenyl ring (com-
pound 8) makes the sulfur atom much more susceptible
to nucleophilic attack and ultimately to hydrolysis. The
inductive effect due to the two halogen atoms in com-
pound 9 is probably less intense, and it is counteracted
by the electron-donating resonance effect of the amino
group in the para position. This makes 9 unsusceptible
to hydrolysis. Indeed, although 8 and its congeners were
very effective and pharmacologically appropriate CAls
for a putative use as topically acting antiglaucoma
drugs, they were not developed clinically due to their
lack of stability, and hydrolysis after several days/weeks
in solution.!” On the contrary, compounds possessing
the substitution pattern present in 9 (i.e., a 4-amino
group and only one or two halogen atoms) are not sen-
sitive to hydrolysis, making them much more appropri-
ate for various pharmacological applications.?!->?
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Abstract—Protein tyrosine phosphatase 1B (PTP1B) is a potential drug target for the treatment of Type 2 diabetes and obesity. The
design of PTP1B inhibitors as therapeutic agents has been hampered mostly owing to their poor cell permeability and oral bioavail-
ability. In the present study, we investigated the cellular activity of PTP1B inhibitors in relation to the 3D structure using classical
VolSurf analysis. A model based on the VolSurf descriptors for a set of 80 compounds of PTP1B inhibitors, half of which display
cellular activity, was analyzed using the principal components analysis (PCA) approach. The PCA model was applied to predict the
cellular activities of an external data set of 40 PTP1B inhibitors and satisfactory results were obtained. Further partial least squares
(PLS) analysis revealed useful information about the behavior of the Volsurf descriptors in predicting the cell permeability and phar-
macokinetic properties of PTP1B inhibitors. In silico ADME studies provide a valuable tool in the development of effective PTP1B

inhibitors as drug candidates.
© 2006 Elsevier Ltd. All rights reserved.

Protein tyrosine phosphatases (PTPases) are signaling
transducing enzymes that play vital roles in regulating
diverse cellular processes including cell growth, prolifer-
ation, and differentiation, metabolism, immune re-
sponse, and cell-cell adhesion."”> Human protein
tyrosine phosphatase 1B (PTP1B), the first characterized
PTPase, has attracted intensive research because of its
involvement in the insulin signaling cascade as a major
negative regulator of insulin signaling.® The compelling
transgenic experiments have demonstrated that it plays
a key regulatory role in modulating both insulin sensi-
tivity and resistance to weight gain, indicating that
PTPI1B is a potential therapeutic target for the treatment
of both Type 2 diabetes and obesity.*> A large number
of PTPIB inhibitors have been developed over the last
decade in an effort to design potent and selective com-
pounds as drug candidates (for reviews, see Refs. 6-9).
These inhibitors typically incorporate a charged pTyr
mimetic to achieve strong binding to the highly
conserved and polarized active site of PTPases. The
commonly used pTyr mimetics include phosphonates,
carboxylic acid, sulfamic acid, difluoromethylphos-
phonates (DFMP), oxalylaminobenzoic acid (OBA),

Keywords: PTP1B inhibitors; VolSurf; Cellular activity; Permeability.
*Tel.: +1 212 327 7196; fax: +1 212 327 7191; e-mail: hux@rockefeller.
edu

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.09.010

O-carboxymethyl salicylic acid, etc. (Fig. 1). Unfortu-
nately, most of these multiple-charged phosphate-mim-
icking components have proven difficult to develop
into effective drugs due to their low cell permeability
and oral bioavailability.

Intense efforts have been made in recent years on the de-
sign of PTP1B inhibitors to improve the cellular activity.
Figure 2 shows some PTP1B inhibitors with good cell
permeability and bioavailability. A series of DFMP
inhibitors substituted with a deoxybenzoin side chain
was developed at Merck, which displayed strong PTP1B
inhibition and cellular activity.!® Compound 17 with an
ortho-bromo substituent on the phenyl ring proved to be
orally bioavailable and showed glucose-lowering activity
in rat models.!? Liljebris et al. investigated bioisosteric
replacements for the carboxylic acid moiety of O-carb-
oxymethyl salicyclic acid with an ortho-tetrazole unit
(compound 18). The monocarboxylic acid analogue re-
vealed significantly higher Caco-2 cell permeability as
compared to all previous compounds.!' Researchers at
Wyeth-Ayerst discovered a series of novel PTP1B inhib-
itors utilizing a neutral pTyr moiety azolidinedione.
Some of these azolidinedione derivatives (compound
19) normalize plasma glucose and insulin levels in dia-
betic mouse models.!? The orally active pyrimidotrizine-
ridamine-based compounds (compound 20) discovered
at Roche display excellent bioavailability in the ob/ob
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Figure 1. Representative compounds of PTP1B inhibitors with poor cell permeability.

mouse model.!3 Interestingly, the two classes of alloste-
ric PTP1B inhibitors reported so far, the pyridazine ana-
logues (compound 21) and benzbromarone derivatives
(compound 22), possessed good cellular activities and
increased insulin-stimulated phosphorylation of the
insulin receptor.!%!3

In this study, we investigated the relationship between
the cellular activity and the 3D structure of PTPIB
inhibitors using classical VolSurf analysis.'® The Vol-
Surf approach is widely used in ADME (absorption, dis-
tribution, metabolism, elimination) modeling of
druglike compounds to guide early drug development.
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Figure 2. Representative compounds of PTP1B inhibitors with cellular activity.

Molecular descriptors calculated by the VolSurf pro-
gram have been applied to model pharmacokinetic
parameters, for example, passive permeability through
the gastrointestinal tract or through the blood-brain
barrier (BBB).!7-'® VolSurf descriptors quantify steric,
hydrophobic, and hydrogen bond interactions between
model compounds and the target molecule to describe
the 3D molecular fields. Since these interactions are

the same as those involved in the ligand-receptor bind-
ing, VolSurf descriptors could potentially be relevant to
the process of cellular permeation and are useful to
model the pharmacokinetic parameters.

The principal components analysis (PCA) was conduct-
ed for a set of 80 compounds of PTPIB inhibitors select-
ed from the literature, half of which display good or
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moderate cellular activities in vitro or in vivo. A total of
78 VolSurf descriptors were calculated using the VolSurf
4.0 program with two probes (OH2 and DRY) and the
data matrix was analyzed using PCA method. Five sig-
nificant principal components (PCs) were found by
cross-validation technique (Table 1). The first two prin-
cipal components explained about 52% of the total var-
iance of the matrix. The score plot for the first two PCs
is shown in Figure 3. The compounds with cellular activ-
ity are in red color, and the cellular-inactive compounds
are in black. Clearly, the model distinguished the two
classes of compounds very well, with only a few outliers
that cannot be classified properly. Such a result is quite
remarkable because the model was obtained merely
from the structures and the molecular descriptors, and
no activity input was given in the PCA analysis. The re-
sults indicate that the VolSurf descriptors, which are
specifically designed to model the pharmacokinetic
properties and membrane permeation of drug com-
pounds, are efficient in the prediction of cellular activity
for PTPIB inhibitors.

To test the predictive capacity of the PCA model, 40
compounds were selected as external testing data set

Table 1. Summary of principal components analysis (PCA)

Components XVarEXP XAccum
1 29.50 29.50
2 21.56 51.06
3 9.75 60.80
4 7.51 68.32
5 4.42 72.75

XVarExp, Percentage of X-matrix variance explained by that com-
ponent; XAccum, accumulative percentage of the X-matrix variance
explained by the model.

1034

820 827

413

PCA scores (PC 2)

-827 -$20 -413 -207 Q00 07
.

-1034

1 1 1 1 1 1 1 1 1 1
-1084 367 650 -3 <217 Q000 217 433 650 867
PCA stores (PC 1)

Figure 3. PCA score plot for the training data set of 80 compounds.
The cellular-active compounds are in red color, and cellular-inactive
compounds are in black.

and the cellular activities were predicted by projecting
the VolSurf descriptors into the PCA model made with
the training set. The predicted result is shown in Figure
4, which is PC1 versus PC2 score plot and the com-
pounds are colored according to their cellular activity.
Overall, the prediction is quite satisfactory, with a cor-
rect classification of more than 80% of compounds with
cellular activity, and 90% accuracy of prediction for the
compounds with poor cellular activity.

Inspection of the mispredicted compounds revealed use-
ful information on the different behavior of cellular
activity related to the 3D structure. Compound 23 dem-
onstrates a high level of membrane penetration.'® How-
ever, it was predicted with poor cellular permeability by
the PCA model. In fact, compound 23 forms a lactone
between the 2-hydroxy group and the oxamic acid.
The equilibrium between the lactone and acid forms
make it possible to circumvent the poor cell permeability
of most of other oxamic acid compounds. Because our
prediction was based on the acid form, the predicted re-
sult of poor cellular permeability for the acid form may
be in fact correct. It is interesting to note that the naph-
thoquinone derivative compounds 24 and 25 differ from
most of other PTP1B inhibitors. It is possible that these
compounds cross the membrane with a different mecha-
nism from others (e.g., active transporter or fast efflux).
The significant outlier is compound 30, which is a tri-
peptide-based DFMP PTPIB inhibitor and exhibits
good permeability in the Sf9 cell-based assay.!®?° The
failure of prediction of this compound is probably due
to the limitation of the statistical model, which was
trained mainly by non-peptide small molecules.

Two cell-impermeable compounds were mispredicted
(compounds 11 and 13, Fig. 1). Interestingly, compound
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Figure 4. PCA predictions for the test set of compounds. The cellular-
active compounds are in red color, and cellular-inactive compounds
are in black. Some of the mispredicted compounds are labeled in the
plot.
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13 is structurally close to compound 27, which displayed
permeability and was predicted correctly by the PCA
model (Fig. 4). The difference between these two com-
pounds is that a fluorine replaces hydrogen in com-
pound 13, and the increased cell permeability of
compound 27 is most likely caused by the increased lipo-
philicity of a fluorine effect.?! The model appears not
able to explain the biological behavior resulting from

the subtle structural difference. It is worth noting that
there are some limitations with the statistic model, for
example, it was trained by a relatively small chemical
space due to the lack of experimental data; the cellular
activity was measured by different groups, and even with
different methods. Therefore, it is expected that some
compounds were not predicted correctly due to the lim-
itations of the statistic model, such as compound 11 mis-
predicted in the testing data set.

To gain more insights into the cellular activity of PTP1B
inhibitors related to the 3D structure, partial least
squares (PLS) discriminant analysis was carried out by
combining the training set and the test set of 120 com-
pounds. In the PLS analysis, the cellularly active com-
pounds were assigned to a categorical score 1, and the
cellularly inactive compounds were assigned to a cate-
gorical score —1. The PLS score plot of the resulting
model is shown in Figure 5. The PLS model discriminat-
ed well between the two classes of compounds. The re-
sult appears to be better than the PCA model because
the PLS model was obtained by adding biological infor-
mation. The model was evaluated by cross-validation
technique, giving 0.57 of ¢* and 0.65 unit of SDEP (stan-
dard deviation of error of prediction error). The confi-
dence interval is also shown in Figure 5.

The coefficient plot of the PLS model shows the contri-
bution of VolSurf descriptors to the cell permeability.
As shown in Figure 6, the polar descriptors such as
hydrophilic regions and the capacity factors, which refer
to polar water-accessible surface areas and polar inter-
actions per surface unit, are inversely correlated with cell

. Local interaction
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Figure 6. PLS coefficient plot of the model for the correlation of VolSurf descriptors.
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Figure 7. Grid 3D molecular fields of compound 10 (left) and compound 18 (right) calculated with a DRY probe. The arrows represent the integy

moment’s pattern.

permeability. This result indicates that cell permeability
decreases when the polar surface and other polar factors
increase such as the charge distribution and electron
lone pairs. Integy moment measures the unbalance be-
tween the center of mass of a molecule and the position
of the hydrophilic or hydrophobic center, but it appears
less important. As expected, the descriptors of hydro-
phobic interactions and LogP are strongly correlated
with the cell permeability. This is consistent with exper-
imental observation. In addition, the critical packing
and local interaction energy minima are also important
descriptors to the cell permeability.

VolSurf descriptors can be projected back into the origi-
nal 3D grid map to help interpretation. Figure 7 shows a
comparison of the GRID 3D molecular fields of two
closely related compounds 10 and 18 but with different
cell permeability. Both compounds belong to the class
of O-carboxymethyl salicyclic acids. One carboxylate
moiety of compound 10 is replaced with a tetrazole unit,
and another N-terminal carboxyl of compound 10 is re-
placed with a butyloxycarbonyl group. The contour
around the molecules represents the hydrophobic re-
gions calculated with a DRY probe. The arrows repre-
sent the vectors of the integy moments. The
hydrophobic regions of compound 18 are significantly
larger and well surrounded as compared to those of
compound 10 because of the replacement of the charged
groups. Notably, the integy moments of these two com-
pounds are significantly different. As the size of these
hydrophobic regions is strongly correlated with cell per-
meability, the larger region gave an explanation on the
increased cell permeability of compound 18.

In summary, using classical VolSurf analysis, reliable
and predictive PCA and PLS models were obtained
for the cellular activity of PTP1B inhibitors in relation
to their 3D structures. The PCA model was used to
predict the cellular activity of an external data set of
40 PTPIB inhibitors and satisfactory results were ob-
tained. The predictive capacity of these in silico models
reveals useful information about the cell permeability
and 3D molecular structures of PTP1B inhibitors, pro-
viding a valuable tool in virtual screening for druglike

lead compounds for the treatment of Type 2 diabetes
and obesity.
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Abstract—We synthesized a series of novel small molecules, ethyl 1-(2’-hydroxy-3’-aroxypropyl)-3-aryl-1H-pyrazole-5-carboxylate
derivatives 3a-30, by the reaction of ethyl 3-aryl-1H-pyrazole-5-carboxylate with 2-aryloxymethylepoxide in the presence of potas-
sium carbonate at refluxing in acetonitrile in moderate or excellent yields. We investigated the effects of all the compounds on A549
cell growth. The results showed that 15 compounds could suppress A549 lung cancer cell growth. Among them, compound 3i was
the most effective small molecule in inhibiting A549 cell growth. Compound 3f might most effectively induce A549 cell differentia-

tion. Compound 3g remarkably induced cellular vacuolation.
© 2006 Elsevier Ltd. All rights reserved.

Lung cancer is one of the most common causes of cancer
death worldwide. Although recent advances in chemo-
therapy and radiation therapy have yielded modest
improvements in patient outcomes, overall survival
remains poor. Therefore, new therapeutic targets are
needed. It has been reported that the antitumor efficacy
of chemotherapeutic agents correlated with their
growth-inhibiting, differentiation-inducing or apopto-
sis-inducing abilities.

In our effort to discover and develop tumor growth inhib-
itors and apoptosis inducers as potential new anticancer
agents, we have identified several classes of molecules
as novel tumor growth inhibitors and apoptosis
inducers, including safrole oxide, 1-alkoxy-3-(3’,
4'-methylenedioxy)phenyl-2-propanol, y-lactone, morh-
polinone derivatives, and 2,3-dihydro-3-hydroxymethyl-
1,4-benzoxazine derivatives.> !> In an ongoing study in

Keywords: Pyrazole derivatives; A549 cells; Growth inhibition.
*Corresponding authors. Tel.: +86 531 88366425; fax: +86 531
88564464; e-mail addresses: bxzhao@sdu.edu.cn; miaojy@sdu.
edu.cn

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.09.008

our laboratory on the design and synthesis of the small
molecule, we are interested in extending our small
molecules, library to meet the requirement of our
research.

The pyrazole unit is the core structure in a number of
natural products.!® Many pyrazole derivatives are
known to exhibit a wide range of biological properties
such as anti-hyperglycemic, analgesic, anti-inflammato-
ry, anti-pyretic, anti-bacterial, hypoglycemic, sedative—
hypnotic activity,!”'® and anticoagulant activity.'® Par-
ticularly, arylpyrazoles are important in medicinal and
pesticidal chemistry.?® Recently, some arylpyrazoles
were reported to have non-nucleoside HIV-1 reverse
transcriptase inhibitory activity.?! It is also reported that
novel 5-substituted pyrazole analogs, which have CBI
binding affinities similar to SR 141716A have been syn-
thesized and are presently undergoing pharmacological
study as antagonists of CBI receptors like SR
141716A. They may prove to be clinically useful for
the treatment of obesity.?> Extensive studies have been
devoted to arylpyrazole derivatives such as Celecoxib,
a well-known cyclooxygenase-2 inhibitor.>*>?2’ More
recently, pyrazole derivatives as high affinity and
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selective A2B adenosine receptor antagonists have been
reported.?® But there were no reports on the synthesis
and biological evaluation of ethyl 1-(2’-hydroxy-3'-
aroxypropyl)-3-aryl-1H-pyrazole-5-carboxylate.

Herein, we would like to report the design and synthesis
of novel ethyl 1-(2’-hydroxy-3’-aroxypropyl)-3-aryl-1H-
pyrazole-5-carboxylate and the findings of their biolog-
ical activities in inhibiting A549 cell growth.

Chemistry. Synthesis of ethyl 1-(2’-hydroxy-3’-aroxypro-
pyl)-3-aryl-1H-pyrazole-5-carboxylate (3) is outlined in
Scheme 1. Starting compounds, ethyl 3-aryl-1H-pyra-
zole-5-carboxylate (1), were readily prepared by the reac-
tion of ethyl 2,4-dioxo-4-arylbutanoate (5), which can be
obtained from commercially available 4-substituted ace-
tophenone (4) and diethyl oxalate, with hydrazine in the
presence of acetic acid at room temperature as shown in
Scheme 2. The reaction of ethyl 3-aryl-1H-pyrazole-5-car-
boxylate (1) with 2-aryloxymethylepoxide (2) in the pres-
ence of potassium carbonate at refluxing in acetonitrile
afforded ethyl 1-(2’-hydroxy-3’-aroxypropyl)-3-aryl-1H-
pyrazole-5-carboxylate in moderate yields and complete-
ly regioselectivity. All of the compounds gave satisfactory
spectral data. Representatively, the structures of 3i and 3j
were confirmed by '"H NMR and '*C NMR data.?®

Effects of the compounds on the viability of A549 lung
cancer cells.’® The data obtained by MTT assay showed
that all the 15 compounds 3a-30 had inhibitory effects
on the growth of A549 cells in dosage- and time-depen-
dent manners as shown in Fig. 1. Compounds 3f, 3h,
and 3i could inhibit the cell growth obviously at
12.5 uM after 48 h of the treatment. Compounds 3c,
3d, 3e, 3f, 3h, and 3i inhibited the cell growth obviously
at 25 uM after 24 h of the treatment. At 25 uM after

48 h of the treatment, compounds 3a, 3g, 3j, and 3k
could also suppress the growth of A549 cells except
for 3¢, 3d, 3e, 3f, 3h, and 3i. At 50 and 100 uM, all the
compounds effectively inhibited the cell growth
(Fig. 1). Taken altogether, compound 3i was the most
effective compound in suppressing A549 cell growth.
The growth inhibitory properties (ICsg) for the com-
pounds 3a-3o are listed in Table 1.

Effects of the compounds on the morphology of A549 cells.
The compounds induced the changes of A549 cell mor-
phology concomitant with cell growth inhibition induced
by them (Fig. 2). When exposed to compounds 3a, 3f, 3h
or 3j 50 uM for 24 h, A549 cells became slender and long-
er, the effect of compound 3f was most strong among these
four compounds. The data suggested that the four com-
pounds not only could inhibit A549 cell growth, but also
might induce the cell differentiation. When A549 cells
were treated with compounds 3b, 3¢, 3d, 3e, 3i, 3k, 31 or
3m, the cells became round and detached from the bottom
of cell culture dish, indicating that the compounds might
induce A549 cell death. Compounds 3b, 3¢, 3d, 3e, 3k, 3I,
and 3m might cause cell apoptosis, while compound 3i
might induce cell necrosis. When treated with compound
3g, the cells vacuolated gradually as the concentration in-
creased and the time elongated (Fig. 2). The result told us
that compound 3g might also induce cell death because
vacuolation is a common event in many cell death pro-
cesses including both apoptosis and necrosis.’! More
interestingly, we will use compound 3g as a powerful tool
to study the mechanism of cellular vacuolation during cell
death and differentiation.

In summary, we have described a facile approach to
prepare ethyl 1-(2’-hydroxy-3’-aroxypropyl)-3-aryl-1H-
pyrazole-5-carboxylate 3a-30 by the reaction of ethyl

H o~
N\’N CO,C2Hs //( \ | /
OH 2
© K. HaCN NN R
bDNCO o, ReO0e/CHCN (/= C0:CoHs
I// 81°C, 15~18 h
; :
R ; 2 R 54%~93% yields g 3
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2d R? = 2-NO, 3dR'=H,R2=2-NO,  3kR'=OMe, R®=H
2e R? = 2-OMe 3e R' =H, R2=2-OMe 31 R' = OMe, R? = 4-CI
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Figure 1. Effects of the 15 derivatives 3a-30 on the viability of A549 lung cancer cells. Control, the viability of the cells cultured in the medium
without any derivatives. DMSO, the viability of the cells cultured in the medium containing DMSO 0.1% (v/v) used as a vehicle control. Other bars
show the viability of the cells treated with the 15 derivatives at the concentrations indicated for 24 or 48 h, respectively. Data are means * SE from
three independent experiments (*P < 0.05, **P < 0.01 vs the DMSO group).

Table 1. Growth inhibitory properties for the compounds 3a—30 at 48 h

Compound 3a 3b 3c 3d 3e 3f 3g 3h 3i 3j 3k 31 3m 3n 30
ICso (M) 65 59 48 30 58 27 33 45 26 32 33 38 44 45 68
3-aryl-1H-pyrazole-5-carboxylate with 2-aryloxymethy- 3i was the most effective small molecule in inhibiting A549
lepoxide, and we found 15 interesting compounds that cell growth. Compound 3f might most effectively induce

could suppress A549 lung cancer cell growth. Compound A549 cell differentiation. Compound 3g remarkably
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Figure 2. Morphology image of A549 cells treated with the 15 compounds 3a-30 (50 uM) for 48 h. C, the cells treated with DMSO 0.1% (v/v) as a
vehicle control; 3a-3o0, the cells treated with the corresponding compound, respectively.

induced cellular vacuolation. The findings suggested that
these compounds would be very useful for investigating
the mechanisms of cell proliferation, differentiation, and
apoptosis in our next research project and some of them
may be a powerful drug against lung cancer.
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'"H NMR (CDCl;, 400 MHz) &: 1.41 (t, J=7.1 Hz, 3H,
CH3), 2.99 (br s, OH), 3.81 (dd, J=6.0, 9.4Hz, 1H,
CH,), 397 (dd, J=4.6, 94Hz, 1H, CH,), 440 (q,
J=17.1Hz, 2H, OCH,CHs;), 4.44-4.51 (m, 3H, 2’-H and

3’-H), 6.74 (d, J = 7.8 Hz, 2H, ArH), 6.84 (s, 1H, 4-H),
6.95 (t, J=79Hz, 1H, ArH), 7.27 (t, J=7.5Hz, 2H,
ArH), 7.37-7.44 (m, 5H, ArH); HRMS (EI) calcd for
C51H2oN,04 (M™) 366.1580, found 366.1584.

Ethyl 1-(3’-(4’-chlorophenoxy)-2'-hydroxypropyl)-3-
phenyl-1H-pyrazole-5- carboxylate. Compound 3b: Pale
yellowish oil; IR (film) v: 3426 (OH), 3064, 2978, 2931,
1723 (C=0), 1596 (C=C), 1492 (C=N), 1245, 1214,
1094, 1035, 824, 700, 671 cm™'; 'H NMR (CDCls,
400 MHz) ¢: 1.41 (t, J=7.1 Hz, 3H, CH3), 2.89 (br s,
OH), 3.75 (dd, /=538, 9.4Hz, 1H, CH,), 3.97 (dd,
J=45, 94Hz, 1H, CH,), 439 (q, J=7.1Hz, 2H,
OCH,), 4.41-447 (m, 3H, 2-H and 3-H), 6.65 (d,
J=89Hz, 2H, ArH), 6.86 (s, lH, 4-H), 7.19 (d,
J=89Hz, 2H, ArH), 7.36 (t, J=6.9 Hz, 3H, ArH),
742 (d, J=6.9 Hz, 2H, ArH); HRMS (EI) calced for
C21H21C1N204 (M+) 4001190, found 400.1179.

Ethyl 1-(2’-hydroxy-3’-(4'-nitrophenoxy)propyl)-3-phen-
yl-1H-pyrazole-5-carboxylate. Compound 3c: Pale green-
ish oil; IR (film) v: 3425 (OH), 3079, 2929, 1720 (C=0),
1593 (NO,), 1512 (C=N), 1343 (NO,), 1261, 1214, 1028,
845, 752cm™'; 'TH NMR (CDCl;, 400 MHz) §: 1.41 (t,
J=17.2Hz, 3H, CH3), 3.13 (br s, OH), 3.86 (dd, J=5.8,
9.6 Hz, 1H, CH,), 4.04 (dd, J=4.5, 9.6 Hz, 1H, CH,),
4.42 (q, J=17.2Hz, 2H, OCH,CH3), 4.46-4.52 (m, 3H,
2’-H and 3’-H), 6.78 (d, J=9.2 Hz, 2H, ArH), 6.85 (s,
1H, 4-H), 7.35-7.46(m, 5H, ArH), 8.15 (d, J=9.2 Hz,
2H, ArH); HRMS (EI) calcd for C;oH;¢N3O5 [(M-OEt)*]
366.1090, found 366.1131.

Ethyl 1-(2’-hydroxy-3’-(2’-nitrophenoxy)propyl)-3-phen-
yl-1H-pyrazole-5-carboxylate. Compound 3d: Pale yel-
lowish oil; IR (film) v: 3426 (OH), 3057, 2981, 2931, 1716
(C=0), 1608 (C=C), 1525 (N=O0), 1350 (N=O0), 1245,
1213, 1026, 859, 746, 70lecm™!; 'H NMR (CDCls,
400 MHz) ¢: 1.41 (t, J=7.1 Hz, 3H, CH3), 3.45 (br s,
OH), 3.99 (dd, J=54, 94Hz, 1H, CH,), 4.09 (dd,
J=4.6, 9.6Hz, 1H, CH,), 442 (q, J=7.1Hz, 2H,
OCH,CH3), 4.48-4.54 (m, 3H, 2’-H and 3’-H), 6.83 (s,
IH, 4-H), 7.00 (d, J=8.4Hz, 1H, ArH), 7.04 (t,
J=8.2Hz, 1H, ArH), 7.35-7.41 (m, 5H, ArH), 7.51 (t,
J=8.2Hz, 1H, ArH), 7.85 (d, J=8.2Hz, 1H, ArH);
HRMS (EI) caled for C,Hy N3O (M)" 411.1430,
found 411.1426.

Ethyl  1-(2’-hydroxy-3’-(2’-methoxyphenoxy)propyl)-3-
phenyl-1H-pyrazole-5-carboxylate. Compound 3e: Pale
yellowish oil; IR (film) v: 3457 (OH), 3064, 2980, 2937,
1731 (C=0), 1593 (C=C), 1506 (C=N), 1254, 1212,
1125, 10278, 838, 766, 702cm™!; 'H NMR (CDCl;,
400 MHz) ¢: 1.40 (t, J=7.1 Hz, 3H, CH3), 3.51 (br s,
OH), 3.74 (s, 3H, OCHj;), 3.92 (dd, J=5.5, 9.9 Hz, 1H,
CH,), 4.02 (dd, J=5.3, 99Hz, 1H, CH,), 440 (q,
J=17.1Hz, 2H, OCH,CH3), 4.42-4.51 (m, 3H, 2’-H and
3’-H), 6.78-6.85 (m, 3H, ArH, 4-H), 6.87 (t, J = 7.8 Hz,
1H, ArH), 6.94 (t, J=7.8 Hz, 1H, ArH), 7.41-7.45 (m,
5H, ArH); HRMS (EI) caled for CoHyyN,Os (M)*
396.1685, found 396.1696.

Ethyl 3-(4'-chlorophenyl)-1-(2'-hydroxy-3’-phenoxypro-
pyl)-1H-pyrazole-5-carboxylate Compound 3f: Pale yel-
lowish oil; IR (film) v: 3432 (OH), 3063, 2981, 2935, 1719
(C=0), 1599 (C=C), 1496 (C=N), 1245, 1212, 1093,
1029, 839, 755,692 cm™'; "H NMR (CDCls, 400 MHz) 6
1.40 (t, J=7.0 Hz, 3H, CH3), 3.15 (br s, OH), 3.80 (dd,
J=15.7,9.0Hz, 1H, CH,), 3.95 (dd, J=3.6, 9.0 Hz, 1H,
CH,), 441 (q, J = 7.0 Hz, 2H, OCH,CH3;), 4.42-4.50 (m,
3H, 2’-H and 3’-H), 6.74 (d, J = 7.8 Hz, 2H, ArH), 6.82
(s, 1H, 4-H), 6.96 (t, J=7.8Hz, 1H, ArH), 7.25 (t,
J=178Hz, 2H, ArH), 7.32 (d, J=8.1 Hz, 2H, ArH),
7.38 (d, J=8.1 Hz, 2H, ArH); HRMS (EI) calcd for
C»H,,CIN,O, (M)* 400.1190, found 400.1187.
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Ethyl 1-(3’-(4’-chlorophenoxy)-2’-hydroxypropyl)-3-(4'-
chlorophenyl)-1H-pyrazole-5-carboxylate Compound 3g:
Pale yellowish oil; IR (film) v: 3431 (OH), 3068, 2981,
2935, 1723 (C=0), 1597 (C=C), 1492(C=N), 1244, 1213,
1093 (C-Cl), 1029, 823, 779, 671cm™'; 'H NMR
(CDCl;, 400 MHz) 6:1.41 (t, J=7.1 Hz, 3H, CH3), 2.93
(br s, OH), 3.75 (dd, J=6.1, 9.5 Hz, 1H, CH,), 3.91 (dd,
J=438, 9.5Hz, 1H, CH,), 438 (q, J=7.1Hz, 2H,
OCH,CH3), 4.41-4.49 (m, 3H, 2'-H and 3’-H), 6.65 (d,
J=89Hz, 2H, ArH), 6.82 (s, 1H, 4-H), 7.20 (d,
J=89Hz, 2H, ArH), 7.31 (d, J=8.5Hz, 2H, ArH),
7.39 (d, J=8.5Hz, 2H, ArH); HRMS (EI) calcd for
C21H20C12N204 (M)+ 4340800, found 434.0782.

Ethyl 3-(4’-chlorophenyl)-1-(2’-hydroxy-3’-(4’-nitrophen-
oxy)propyl)-1H-pyrazole-5-carboxylate. Compound 3h:
Pale yellowish oil; IR (film) v: 3425 (OH), 3085, 2936,
1714 (C=0), 1593 (C=C), 1513 (N=0), 1343 (N=0),
1261, 1215, 1093, 1029, 845, 752 cm™'; '"H NMR (CDCls,
400 MHz) 6:1.40 (t, J=7.1 Hz, 3H, CHj3), 2.96 (br s,
OH), 3.88 (dd, J=6.0, 9.6 Hz, 1H, CH,), 4.03 (dd,
J=49, 9.6Hz, 1H, CH,), 440 (q, J=7.1Hz, 2H,
OCH,CH3), 4.42-4.54 (m, 3H, 2’-H and 3-H), 6.79 (d,
J=92Hz, 2H, ArH), 683 (s, IH, 4-H), 7.32
(d,J=8.5Hz, 2H, ArH), 7.39 (d, J=8.5Hz, 2H, ArH),
8.22 (d, J=9.2Hz, 2H, ArH); HRMS (EI) calcd for
C21H20C1N3O6 (M)+ 4451041, found 445.1057.

Ethyl 3-(4’-chlorophenyl)-1-(2’-hydroxy-3’-(2’-nitrophen-
oxy)propyl)-1H-pyrazole-5-carboxylate. Compound 3i:
White solid, mp 121-124 °C; IR (KBr) v: 3342 (OH),
3130, 2988, 2947, 1727 (C=0), 1610 (C=C), 1534 (N=0),
1364 (N=0), 1250, 1212, 1092, 1035, 823, 745, 672 cm™';
'"H NMR (CDCl;, 400 MHz) 6:1.38 (t, J=7.2 Hz, 3H,
CHs), 3.26 (br s, OH), 4.00 (dd, J = 5.8, 9.4 Hz, 1H, CH,),
4.08 (dd, J=4.7, 94 Hz, 1H, CH,), 4.39 (q, J=7.2 Hz,
2H, OCH,CH3), 4.44-4.54 (m, 3H, 2’-H and 3'-H), 6.80 (s,
1H, 4-H), 6.97 (d, J = 8.3 Hz, 1H, ArH), 7.04 (t, J = 8.3Hz,
IH, ArH), 7.31 (d, J=8.5Hz, 2H, ArH), 7.36 (d,
J=8.5Hz, 2H, ArH), 7.50 (t, J = 8.3 Hz, 1H, ArH), 7.85
(d, J=8.3Hz, 1H, ArH); '*C NMR (CDCl;, 100 MHz)
0:14.4, 51.7, 61.1, 69.1, 69.9, 109.1, 114.6, 121.1, 126.1,
127.3,129.3, 130.3, 134.5, 135.7, 139.4, 143.7, 145.4, 151.6,
162.0; HRMS (EI) caled for C, H,,CIN;Os [(M-0)*]
429.1091, found 429.0859.

Ethyl 3-(4’-chlorophenyl)-1-(2’-hydroxy-3’-(2'-methoxy-
phenoxy)propyl)-1H- pyrazole-5-carboxylate. Compound
3j: White solid, mp 96-99 °C; IR (KBr) v: 3447 (OH), 3063,
2935, 2835, 1720 (C=0), 1593 (C=C), 1506(C=N), 1254,
1210, 1124, 1092, 1027, 837, 743 cm™'; '"H NMR (CDCls,
400 MHz) 6:1.40 (t, J = 7.1 Hz, 3H, CH3), 3.27 (br s, OH),
3.76 (s, 3H, OCH3), 3.86 (dd, J=5.8, 9.9 Hz, 1H, CH,),
3.99 (dd, J=5.2, 99 Hz, 1H, CH,), 441 (q, J=7.1 Hz,
2H, OCH,CHs), 4.42-4.53 (m, 3H, 2’-H and 3’-H), 6.80 (d,
J=17.6Hz,2H, ArH), 6.82 (s, 1H, 4-H), 6.88 (t, J/ = 7.6 Hz,
1H, ArH), 6.97 (t, J = 7.6 Hz, 1H, ArH), 7.34-7.39 (m, 4H,
ArH); *C NMR (CDCl;, 100 MHz) 8:14.4, 51.9, 55.6,
61.1, 69.4, 70.3, 109.0, 111.8, 114.7, 120.9, 122.3, 127.7,
129.0, 130.6, 135.3, 143.6, 145.2, 147.6, 149.7, 162.1;
HRMS (EI) caled for C,,H»3CIN,Os (M) 430.1295,
found 430.1282.

Ethyl 1-(2’-hydroxy-3’-phenoxypropyl)-3-(4’-methoxyphe-
nyl)-1H-pyrazole-5-carboxylate Compound 3k: Pale yel-
lowish oil; IR (film) v: 3444 (OH), 3063, 2980, 2936, 1721
(C=0), 1599 (C=C0C), 1499 (C=N), 1251, 1211, 1035, 839,
755, 692cm™!; 'TH NMR (CDCls, 400 MHz) 6:1.40 (t,
J=17.1Hz, 3H, CH3), 3.33 (br s, OH), 3.80 (dd, J=6.0,
9.6 Hz, 1H, CH,), 3.85 (s, 3H, OCH3), 3.96 (dd, J=4.38,

30.

31.

9.6 Hz, 1H, CH,), 4.38 (q, /=7.1 Hz, 2H, OCH,CH3),
4.41-4.49 (m, 3H, 2’-H and 3’-H), 6.75 (d, J = 8.8 Hz, 2H,
ArH), 6.79 (s, 1H, 4-H), 6.92 (d, J = 7.4 Hz, 2H, ArH), 6.95
(t, J=7.4Hz, 1H, ArH), 7.24 (t, J= 7.4 Hz, 2H, ArH),
7.30 (d, J=28.8 Hz, 2H, ArH); HRMS (EI) calcd for
CH24N,O5 (M) 396.1685, found 396.1685.

Ethyl 1-(3’-(4’-chlorophenoxy)-2’-hydroxypropyl)-3-(4'-
methoxyphenyl)-1H-pyrazole-5-carboxylate. Compound
3l: Pale yellowish oil; IR (film) v: 3425 (OH), 3068, 2975,
2936, 1720 (C=0), 1613 (C=C), 1492 (C=N), 1250, 1212,
1093, 1034, 824, 779,671cm™'; '"H NMR (CDCl,
400 MHz) 0:1.40 (t, J=7.1 Hz, 3H, CH;), 3.74 (dd,
J=5.7,9.4Hz, 1H, CH,), 3.85 (s, 3H, OCH3), 3.90 (dd,
J=4.35, 94Hz, 1H, CH,), 4.11 (br s, OH), 4.39 (q,
J=17.1Hz, 2H, OCH,CH3), 4.41-4.48 (m, 3H, 2’-H and
3’-H), 6.66 (d, J = 9.0 Hz, 2H, ArH), 6.78 (s, |H, 4-H), 6.92
(d, J=8.7Hz, 2H, ArH), 7.12 (d, J=9.0 Hz, 2H, ArH),
7.28 (d, J=8.7Hz, 2H, ArH); HRMS (EI) calced for
C5,H»;3CIN,O5 (M)* 430.1295, found 430.1287.

Ethyl 1-(2’-hydroxy-3’-(4'-nitrophenoxy)propyl)-3-(4'-
methoxyphenyl)-1H-pyrazole-5-carboxylate. Compound
3m: Pale yellowish oil; IR (film) v: 3408 (OH), 3083,
2936, 2839, 1714 (C=0), 1593 (C=C), 1513 (N=0), 1343
(N=0), 1254, 1215, 1033, 845, 753cm™'; 'H NMR
(CDCl3, 400 MHz) 6:1.40 (t, J=7.2 Hz, 3H, CH3), 2.96
(br s, OH), 3.84 (s, 3H, OCH3), 4.02 (dd, J=5.2, 9.8 Hz,
1H, CH,), 4.08 (dd, J=4.5, 9.8 Hz, 1H, CH,), 4.36 (q,
J=17.2Hz, 2H, OCH,CHj3), 4.41-4.51 (m, 3H, 2’-H and
3’-H), 6.79 (s, 1H, 4-H), 6.80 (d, J = 9.2 Hz, 2H, ArH), 6.92
(d, /=8.6 Hz, 2H, ArH), 7.27 (d, J = 8.6 Hz, 2H, ArH),
8.15 (d, J=9.2Hz, 2H, ArH); HRMS (EI) calcd for
C5H;7N,O, [(M-CH,OC¢H4NO,)*] 289.1190, found
289.0764.

Ethyl 1-(2’-hydroxy-3’-(2’-nitrophenoxy)propyl)-3-(4'-
methoxyphenyl)-1H-pyrazole-5-carboxylate. Compound
3n: Pale yellowish oil; IR (film) v: 3426 (OH), 3074, 2939,
2839, 1717 (C=0), 1609 (C=C), 1525 (N=0), 1350
(N=0), 1254, 1212, 1032, 840, 746cm™'; 'H NMR
(CDCl3, 400 MHz) §: 1.40 (t, J = 7.2 Hz, 3H, CH3), 3.61
(br s, OH), 3.85 (s, 3H, OCH3), 3.96 (dd, J = 5.8, 9.4 Hz,
1H, CH,), 4.10 (dd, J=4.1, 9.4 Hz, 1H, CH,), 4.41 (q,
J=17.2Hz, 2H, OCH,),4.47-4.54 (m, 3H, 2’-H and 3’-H),
6.79 (s, 1H, 4-H), 6.91 (d, J = 8.8 Hz, 2H, ArH), 6.97 (d,
J=8.3Hz, 1H, ArH), 7.04 (t, J= 8.3 Hz, 1H, ArH), 7.26
(d, J=8.8 Hz, 2H, ArH), 7.51 (t, J=8.3 Hz, 1H, ArH),
7.86 (d, J=28.3Hz, 1H, ArH); HRMS (EI) calcd for
C1,H53N;05 (M)' 441.1536, found 441.1542.

Ethyl 1-(2’-hydroxy-3'-(2’-methoxyphenoxy)propyl)-3-(4'-
methoxyphenyl)-1H-pyrazole-5-carboxylate. Compound
30: Pale yellowish oil; IR (film) v: 3445 (OH), 3052, 2934,
2836, 1719 (C=0), 1613 (C=C), 1505 (C=N), 1254, 1211,
1029, 838, 744 cm™'; '"H NMR (CDCls, 400 MHz) 5:1.41
(t, J=7.1 Hz, 3H, CHj), 3.48 (br s, OH), 3.75 (s, 3H,
OCHs»), 3.84 (s, 3H, OCH3), 3.90 (dd, J = 5.6, 9.9 Hz, 1H,
CH,), 4.00 (dd, J = 5.3, 9.9 Hz, 1H, CH,), 4.39 (q, J = 7.1
Hz, 2H, OCH,CHs;), 4.42-4.50 (m, 3H, 2’-H and 3’-H),
6.79 (s, 1H, 4-H), 6.84 (d, J=9.1 Hz, 2H, ArH), 6.87 (d,
J=9.1Hz, 2H, ArH), 6.93 (d, J = 8.8 Hz, 2H, ArH), 7.34
(d, J=8.8Hz, 2H, ArH); HRMS (EI) caled for
Co3H56N,Og (M)™ 426.1791, found 426.1786.

AS549 cells were cultured in the medium with or without the
compounds 3a-30 12.5-100 puM for 24 or 48 h, respective-
ly. Then, the morphological changes of the cells were
observed under phase contrast microscope (Nikon, Japan).
Ono, K.; Wang, X.; Han, J. Mol Cell. Biol 2001, 21,
8276.
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Abstract—The extracellular signal-regulated kinases (ERK1 and ERK?2) are important mediators of cell proliferation. Constitutive
activation of the ERK proteins plays a critical role in the proliferation of many human cancers. Taking advantage of recently iden-
tified substrate docking domains on ERK2, we have used computer-aided drug design (CADD) to identify novel low molecular
weight compounds that interact with ERK2 in an ATP-independent manner and disrupt substrate-specific interactions. In the cur-
rent study, a CADD screen of the 3D structure of active phosphorylated ERK2 protein was used to identify inhibitory compounds.
We tested 13 compounds identified by the CADD screen in ERK-specific phosphorylation, cell proliferation, and binding assays. Of
the 13 compounds tested, 4 compounds strongly inhibited ERK-mediated phosphorylation of ribosomal S6 kinase-1 (Rsk-1) and/or
the transcription factor Elk-1 and inhibited the proliferation of HeLa cervical carcinoma cells with ICsy values in the 2-10 pM
range. These studies demonstrate that CADD can be used to identify lead compounds for development of novel non-ATP-depen-

dent inhibitors selective for active ERK and its interactions with substrates involved in cancer cell proliferation.

© 2006 Elsevier Ltd. All rights reserved.

The mitogen activated protein (MAP) kinase family of
enzymes regulates most biological processes including
cell growth, proliferation, differentiation, inflammatory
responses, and programmed cell death. Changes in
MAP kinase activity have been implicated in the patho-
physiology of cancer, inflammatory diseases, and neuro-
degenerative disorders.!™

The three main members of MAP kinases include the
extracellular signal-regulated kinases (ERK), the c-Jun
N-terminal kinases (JNK), and p38 MAP kinases.> Cur-
rently, there is much interest in understanding the role of
MAP kinases in disease as these proteins may be prom-
ising targets of new chemotherapy and anti-inflammato-
ry agents.®

Keywords: Extracellular signal-regulated kinase; Docking domains;

Drug development; Computer-aided drug design.
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The ERK proteins consist of 2 isoforms (ERKI1 and
ERK2; referred to as ERKI1/2) that are linked to
the proliferation and survival of cancer cells.” The
ERK1/2 pathway is commonly activated by extracellu-
lar ligands, which stimulate plasma membrane recep-
tors and the sequential activation of Ras G-protein
isoforms (H, K, and N-Ras), Raf isoforms (A, B,
and C-Raf), and the MAP or ERK kinases-1 and 2
(MEK1/2), which are currently the only known activa-
tors of ERK1/2.8 It is estimated that ERKI1/2 can
directly phosphorylate and regulate the activity of
close to 70 different substrate proteins.>® Many of
the ERK1/2 substrates include other kinases, nuclear
transcription factors, steroid hormone receptors,
enzymes involved in generating signaling molecules,
and structural proteins.® In the context of cancer cells,
genetic mutations in membrane bound growth factor
receptors, Ras, or Raf proteins can cause over-activa-
tion of the ERK1/2 pathway.>!° As such, much ef-
fort is being devoted to developing specific inhibitors
of growth factor receptors, Ras, Raf, or MEK for
new anti-cancer therapies. Several pharmacological
inhibitors of Ras G-proteins, Raf kinases, and
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MEK1/2 that have been developed are being tested in
cancer clinical trials.!!-1#

ERK1/2 regulation of dozens of different proteins
underscores the importance of these proteins in regulat-
ing a variety of cellular functions associated with normal
and diseased tissue. Thus, we and others propose that
selective ATP-independent inhibition of substrates in-
volved in the disease processes, such as cancer cell pro-
liferation, but not normal cell functions may be a
more rationale approach for developing new chemother-
apeutic agents.!>"!7 The approach to selectively block
ERK interactions with substrate proteins involves tar-
geting specific docking domains that have been identi-
fied within the C-terminal lobe of MAP kinases.!82!
The first ERK docking domains identified include the
common docking (CD) and ED domains, which are
located opposite the activation loop in the 3D crystallo-
graphic structure.?’ The CD and ED domains corre-
spond to residues D316/D319 and TI157/T158,
respectively, in the rat ERK2 protein and these residues
are conserved in the ERKI1 isoform in both rodent and
human species. In addition, other residues in the C-ter-
minal regions of ERK proteins have been implicated to
form docking sites involved in regulating the selectivity
and specificity of substrate interactions.'®

Our recent work has identified the first ATP-indepen-
dent inhibitors of ERK1/2.!> These findings used the
3D structure of unphosphorylated inactive ERK2 and
computer-aided drug design (CADD) to identify low
molecular weight compounds based on a structural
groove between the CD and ED docking domain re-
gions. Additional studies have demonstrated the feasi-
bility of using CADD to identify low molecular weight
inhibitors of protein—protein interactions.?>>> As the
activated ERK proteins are likely to be the more phys-
iologically relevant target in the context of proliferating
cancer cells, we extend the identification of lead com-
pounds that disrupt ERK function using CADD applied
to the 3D structure of the active phosphorylated ERK2
protein (Fig. 1). Out of 13 low molecular weight com-

A
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#| Site
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ASP316

pounds identified by CADD and tested experimentally,
we report the identification of four new compounds that
inhibit ERK phosphorylation of substrate proteins.

The initial CADD 1in silico screening of active ERK?2
identified many of the same compounds that were iden-
tified using the unphosphorylated ERK2 structure sug-
gesting that conformational changes occurring in
ERK2 upon phosphorylation are minimal in this region
of the protein.** Comparison of the conformations of
the two forms of the protein from crystallographic stud-
ies?>27 shows both the overall structures (Fig. 1A) as
well as the regions in the vicinity of the CD and ED do-
mains to be similar (Fig. 1B). The considerable overlap
is consistent with the reported lack of a conformational
change in the ED region of active ERK as measured by
changes in deuterium exchange.** However, some
changes in deuterium exchange rates within the region
containing the CD domain have been observed.*> Such
differences, which may be due to either subtle differences
in structure or changes in the flexibility of the protein,
indicate that targeting active ERK2 may identify addi-
tional ERK docking domain inhibitors. As such, 45
new compounds were identified by CADD screening
the 3D structure of phosphorylated ERK2. The molecu-
lar weights of compounds identified using active ERK2
ranged from 188 to 486 amu with an average and stan-
dard deviation of 388 £ 68 amu. The 13 compounds that
were identified from the Chembridge chemical library
were purchased and tested further in biological assays.

The new compounds were first tested for inhibition of
ERK-mediated phosphorylation of the transcription
factor Elk-1, which is an important regulator of cell pro-
liferation.*® Cells were treated with EGF to activate the
ERK pathway and phosphorylation of Elk-1 on the
ERK site at S383 was detected by immunoblot analysis
(Fig. 2A). The test compounds inhibited Elk-1 phos-
phorylation by 20-100% compared to the EGF control
(Fig. 2A). Compounds 89, 92, 93, and 95 were most
effective at inhibiting Elk-1 phosphorylation at 100 pM
(Fig. 2A). The effects of the test compounds were also

Figure 1. Superimposed structures of the unphosphorylated (green) and phosphorylated (purple) forms of ERK2. (A) Superimposed ribbon image
showing the location and conformational changes associated with the ATP-binding domain, activation site, and the ED and CD domains. (B)
Superimposed ribbon image in the vicinity of the CD (Asp 316 and 319) and ED (Thr 157 and 158) domains.
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Figure 2. Effects of test compounds on ERK substrate phosphor-
ylation. HeLa cells were pre-treated with or without 100 uM of the
test compounds listed for 15 min prior to the addition of epidermal
growth factor (EGF or E) to stimulate the ERK pathway or
anisomycin (A) to stimulate p38 MAP kinase. Cells were harvested
and the extracted proteins were subjected to immunoblot analysis.
(A) Immunoblots of Elk-1 phosphorylated on S383 (pElk-1),
o-tubulin, and active ERK1/2 (ppERK1/2). The lower graph shows
the quantification of the ratio of pElk-1 to a-tubulin as measured by
densitometry. The pElk-1 phosphorylation in the presence of the test
compounds was compared to the EGF only treatment, which was
set at 100%. (B) Immunoblots of Rsk-1 phosphorylated on T573
(pRsk-1) and a-tubulin as a loading control. The lower graph shows
the quantification of the ratio of pRsk-1 to a-tubulin as measured
by densitometry. The pRsk-1 phosphorylation in the presence of the
test compounds was compared to the EGF only treatment, which
was set at 100%. (C) Immunoblot analysis of phosphorylated ATF2
(pATF2) and a-tubulin as a loading control. The lower graph shows
the quantification of the ratio pATF2 to a-tubulin as measured by
densitometry. The pATF2 phosphorylation in the presence of the
test compounds was compared to the anisomycin (A) only
treatment, which was set at 100%. The data were reproduced in
at least three independent experiments.

tested with Rsk-1, another ERK substrate involved in
regulating cell proliferation. Compounds 89, 91, and
95 were the most effective at inhibiting ERK-mediated
Rsk-1 phosphorylation (Fig. 2B).

It is not surprising that different test compounds have
different effects on these two ERK substrates. While
the inhibition of Rsk-1 can be explained by the test com-
pounds designed to bind to the CD region, which is re-
quired for Rsk-1 interactions with ERK2, it is not
entirely apparent why the test compounds would inter-
fere with Elk-1 interactions, which are thought to use
different ERK residues for interactions.!® It is possible
that the test compounds bind to other regions of ERK
proteins or that the test compounds have allosteric ef-
fects. Importantly, such differential inhibitory specificity
of the inhibitors indicates that the identification sub-
strate-specific inhibitors of ERK are feasible. Future
studies are aimed at characterizing the interactions be-
tween the active test compounds and ERK proteins.

The test compounds were also tested for selectivity for
ERK versus the p38 MAP kinase. The phosphorylation
of ATF2, a transcription factor substrate for the p38
MAP kinase, was not affected by any of the test com-
pounds (Fig. 2C). In addition, the test compounds did
not affect ERK1 and ERK2 phosphorylation, indicating
that they do not inhibit the upstream ERK activating
proteins, MEK1 or MEK?2 (Fig. 2A). Thus, the active
compounds appear to show selectivity toward ERK.
The structures of the 13 compounds tested are shown
in Figure 3.

The effects of the test compounds on cell proliferation
were tested using a colony formation assay.*’ In these
assays, HeLa cells are plated at a low density in the pres-
ence or absence of the test compounds. After 8-10 days
incubation the number of cell colonies that form were
stained and quantified under each condition. Test com-
pounds 86 and 89 were the most effective inhibitors of
cell proliferation with ICs, values of 5 uM or less (Table
1). Test compounds 93, 94, and 95 were also effective
inhibitors of cell proliferation with ICsy values in the
5-10, 25-50, and 10-25puM range, respectively.
Although test compound 92 was a potent inhibitor of
Elk-1 phosphorylation, the ICsy in the growth assay
was approximately 75 pM (Table 1). Test compound
89 was the most effective in inhibiting both Elk-1 and
Rsk-1 phosphorylation and cell proliferation (Fig. 2
and Table 1). These findings indicate that compound
89 may be a useful lead for further development as an
anti-cancer agent. Future studies are aimed at further
characterization of the ERK substrates affected by these
compounds.

Lastly, fluorescence spectroscopy experiments were used
as a preliminary determination of whether the active
compounds interact with the ERK2 protein.*® Fluores-
cence quenching of ERK2 by the test compounds is
indicative of binding interactions and potential protein
conformational changes. Compounds 92 and 95 were
effective in quenching ERK?2 fluorescence with Kp val-
ues of approximately 45 and 16 uM, respectively
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Figure 3. Chemical structures of the thirteen compounds tested in this study.

Table 1. Effects of test compounds on cell proliferation

cence quenching by compound 94 suggested that this
molecule did not bind ERK2 and that its effects on sub-

Compound ICso (UM) ¢ g :

%6 " strate .phosphorylatl.on and .c.ell proliferation were
87 >100 potentially non-specific. Additional test compounds,
88 >100 including 89 and 98, also caused fluorescence quenching
89 < indicative of interactions with ERK2 with an approxi-
90 >100 mate Kp of 13 and 20 uM, respectively (Fig. 4B).
91 >100 Although compound 86 also caused some fluorescence
92 ~75 quenching at concentrations of 20 uM or less, this com-
93 5-10 pound became insoluble at concentrations of 50 uM or
3‘5‘ fgj‘s) higher and was therefore not analyzed further.

96 >100 The findi . . . . .

po P e findings in this study extend our identification of
08 >100 novel compounds that may be used as substrate selec-

HeLa cells were plated at low density and incubated with a single dose
(0-100 uM) of the test compounds being tested. After 8-10 days, the
resulting cell colonies were stained, photographed, and counted to
estimate the ICsy. The data is derived from at least three independent
experiments.

(Fig. 4A). Compound 93, which caused some quenching
of ERK2 fluorescence, underwent auto-fluorescence at
higher concentrations (Fig. 4A). The lack of fluores-

tive ERK inhibitors. Using the 3D structure of active
ERK?2, CADD 45 new compounds with the potential
for interacting with the regions around CD and ED
docking domains. These new compounds were not
previously identified using the non-active ERK2 3D
structure.!® Of these, 13 molecules were tested in this
study with two of the compounds (89 and 95) interfer-
ing with the phosphorylation of ERK substrates,
inhibiting cell proliferation, and binding with purified
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Figure 4. Effects of test compounds on ERK?2 fluorescence. (A) Fluorescence titrations were done with test compounds 92 (open circles), 93 (closed
squares), 94 (open squares), and 95 (closed circles). (B) Fluorescence titrations with test compounds 86 (closed circles), 89 (closed squares), and 98
(open circles). The percentage of ERK2 fluorescence (F) was plotted against the log concentration in mol/l (Log [M]) of each test compound using the
peak fluorescence in the absence of test compound set at 100% as the reference.
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ERK2 protein as determined via fluorescence quench-
ing. Three other compounds (86, 93, and 94) inhibited
cell proliferation but were less effective at binding to
purified ERK?2. In addition, compound 98, which
binds ERK2 and partially inhibits substrate phosphor-
ylation, had no effect on cell proliferation. Important-
ly, none of the test compounds had any effect on the
phosphorylation of ATF2, a specific substrate for p38
MAP kinases. The varying effects on ERK signaling
by 6 of the 13 test compounds warrant further testing
and development of these molecules as substrate-spe-
cific ERK inhibitors. That the active compounds iden-
tified were from such a small pool of starting
molecules provides further evidence for the advantages
of using in silico pre-screening in order to save time
and expenses involved in doing biological assays with
large chemical libraries.
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(Tripos, Inc.). All docking calculations were carried out
with DOCK?® using flexible ligands based on the anchored
search method.3® The solvent accessible surface’! was
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density of 2.76 surface points per A? and a probe radius
of 1.4 A% Sphere sets were calculated with the DOCK
associated program SPHGEN. From the full sphere set,
sphere clusters in the ERK2 docking domains important
for interactions with the protein substrates were identified.
Based on mutagenesis experiments, residues involved in
intermolecular interactions were used to select the docking
site. These include D316 and D319 in the C-terminus,*
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which are part of the common docking (CD) domain, and
residues T157 and TI158, which contribute to the ED
docking domain.o33 Spheres within both 10 A of the CD
domain and 12 A of the ED domains were selected. The
resulting sphere set contained 11 spheres and was located
in the groove between the CD and ED domains as
described.!® The selected sphere set acted as the basis for
initial ligand placement during database searching. The
GRID method** within DOCK was used to approximate
the ligand-receptor interaction energy during ligand
placement by the sum of the electrostatic and van der
Waals (vdW) components. Interaction energies, IE, were
normalized via 1E, o, = IE/Nx, where N is the number of
non-hydrogen atoms in a ligand and x is a factor
empirically selected to correct for the bias of IE-based
scoring methods to favor large molecular-weight com-
pounds, as previously described;35 The GRID box dimen-
sions were 25.3x26.6x27.3 A centered around the
sphere set to ensure that docked molecules were within
the grid. Database screening targeted the set of 20,000
compounds previously chosen from method 1 docking of
800,000 compounds against the unphosphorylated, inac-
tive form of ERK.'> Docking applied the more rigorous
secondary docking procedure applied in the previous
study with the only difference being the use of the
phosphorylated ERK2 3D structure. Docking was per-
formed by dividing each compound into non-overlapping
rigid segments connected by rotatable bonds. Segments
with more than 5 heavy atoms were used as anchors, each
of which was docked into the binding site in 250
orientations and minimized. The remainder of the mole-
cule was built around the anchor in a stepwise fashion by
adding other segments connected through rotatable
bonds. At each step, the dihedral of the rotatable bond
was sampled in increments of 10° and the lowest energy
conformation was selected. All rotatable bonds were
minimized simultaneously during the stepwise building
of the molecule. Pruning of the conformations ensured
conformational diversity and more favorable energies.3%3”
Energy scoring was performed with a distant-dependent
dielectric, with a dielectric constant of 4, and using an all
atom model. The total interaction energies for the best
orientation of each were then normalized using x = 0, 0.33,
0.5, 0.67, and 1.0 yielding five sets of 500 compounds from
each normalization. Based on analysis of the molecular
weight distributions of the five sets the x = 0 and x = 0.33
sets, with average molecular weights of 264 and 255 amu,
respectively, were selected and the two sets combined. This
yielded a set of approximately 700 unique compounds for
similarity clustering after removing those compounds
common to both sets. Chemical similarity clustering of
the ~700 unique compounds was performed to maximize
the chemical diversity of the final compounds selected for
biological assay. Clustering calculations were performed
using the program MOE (Chemical Computing Group,
Inc.). The Jarvis—Patrick algorithm, as implemented in
MOE, was used to cluster the compounds using the
MACC_BITS fingerprinting scheme and Tanimoto coef-
ficient (TC). It first calculates the MACC_BITS finger-
prints which encode the 2D structural features for each
compound into linear bit strings of data. The pairwise
similarity matrix between each compound was calculated
based on the TC values.® TC is one of the metrics
available that provides a similarity score by dividing the
fraction of features common to both molecules by the
total number of features. The similarity matrix is then
converted into a second matrix in which each TC value is
replaced by a 0 or 1 representing similarity values below
and above the threshold value (S) provided by the user,

45.

46.

47.

48.

respectively. The rows of the new matrix are treated as
fingerprints and the ‘TC’ value between each is calculated.
Molecules with values above the selected overlap thresh-
old (7) are put in the same cluster. A 70-40 similarity/
overlap value was used to cluster the compounds. Com-
pounds for experimental assay were chosen from the
individual clusters with emphasis on compounds with
drug-like physical characteristics as defined by Lipinski
et al.® Properties considered were the MW, number of
hydrogen donors (NHD) and acceptors (NHA), and the
log P values as calculated by MOE. However, exceptions
were made when all compounds in a cluster had one or
more physical characteristics beyond the range defined by
Lipinski et al.®® In addition, only those compounds that
were not previously studied'> were selected with a majority
of those compounds selected from clusters in which there
were no compounds that had been previously tested. Of
the total of 45 compounds selected via CADD those
available from ChemBridge (San Diego, CA, 13 com-
pounds total) were purchased and dissolved in DMSO at a
stock concentration of 25 mM. The identity of the test
compounds was verified by mass spectrometry.
Hoofnagle, A. N.; Resing, K. A.; Goldsmith, E. J.; Ahn,
N. G. Proc. Natl. Acad. Sci. U.S.A. 2001, 98, 956.

HeLa (human cervical carcinoma) cells were purchased
from American Type Culture Collection (ATCC,
Manassas, VA). HeLa cells were cultured in a complete
medium consisting of Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and antibiotics (Penicillin, 100 U/ml; Strep-
tomycin, 100 pg/ml) (Invitrogen, Carlsbad, CA). Epider-
mal growth factor (EGF) was purchased from Sigma
(St. Louis, MO) and used at 25 ng/ml final concentra-
tion. Antibodies against phosphorylated Rsk-1 (pT573),
Elk-1 (pS383), ATF-2 (pT71), and ERK (pT183, pY185)
were purchased from Cell Signaling Technologies
(Woburn, MA), Santa Cruz Biotech (Santa Cruz, CA),
or Sigma. The o-tubulin antibody was purchased from
Sigma. Prior to harvesting, cells were pre-incubated with
the test compounds for 15-20 min and then stimulated
with EGF or anisomycin to activate the ERK or p38
MAP kinase pathways, respectively. Control and treated
cells were washed twice with cold phosphate-buffered
saline (PBS, pH 7.2; Invitrogen) and proteins were
collected following cell lysis with SDS-PAGE loading
buffer. The protein lysates were then separated on SDS—
PAGE for immunoblot analysis, which was done as
previously described.**3

Trypsinized cells were plated on 12- or 24-well plates at
low densities (200-400 cells per well) in the absence
(DMSO only) or presence of test compounds. In addi-
tional experiments, cells were first allowed to adhere to the
culture dishes for 16h prior to treatment with test
compounds. The treated cells received a single dose of
the test compounds at the beginning of the experiments.
The control and treated cells were grown for 8-14 days to
allow the formation of colonies. Cells were then fixed for
10 min in 4% paraformaldehyde and stained with 0.2%
crystal violet in 20% methanol for 1-2 min. Following
several washes with distilled water, the colonies (contain-
ing at least 40 cells) were counted. Each individual
experiment was repeated on at least three separate
occasions.

(His)xes-tagged ERK2 was bacterially expressed and the
cells harvested in BugBuster protein extraction reagent
(EMD Biosciences, San Diego, CA). Clarified lysates were
loaded onto a Talon Co?*-IMAC affinity chromatography
resin column (BD Biosciences, San Jose, CA), and the
bound protein eluted using increasing concentrations of
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imidazole. SDS-PAGE electrophoresis and Coomassie
blue staining were used to identify the eluted fractions
containing the ERK2 protein. The ERK?2 protein concen-
tration was determined using Bradford Reagent (Sigma).
Fluorescence spectra were recorded with a Luminescence
Spectrometer LS50 (Perkin-Elmer, Boston, MA). For all
experiments, ERK2 protein was diluted into 20 mM Tris—
HCI, pH 7.5. Titrations were performed by increasing the
test compound concentration while maintaining the ERK?2
protein concentration at 3 pM. The excitation wavelength

was 295 nm and fluorescence was monitored from 300 to
500 nm. All reported fluorescence intensities are relative
values and are not corrected for wavelength variations in
detector response. Dissociation constants, Kp, were deter-
mined using reciprocal plots, 1/v vs 1/[1], where v repre-
sents the percent occupied sites calculated assuming
fluorescence quenching to be directly proportion to the
percentage of occupied binding sites, [I] represents the
concentration of the inhibitor compound, and the slope of
the curve equals the Kp.
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Design and synthesis of an artificial ladder-shaped polyether
that interacts with glycophorin A
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Abstract—Ladder-shaped polyether (LSP) compounds, such as brevetoxins and ciguatoxins, are thought to interact with transmem-
brane (TM) proteins. As a model LSP compound, we designed and synthesized an artificial tetracyclic ether (1) and evaluated its
interaction with glycophorin A (GpA), a membrane protein known to dimerize or oligomerize between membrane-integral a-helical
domains. Model compound 1 was found to induce the dissociation of oligomeric GpA in a similar manner to natural LSPs when
examined by SDS-PAGE. The results suggest that even an artificial tetracyclic ether possesses the ability to interact with TM pro-
teins, presumably through the intermolecular hydrogen bonds (C,—H - - - O) with the GXXXG motif.

© 2006 Elsevier Ltd. All rights reserved.

Ladder-shaped polyether (LSP) compounds,' including
brevetoxin B,? ciguatoxin,’ yessotoxin,* and gymnocin-
A3 (Fig. 1), which are unique products of Dinophyceae
and Haptophyceae, are composed of continuous trans-
fused cyclic ethers and are known to possess potent tox-
icity. Although more than 50 naturally occurring LSPs
have been identified, there have been few molecular
mode-of-action studies, chiefly due to the short supply
of materials. Brevetoxins and ciguatoxins are unusual
in that their molecular target has been identified;® the
toxins share a common binding site on an o subunit of
voltage-sensitive sodium channels (VSSCs), with very
high affinity (their dissociation constants are in the
nanomolar—subnanomolar range). Because VSSCs are
comprised of 24 transmembrane (TM) helices, mem-
brane-integral a-helices are considered to be the inter-
acting motif of LSPs. Although other LSPs (e.g.,
gambierol’ and gambieric acid A®) show weak interac-
tion with VSSCs,® they are thought to bind to different
molecular targets upon exerting their toxicity. When a
polyether matches the binding part of a membrane pro-
tein, its binding affinity is greatly enhanced, probably
due to an arrangement of polyether oxygen atoms as
hydrogen bond acceptors,’ because the distance between

Keywords: Ladder-shaped polyether; Artificial ladder-shaped polyether;

Transmembrane protein; Glycophorin A; GXXXG motif.
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the neighboring skeletal oxygen atoms on the same side
of the LSPs is consistent with the helix pitch (ca. 5 A).!°

Recently, we developed an assay system for evaluating
the interaction between LSPs and membrane-integral
a-helices using glycophorin A (GpA), a heavily glycosyl-
ated TM protein occurring in erythrocyte membrane
which is known to form dimers and oligomers.!! The
activities of LSPs were evaluated on the basis of dissoci-
ation of the GpA oligomers and dimers (Fig. 2A), which
was detected by SDS-PAGE analysis. Brevetoxin B and
yessotoxin were found to induce dissociation of oligo-
meric GpA into the corresponding dimers or monomers.
The structure of the TM region of dimeric GpA in both
aqueous detergent micelles and lipid bilayers has been
determined by NMR, as illustrated in Figure 2B.'?
Weak hydrogen bonds between the C,—H of glycine
and a carbonyl oxygen (C,—H---0)'3 were suggested
to play an important role in stabilizing the dimeric struc-
ture (G79-176 and G83-V80), while the residual side
chains synergistically contribute to stabilization of the
complex by van der Waals contact. Recently, the
GXXXG sequence motif (the so-called glycine zipper)'*
has commonly been found to mediate TM helix oligo-
merization. We postulate that the GXXXG sequence
may be a candidate for an interacting motif with LSPs,
whose oxygen array possibly acts as a series of HB
acceptors. According to this hypothesis, a tetracyclic
LSP should possess enough length to interact with the
GXXXG motif to induce dissociation of the oligomeric
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Gymnocin-A Ve

Figure 1. Structures of brevetoxin B, ciguatoxin, yessotoxin, and gymnocin-A.

GpA (Fig. 2C). Therefore, we designed an artificial lad-
der-shaped polyether (ALP) 1,'%!>16 taking account of
the following points: (i) a trans-fused 6/6/7/6 tetracyclic
ether system mimics the partial framework of yessotox-
in, gambierol, and gymnocin-A; (ii) the number of ether
rings is consistent with that of hemibrevetoxin B, which
is the shortest natural LSP; (iii) one of the terminal sides
is functionalized with hydroxy groups to increase water
solubility, and the other side with benzyl ethers to retain
sufficient lipophilicity to access the hydrophobic TM re-
gion; (iv) compound 1 could be synthesized expeditious-
ly from fragments 2 and 3 in a convergent manner
(Scheme 1). Herein we report the synthesis of ALP 1,
and evaluation by SDS-PAGE of its interaction with
GpA based on the dissociation of GpA dimers and
oligomers.

Synthesis of 1 commenced with the preparation of frag-
ments 2 and 3 from known tetrahydropyran derivatives
5 and 7 (Scheme 2).'%!7 Oxidation of the primary alco-
hol § followed by treatment of the resulting aldehyde
with PhSSPh and n-Bu;P gave dithioacetal 6, and
removal of the TBS group of 6 afforded the secondary
alcohol 2. For carboxylic acid 3, reductive cleavage of
the p-methoxybenzylidene acetal 7 proceeded regioselec-

tively to give primary alcohol 8, which was converted to
corresponding iodide 9. Side-chain elongation of 9 was
achieved by means of alkylation with lithium enolate
prepared from ¢-butyl acetate, followed by saponifica-
tion of the resulting ester to afford 3.

We then moved on to coupling of the fragments and
synthesis of the 6/6/7/6 tetracyclic ether 1 as depicted
in Scheme 3. Condensation of alcohol 2 with carboxylic
acid 3 by treating with EDC-HCI in the presence of
DMAP and CSA'® afforded the ester 10. The p-me-
thoxybenzylidene acetal was converted to di(z-butyl)sil-
ylene to yield 11 at 86% for three steps. The next task
was intramolecular carbonyl olefination mediated by a
low-valent titanium complex (Takeda reaction),'?-?°
one of the critical points in the present synthesis. Dith-
ioacetal 11 was treated with Cp,Ti[P(OEt);], to yield
dihydropyran 12, which was immediately subjected to
a hydroboration-oxidation sequence to afford a separa-
ble mixture of the desired alcohol 13a (28%) and diaste-
reomer 13b (16%). Oxidation of the alcohols 13a and
13b furnished ketone 14a (93%) and 14b (65%), respec-
tively, and the undesired 14b was converted to 14a by
treating with DBU at 50 °C. Removal of the PMB group
of 14a using DDQ gave a hydroxy-ketone, which was
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Figure 2. Hypothetical model of LSP-GpA interaction. (A) Illustrative
pathway of dissociation of GpA oligomers to dimers or monomers. (B)
Schematic drawing of the partial structure of GpA dimer reported by
Smith et al. (C) Hypothetical model of complexation of a GpA
monomer with a LSP.

Scheme 1. Synthesis plan for the artificial ladder-shaped polyether 1.

treated with TMSSEt in the presence of TMSOTT to af-
ford hydroxy dithioacetal 15 (87%). In contrast to the
six-membered ring system,?! a mixed thioacetal was
not obtained under these reaction conditions. The for-
mation of the seven-membered ring was then examined
by means of Nicolaou’s method.?? Dithioacetal 15 was
treated with AgClOy in the presence of silica gel in nitro-
methane at room temperature to afford mixed thioacetal
16a and epimer16b in a 1:1.5 ratio (42%); these were sep-
arable by silica gel chromatography. The final methyla-
tion leading to tetracyclic ether 1 was performed using
16a. Oxidation of mixed thioacetal 16a with mCPBA to-
ward sulfone, followed by treatment with MesAl, affor-
ded trans/syn-fused 17 as a single isomer (52%). Finally,

- 0 S 0"
07y A 0~ Y ¥~ “OBn
MP ko OH MP“‘kO OBn
H H 2 steps H H
4 7

H H HoH
o 0 OH X7 OBn
MP ko OTBS PMBO jy OBn
5 8: X =OH
e E 9:X=|

6:R=TBS 3
¢ ’__> 22R=H

Scheme 2. Reagents and conditions: (a) Dess-Martin periodinane,
CH,Cl,, rt, quant.; (b) PhSSPh, n-BusP, neat, rt; (c) TBAF, THF, rt,
74% (two steps); (d) DIBAL, CH,Cl,, —78 to —10 °C, 80%; (e) L,,
PPh;, imidazole, THF, rt, 90%; (f) --BuOAc, LDA, THF, HMPA, —73
to —15°C, 78%; (g) KOH, MeOH, THF, H,0, reflux, 97%.

removal of the silyl group of 17 with TBAF furnished
the tetracyclic ether 1?3 (69%), whose stereochemistry
was unambiguously determined by NOE experiments.

We then turned our attention to evaluation of the inter-
action of 1 with GpA based on dissociating activity by
SDS-PAGE (Fig. 3).!' As shown in lane 1, intact
GpA exists as oligomers in various aggregated states,
with a significant amount of dimers. When GpA was
treated with desulfated yessotoxin (dsYTX, lanes 2-4)
the oligomers dissociated dose-dependently to form di-
mers, and a considerable amount of monomers were
also formed (lanes 3 and 4). Meanwhile, treatment of
GpA with 1 induced the dissociation of oligomers, as
expected (lanes 6 and 7), and the dissociation activity
of 1 was comparable to that of dsYTX. It is noteworthy
that no significant interaction was observed for monocy-
clic ether 18%* (Fig. 4) possessing the same functional
groups as 1 (lanes 8 and 9). As already reported, other
artificial polyether compounds, such as polyethylene
glycol (lanes 10 and 11) and 18-crown-6, did not show
the dissociation activity.'! These results strongly suggest
that the ladder-shaped skeleton, in which the inter-
atomic distances of the neighboring two oxygen atoms
on the same side are fixed at a similar distance to the he-
lix pitch, plays an important role in the interaction with
TM proteins. These results may be a clue to understand-
ing the mode-of-action of natural LSP toxins.

In conclusion, an artificial ladder-shaped polyether (1)
was designed with the aim of evaluating its interaction
with transmembrane protein glycophorin A, and
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Scheme 3. Reagents and conditions: (a) EDC-HCI, DMAP, CSA,
CH,Cl,, reflux; (b) TsOH, H,O, MeOH, rt; (¢) -Bu,Si(OTf),, 2,6-
lutidine, DMF, 0 °C, 86% (three steps); (d) Cp,Ti[P(OEt);],, MS4A,
THF, rt; (¢) BH3- THF, 0 °C to rt, then NaBOs, H,O, THF, reflux (13a,
28%; 13b, 16% for two steps); (f) Dess-Martin periodinane, CH,Cl,, rt,
93% (for 13a-14a); TPAP, NMO, MS4A, CH,Cl,, rt, 65% (for 13b—14b);
(g) DBU, toluene, 50 °C, 47%; (h) DDQ, H,O, CH,Cl,, 0 °C to rt, 63%;
(i) TMSSEt, TMSOTf, CH,Cl,, —78 to —40 °C, 87%; (j) AgClOy,
NaHCO;, SiO,, MS4A, CH3NO,, rt, 90 min, 42% (16a:16b = 1:1.5,
separable); (k) mCPBA, NaHCO;, CH,Cl,, rt; (1) Me;Al, CH,Cl,, —50
to —20 °C, 52% (two steps); (m) TBAF, THF, rt, 69%.

synthesized in a convergent manner via intramolecular
carbonyl olefination and hydroxydithioacetal cycliza-
tion. Based on SDS-PAGE analysis, we demonstrated

+ Tetracyclic + Monocyclic
GpA  +dsYTX ALP (1) ether (18) +PEG

24 24 72 24 24 72 24 72 24 72 [nmol

Oligomer
120 K ==
2 d . . Dimer
L]

50 k— .
T F O B ‘ Monomer

1 2 3 4 5 6 7 8 g 10 M

Figure 3. SDS-PAGE of GpA in the presence of natural and artificial
polyethers. GpA (2.6 pmol, 98 ng) alone (lane 1); in the presence of
2.4 nmol (lane 2), 24 nmol (lane 3), and 72 nmol (lane 4) of desulfated
yessotoxin (dsYTX); in the presence of 2.4 nmol (lane 5), 24 nmol (lane
6), and 72 nmol (lane 7) of ALP 1; in the presence of 24 nmol (lane 8)
and 72 nmol (lane 9) of ALP 18; in the presence of 24 nmol (lane 10)
and 72 nmol (lane 11) of PEG. GpA was visualized by silver staining.

HO/IOI\OBH
H B
O H H OBn

18

Figure 4. Structure of monocyclic ether 18.

that even the tetracyclic ALP possesses the ability to in-
duce dissociation of glycophorin A oligomers to form
dimers and monomers. In order to elicit the precise
mechanism of molecular recognition, synthesis of more
ingeniously designed ALPs is in progress in our
laboratory.
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Abstract—A 3D-QSAR/CoMFA was performed for a series of 42 piperidine-based dopamine transporter (DAT) blockers. The
overall process consisted of three major steps: (1) a pharmacophore model was built using the Genetic Algorithm Similarity Pro-
gram (GASP); (2) the Flexible Superposition (FlexS) technique was applied to generate multiple conformations for each of the
ligands based on the pharmacophore; (3) the Genetic Algorithm was employed to optimize the selection of the ligand conformations
for the COMFA modeling. The CoMFA models were found to be more detailed in the putative binding site by exploring multiple
conformations of each ligand. The comparison of the contour maps shows that, in general, these models are comparable and the
differences between them result from the ability of the flexible 3a-substituents of the ligands to adopt multiple conformations
satisfying the same pharmacophore model. These findings provide guidance for the design and improvement of compounds with
DAT activity, which is important for the development of a treatment of cocaine addiction and certain neurological disorders.

© 2006 Elsevier Ltd. All rights reserved.

Since the development of the Comparative Molecular
Field Analysis (CoMFA)! as one of the earliest 3D-
QSAR techniques, it remains the most popular QSAR
method mainly because the graphic results of CoOMFA
models can provide a direct way to visualize the struc-
ture—activity relationship. Meaningful conformations
and suitable alignments of lead compounds for building
interpretable and predictive models are essential for
3D-QSAR/CoMFA and ligand-based drug design in
general. In the absence of the structural data of a
ligand—protein complex, the conformational search
and the alignment of ligands can be performed using
the methods based on the atom RMS fitting, pharmaco-
phore or feature alignments.”* Compared to the scaf-
fold superposition utilizing the atom RMS fitting, the
feature alignment approaches (e.g., GASP, DISCO,
FlexS, HipHop, and GALAHAD) are more advanta-
geous in aligning flexible and diverse compounds.>”
The problem of finding the conformations of ligands
and their alignments becomes dramatically more complex
with the increase of diversity and flexibility of the
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chemical structures of ligands. An additional challenge
should be conquered before a successful 3D-QSAR model
can be constructed—the selection of one out of multiple
conformations of flexible molecules that match a desired
molecular template or a pharmacophore model.

We have reported a pharmacophore-based CoMFA
modeling study of the piperidine-based blockers of the
dopamine transporter (DAT).? Substantial evidence
has suggested that DAT is the key site of action for co-
caine in the central nervous system even though the
mechanisms that mediate the addictive character of co-
caine are more complex.'®!> DAT and the other mono-
amine transporters have been studied extensively as the
targets for the development of therapies for addiction
and neurological diseases,'#!®"!8 thus justifying further
interest in the monoamine transporter blockers.

Despite the success of our previous CoOMFA modeling,
it became clear that on one hand the model can benefit
from exploring multiple conformations of the ligands;
but on the other hand the construction of the models
is significantly impeded due to a large number of combi-
nations of different ligand conformations possible for
analysis. In an effort to overcome this limitation, we per-
formed a CoMFA modeling of the dopamine transport-
er blockers utilizing the genetic algorithm (GA) in the
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Figure 1. Three series of the piperidine-based cocaine analogues used in the CoMFA studies. The ligands were assigned into the series C1, C2 or C3
according to the number of carbon atoms between the attachment point of the 3a-substituent and its first polar atom.

selection of the ligand conformations. GA is an optimi-
zation approach that is based on the biological evolu-
tion and natural selection principles.'®?® In the last
decade, GA has been widely used in the modeling and
optimization of QSAR for variable selection.?' 2> Here-
in we present the details of the improved CoMFA by
exploring multiple conformations of the ligands.

All molecular modeling studies were performed on a
Redhat Linux WS 3.0 computer using the SYBYL 7.0
software package.?® All compounds were tested for their
ability to inhibit high affinity uptake of [*H]DA using
rat nerve endings (synaptosomes) obtained from brain
regions enriched in DAT. The dataset is identical to that
published in our previous report.® A total of 42 piperi-
dine-based molecules were divided into three series Cl,
C2, and C3 according to the number of carbon atoms
between the attachment point of the 3a-substituent
and the first polar atom in the 3a-substituent (Fig. 1
and Table 1). The MOPAC?’ charges for all the mole-
cules were calculated using the AM1 method.?®

Three molecules 1p, 2i, and 3c were selected to represent
the three series C1, C2, and C3, respectively, in the
search of the pharmacophore. The pharmacophore
searching step was accomplished using the Genetic
Algorithm Similarity Program (GASP).> The three li-
gands (one from each series) were chosen based on the

following three criteria. First, a representative molecule
should be DAT-active; second, it should have meaning-
ful functional groups, which could be used in the phar-
macophore search; and third, the 3a-substituents of
these molecules should be relatively rigid with only a
few rotatable bonds, thus limiting the number of distinct
pharmacophore models obtained for further evaluation
by CoMFA modeling. Once the pharmacophore was
generated, the three-dimensional structure of 2i, the
largest one among the three molecules selected in the
search of the pharmacophore, was used as a template
in the structure alignment for all the ligands. This step
was performed using an incremental construction algo-
rithm and a scoring function based on intermolecular
interactions and overlapping density functions imple-
mented in the Flexible Superposition (FlexS) technique.®
The number of alignments per ligand was 30. To avoid
energetically unfavorable conformations of the com-
pounds, the five lowest energy conformations of each li-
gand generated by FlexS were kept in its conformational
library for further studies.

The steric and electrostatic field energies were calculated
using an sp> carbon atom with a +1 charge as a probe.
Principal Component Analysis (PCA)*® and Partial
Least Squares (PLS) regression3%3! were performed to
correlate the biological data and molecular fields. The
maximum number of principal components was set to
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Table 1. Observed and predicted DAT activities of the ligands

Compound DAT, pK; Model 1 Model 2 Model 3
la 3.76 3.70 3.68 3.64
1b 6.63 6.66 6.64 6.72
1c 6.28 6.32 6.29 6.17
1d 6.50 6.49 6.61 6.56
le* 6.04 5.36 5.48 5.54
1f 5.94 5.88 6.00 5.96
1g 5.85 5.90 5.84 5.79
1h 7.28 7.26 7.30 7.32
1i 5.00 5.09 5.16 5.29
1j 5.67 5.56 5.51 5.56
1k 6.04 5.99 6.03 5.98
1 6.73 6.79 6.76 6.77
1m 6.41 6.43 6.44 6.32
In* 6.30 5.53 5.71 5.83
1o 6.30 6.37 6.37 6.40
1p 7.22 7.19 7.23 7.27
1q 6.10 6.10 6.09 6.04
1r* 6.53 6.61 6.59 6.84
1s 6.59 6.60 6.53 6.55
1t 6.22 6.22 6.23 6.29
1u 6.57 6.58 6.55 6.56
1v 6.56 6.58 6.50 6.56
1w 6.74 6.70 6.74 6.76
1x* 7.04 7.04 7.22 7.41
1y 7.25 7.27 7.28 7.30
2a 5.52 5.60 5.57 5.51
2b 7.10 7.13 7.08 7.07
2c 7.44 7.50 7.40 7.44
2d 6.03 6.04 6.08 6.12
2e 6.15 6.15 6.19 6.18
2f 6.57 6.57 6.51 6.54
2g 7.80 7.80 7.75 7.69
2h* 6.78 6.44 6.94 6.73
2i 7.36 7.34 7.41 7.38
3a 5.89 5.88 5.89 5.96
3b* 7.16 7.33 7.31 7.36
3c 7.28 7.25 7.31 7.26
3d 6.70 6.69 6.62 6.65
3e 6.35 6.34 6.37 6.37
3f 7.70 7.55 7.54 7.55
3g 7.58 7.57 7.62 7.63
3h 7.37 7.41 7.39 7.32

The test compounds are labeled with a “*’ symbol.

6. Leave-one-out cross-validation was initially utilized
to evaluate the predictive capability of the models.
PLS procedures without cross-validation were per-
formed to create the CoMFA models. The selection of
the ligand conformations by GA was integrated with
CoMFA. The code was written in the Sybyl Program-
ming Language (SPL). The quality of the final models
was further verified using leave-N-out (10%) cross-vali-
dation. A set of external test compounds (le, In, 1r,
1x, 2h, and 3b) with distinct chemical structures repre-
senting the three series of compounds was used to eval-
uate the CoMFA models in our previous report.’ For
comparison, the same test set was also used in the pres-
ent study.

The overall strategy of the pharmacophore-driven align-
ment, generation and selection of the ligand conforma-
tions, CoMFA modeling and validation of the final

models are shown in Figure 2. One of the two GASP
pharmacophores corresponding to the best CoMFA
models reported previously was utilized in the present
study (Fig. 3).3 Theoretically any one of the five confor-
mations for each of the 36 training compounds can be
selected for the CoMFA modeling. Although the con-
formations of each ligand were generated by FlexS
based on the same pharmacophore and thus very simi-
lar, the overall alignments of various conformations
for all the ligands may result in significantly different
3D-QSAR/CoMFA models. To explore multiple con-
formations of the ligands, a genetic algorithm analysis
was applied in the selection of the ligand conformations
for the CoMFA modeling. The genetic algorithm con-
sisted of the following steps:

Initialization: Generate an initial population P; of
CoMFA models using one randomly selected conforma-
tion from the conformation library of each ligand. The
population size was 50.

Repeat:

(1) Crossover. Exchange the conformations of corre-
sponding ligands for any two models in the popu-
lation P;. The crossover ratio was set to 50:50.

(2) Mutation. For randomly selected ligands, replace
the conformations obtained in step 1 with ran-
domly selected conformations in the library. Store
the results as a temporary population Pynp,. The
mutation rate was set to 0.08.

(3) Selection. Generate new CoMFA models for Pypp,.
Compare their ¢* values (or other fitness func-
tions) with those generated for population P; and
keep the best models in population Pj.;.

Until: The 500 generations limit is reached or the 50 best
models remain unchanged for 10 consecutive
generations.

To evaluate the performance of the GA analysis, a total
of 20 GA runs were performed. The best CoOMFA model
in each GA run was constructed for comparison. Out of
the 20 models the top three models were selected for fur-
ther analysis (Table 2). The standard errors of estimate
for the training compounds by the three models are be-
tween 0.053 and 0.088. The standard errors of prediction
by the leave-one-out cross-validation for the three mod-
els are in the range from 0.255 to 0.265. The values of
the leave-one-out ¢* are 0.918, 0.916 and 0.908 for the
three models, respectively. Knowing the risk of utilizing
the leave-one-out ¢> as a criterion for selecting the best
model,*? the training compounds were further divided
into 10 groups and one group of ligands was omitted
and predicted each time. The leave-10%-out squared
correlation coefficients are between 0.823 and 0.92 for
the top three CoOMFA models. The contributions from
steric and electrostatic fields are similar in all models
and range from 0.633 to 0.674 for the steric fields and
from 0.326 to 0.367 for the electrostatic fields. Overall,
these results indicate that models 1-3 are statistically
comparable and consistent to our previously published
results.’
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Figure 3. The pharmacophore generated by GASP using 1p, 2i, 3c:
AA_1, H-bond acceptor atom in the ligands; AS_1, H-bond acceptor
site in the DAT; DS_1, H-bond donor site in the DAT.

Table 2. Summary of statistics and field contributions for the top three
CoMFA models

Model I  Model 2 Model 3

No. of training compounds 36 36 36
Optimal no. of components 6 6 5
q2 (Leave-One-Out) 0.918 0.916 0.908
Standard error of prediction 0.255 0.257 0.265
Cross-validation (10%) 0.920 0.879 0.823
I 0.996 0.994 0.990
Standard error of estimate 0.053 0.069 0.088
F values 1350.0 803.4 581.2
Probability of 12 =0 0 0 0
Field contributions

Steric 0.638 0.674 0.633

Electrostatic 0.362 0.326 0.367
No. of test compounds 6 6 6
7% of test set 0.726 0.767 0.753
Standard error of test set 0.265 0.199 0.256
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Figure 4. Observed and CoMFA predicted DAT activities (pK;) of the
test compounds.

In a further test the CoMFA models were validated
by an external test set of six compounds. Models 1-
3 generally performed well in the prediction of the
activities of the test ligands, although they were rela-
tively less successful in predicting the activities of
ligands le and In (Fig. 4). The comparison of the
structures of le and In shows that in both ligands
the 3a-substituent is rigid and contains either the
phenyl or phenylisoxazole group. Ligands with these
structural features are underrepresented in the training
set since they were found to be poorly active®? and the
synthetic efforts were quickly stirred toward more ac-
tive compounds.?* The 1 values of the test set for the
top three models range from 0.726 to 0.767, which are
greater than the acceptable level for the predictive
power of QSAR models.3? The standard errors of pre-
diction for the test compounds are between 0.199 and
0.265, which are consistent with the standard errors of
prediction for the leave-one-out cross-validation
results.

The contour maps for the top three CoMFA models
are illustrated using compound 2i as a reference
(Fig. 5). There is a large steric favorable area (green)
behind the piperidine ring and below the 3a-substitu-
ent where bulky groups increase the binding affinity.
The steric favorable area close to the piperidine ring
is consistent with the higher overall DAT blocking
activity of the tropane-based compounds as the addi-
tional two-carbon bridge in the tropane-based com-
pounds would be positioned close to this steric
favorable area. In addition, several steric unfavorable
(yellow) areas exist near the 3o-substituent in all three
models. The steric unfavorable areca on the right side
of the 3a-substituent is consistent with the prohibited
region proposed earlier.’®> Whereas the majority of the
steric features are located near the 3o-substituent,
there are also several sterically unfavorable regions
and one favorable region (model 1) near the 4-chloro-
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2A

2B

Figure 5. Contour maps of the top three COMFA models. 1A, 2A and 3A are the steric fields for models 1, 2 and 3, respectively. 1B, 2B and 3B are
the electrostatic fields for models 1, 2 and 3, respectively. In the steric contour maps, greater affinity is correlated with more bulky groups near green
and less bulky groups near yellow; in the electrostatic contour maps, greater affinity is correlated with more positive charge near blue and more

negative charge near red.

Figure 6. (A) Comparison of the conformations of 1g in models 1 (left)
and 2 (right). (B) The same conformation of 3e in models 1 and 2. The
solvent accessible surfaces of the ligands are colored by electrostatic
potential. Note that the opposite conformation of 3e does not pass the
pharmacophore requirements. The DS_1 site corresponds to the
position of the H-bond donor site DS_1 in the pharmacophore.

phenyl ring, suggesting that the 4-chlorophenyl ring
may be limited in its ability to rotate freely and, in
fact, actively participate in the binding. This observa-
tion is consistent with the CoMFA models previously
reported for the tropane-based ligands.?>—37

Obvious dissimilarity between model 1 and models 2
and 3 comes from the electrostatic fields. In model 1,
several unconnected positive charge favorable areas
(blue) are below the 3a-substituent, whereas a large
area (red) favorable to negative charge exists on the
right side of the 3a-substituent. In models 2 and 3,
the large negative charge favorable area is positioned
on the top and both sides of the 3a-substituent. Models
2 and 3 have an extra negative charge favorable area
(red) on the left side of the piperidine ring compared
to model 1.

Taking into account the differences between the models
one may ask a question: ‘Why the CoMFA fields in the
models based on the same pharmacophore are different?’
We believe that the answer to this question lies in the
phenomenon of the multiple interaction points possible
for the majority of the polar functional groups and the
fundamental differences between the steric and electro-
static fields. Unlike the electrostatic interactions, the ste-
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ric bulk is virtually non-directional. For instance, the
shape of the solvent accessible area of the 3a-substituent
in ligand 3e is close to a cylinder with a C,, axis of sym-
metry (Fig. 6B). From the viewpoint of the steric bulk
all sides of the substituent are similar. The electrostatic
potential of the amide group in ligand 3e, on the other
hand, has a positive/negative alternating electrostatic
field pattern that has no symmetry at all. Clearly, the
two orientations of the amide group C=0O—up, NH—
down, and C=0O—down, NH—up would have similar
solvent accessible area profiles but different electrostatic
potential profiles. On the other hand, despite the differ-
ence in the orientation of the ester group in ligand 1g the
two conformations are sterically and electronically sim-
ilar from the viewpoint of the pharmacophore model
used to generate the conformations (Fig. 6A). In fact,
the ligand polar groups may have multiple favorable
ways in which they can interact with receptors.3® The
ability of the 3a-substituent to adopt conformations that
are similar in shape but different electronically becomes
more evident taking into account that the majority of
the ligands have relatively flexible 3o-substituents.
Therefore, even for the same ligand the conformation li-
brary may contain entities that would have similar steric
but overall different electrostatic CoMFA fields. Multi-
ple methods to validate the statistical quality and stabil-
ity of CoMFA models are available.’>*° The
applicability of these validation methods is limited to
the large datasets with densely populated chemical space
that are typically not available on the early stages of the
medicinal chemistry efforts. Whereas we cannot justify
which of the models should receive the preference, the
presence of two or more statistically acceptable models
may indicate that the additional modifications of the li-
gands should be planned to rigidify the substituents in
those conformations that were suggested by the different
models.

In summary, an improved CoMFA of the dopamine
transporter blockers was performed by exploring the
multiple conformations of each ligand using the genetic
algorithm. Three CoOMFA models with the comparable
statistical results were identified based on the same phar-
macophore. The comparison of their contour maps sug-
gests that both the similarity in the steric fields and the
differences in the electrostatic fields among these models
are due to the fact that the flexible 3a-substituents abid-
ing the pharmacophore requirements can adopt the con-
formations similar in shape but different electronically.
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