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Abstract—A series of pyridone-N-benzyl-propanoic acids have been optimised to afford potent orally bioavailable VLA-4
antagonists.
� 2006 Elsevier Ltd. All rights reserved.

VLA-4 (Very Late Antigen-4, a4b1, or CD49d/CD29) is
a member of the superfamily of transmembrane glyco-
protein integrins made up of a- and b-heterodimers ex-
pressed on all leukocytes except neutrophils and
platelets.1–3 VLA-4 binds to an alternatively spliced seg-
ment of fibronectin (CS-1) on extracellular matrix and
to vascular cell adhesion molecule-1 (VCAM-1) on
endothelium. VCAM-1 is expressed on vascular endo-
thelial cells in response to proinflammatory cytokines
and the VCAM-1/VLA-4 binding interaction has been
shown to be critical for lymphocyte migration to extra-
vascular tissues.4 Antibodies against VLA-4 have been
shown to block leukocyte infiltration and prevent tissue
damage in inflammatory disease models of asthma,5


rheumatoid arthritis,6 multiple sclerosis (MS),7 and
inflammatory bowel disease.8 Recently, humanised
monoclonal anti-a4 antibody (Tysabri) has demonstrat-
ed efficacy for MS and Crohn’s disease in phase III clin-
ical trials.9 Orally active small molecule inhibitors of
VLA-4 might therefore serve as useful agents in the
treatment of these diseases (Scheme 1).


Recently, we disclosed a novel series of pyridone con-
taining VLA-4 antagonists.10 Herein we report the sub-
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sequent SAR optimisation and in vivo properties of
these compounds. Previously it had been reported that
the presence of an ortho methyl group in the terminal
aromatic ring of the urea gave optimal inhibitory poten-
cy.11 Indeed, we had found incorporation of this substi-
tuent did afford a very potent inhibitor (2),10 although
the corresponding unsubstituted analogue (1) also dis-
played excellent potency. Interestingly, although initial-
ly it appears that increasing the size of the substituent
leads to a decrease in potency (cf 2 with 3 and 5), incor-
poration of the ortho acetamido group (6) is well toler-
ated and may suggest that this group is able to
participate in a hydrogen bonding interaction with the
protein. Incorporation of a second methyl group at
any of the other positions in the terminal ring other than
the 6-position (10) is clearly disfavoured (7, 8, and 9),
suggesting a tight binding pocket (Tables 1–4).


A feature of many urea containing VLA-4 antagonists is
the presence of a methyl group beta to the carboxylate
moiety.12 Intrigued by this observation we decided to
explore the SAR around this part of the molecule.
Incorporation of the methyl group into the side chain
of our inhibitors did afford a modest increase in potency
in the R-enantiomer (cf 11 and 13). Unfortunately,
incorporation of the potency enhancing B-ring substitu-
ent10 and a b-methyl moiety did not afford an additive
increase in potency in the more potent R-enantiomer
(cf 13 and 15) but did afford a modest increase in the
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Scheme 1. Reagents and conditions: (a) i—(COCl)2, 0 �C; ii—(2S)-2-amino-2-phenylethanol, Et3N, DCM, 0–25 �C (94%); (b) LiBH4, MeOH, THF


(90%); (c) i—3 N H2SO4, dioxane, reflux (94%); ii—concd H2SO4, MeOH, reflux (69%); (d) MsCl, Et3N, DCM (100%); (e) 34, Cs2CO3, DMF, 25 �C


(87%); (f) 0.5 N aq LiOH, THF, 25 �C (89%).


Table 1. A-ring SAR


N
H
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O


CO2H


MeOR


A B


C D


Compound R pKi a4b114


1 H 8.8


2 2-Me 9.3


3 2-iPr 6.5


4 2-OMe 8.2


5 2-Br 8.3


6 2-NHAc 8.2


7 2,3 DiMe 7.6


8 2,4 DiMe 7.6


9 2,5 DiMe 8.1


10 2,6 DiMe 8.7


Table 2. The b-methyl SAR


N
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N
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N
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R
1


R
2


CO2H


Compound R1 R2 pKi a4b1


2 MeO H 9.3


11 H H 8.6


12 H (S)-Me 8.6


13 H (R)-Me 9.0


14 MeO (S)-Me 9.0


15 MeO (R)-Me 9.1
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S-enantiomer (cf 12 and 14) although this modification
did not display a potency enhancement relative to the
baseline compound 2.


Since we had observed a modest increase in potency by
incorporation of an ortho methoxy group into the
B-ring of the unbranched propionic acid series we decid-
ed to revaluate the SAR in the substituted series. Unfor-
tunately, incorporation of a variety of ortho substituents
in either enantiomeric form failed to improve the poten-
cy over the baseline compounds 12 and 13. Interestingly,
however, the enantiomers displayed divergent SAR at

the meta position with several groups being well tolerat-
ed in the R series but poorly tolerated in the S series (cf
21 with 28 and 22 with 29).


Having identified several potent inhibitors we sought to
determine whether they were orally bioavailable in the
rat. Initial evaluation of 2 and 11 suggested that like
many other urea containing VLA-4 antagonists, oral
absorption was likely to be an issue.13 Gratifyingly,
incorporation of the b-methyl substituent afforded a
modest improvement in oral absorption (cf 13 with 11)
and further profiling of this compound revealed the
compound to have low clearance and modest but vari-
able bioavailability. The profile was further improved
by incorporation of the B-ring methoxy group (13 with







Table 3. B-ring SAR in the b-methyl series


N
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O
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CO2HR


Compound R R/S pKi a4b1


16 2-Cl R 9.0


17 2-OCF3 R 8.4


18 2-OEt R 8.7


19 2-Et R 8.2


20 2-Me R 9.0


21 3-Cl R 9.1


22 3-Me R 8.6


23 2-Cl S 8.7


24 2-OCF3 S 7.7


25 2-OEt S 8.3


26 2-Et S 7.3


27 2-Me S 8.6


28 3-Cl S 7.6


29 3-Me S 7.7
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15) possibly due to the formation of an intra-molecular
hydrogen bond with the acidic urea functionality. Com-
pound 15 displayed the most encouraging PK profile
(%Fpo = 49, 84, 166, 185) and although the group size
was small (n = 4) the exposure and clearance appeared
highly variable suggesting events such as recycling and
transporter mediated absorption and/or elimination
may be contributing to the high, but variable,
bioavailability.


The single enantiomers of the pyridone analogue 15
were obtained15 by treatment of the known acid16 30
with oxalyl chloride followed by coupling with commer-
cially available (2S)-2-amino-2-phenylethanol to afford
the diastereomers 31a and 31b which were readily sepa-
rable using conventional column chromatography.
Reduction of 31b with lithium borohydride afforded
the corresponding alcohol 32 which was hydrolysed to
the corresponding acid then converted to the methyl es-
ter 33. Treatment of 33 with methane sulfonyl chloride
afforded the corresponding mesylate which was then
reacted with the known pyridone10 34 to afford the inter-
mediate ester which was then hydrolysed with lithium
hydroxide to afford the desired analogue 15 in good
overall yield.


In summary, having previously successfully employed a
pyridone nucleus as a bioisostere for an amide moiety,

Table 4. Rat pharmacokinetic profiles of selected VLA-4 antagonists


Compound DNAUCa (min kg/L) Fb,c (%)


2 6 ± 0.5 n.d.


11 3 ± 3 n.d.


13 14 ± 4 22 ± 15


15 154 ± 82 121 ± 72


a Dose normalised area under the curve (0–8 h).
b Male Sprague–Dawley rats (n = 3–4, ±SD).
c Dose: iv infusion at 1 mg/kg; po at 3 mg/kg (n = 3–4, ±SD).

we have systematically identified the key pharmaco-
phoric features responsible for high inhibitory potency.
In common with the literature the SAR around the
A-ring suggests an ortho methyl group is optimal as is
the presence of an ortho methoxy moiety in the B-ring.
Unfortunately incorporation of both these potency
enhancing substituents into the more potent b-methyl
propionic acid series does not lead to an additive in-
crease in potency. In vivo profiling of two of the more
potent inhibitors suggests oral bioavailability is achiev-
able with this series.
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Abstract—In this study, we assessed in vitro minimum inhibitory concentration (MIC) values of some natural geranyloxycoumarins,
geranyloxy- and isopentenyloxy acids against growth of Helicobacter pylori. Boropinic acid, active principle isolated from Boronia
pinnata (Fam. Rutaceae), was seen to be the most effective compound with a MIC value of 1.62 lg/mL.
� 2006 Elsevier Ltd. All rights reserved.

Helicobacter pylori is a highly motile, gram-negative
microaerophilic bacterium thought to be an infective
agent of more than 50% of the world population and
can be considered the most common chronic infection
for humans.1 Moreover, H. pylori is now well known
to be the main causal factor in the etiogenesis of chronic
active or type B gastritis, peptic and duodenal ulcer, gas-
tric carcinoma, and mucosa-associated lymphoid tu-
mors.2 Pharmacological treatment of H. pylori
infections includes administration of a proton pump
inhibitor and a combination of two or more antibiotics,
among which the most active ones are amoxicillin, clar-
ithromycin, metronidazole, and tetracyclines.3 However,
bacterial resistance to these antibiotics is a growing
problem: for example, metronidazole is no longer effec-
tive in 10–50% of H. pylori-positive subjects and also
amoxicillin and clarithromycin resistance have increased
in the last few years.4 For these reasons, the search for
alternative therapeutic remedies for H. pylori infections
is a field of current interest.


Secondary metabolites of phenylpropanoid biosynthetic
origin containing a sesquiterpenyl, monoterpenyl, and
isopentenyl chains attached to a phenol group represent
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quite a rare group of natural products. Among these,
coumarins, cinnamic, and benzoic acids have been
recently shown to exert valuable biological properties.5,6


In continuation of our research studies aimed to evalu-
ate pharmacological properties of this novel class of nat-
ural compounds, we wish to report here the activity of
some prenyloxy-phenylpropanoids, namely, 3-(4 0-gera-
nyloxyphenyl)-2-trans propenoic acid 1, 3-(4 0-geranyl-
oxy-3 0-methoxyphenyl)-2-trans propenoic acid 2, both
isolated from Acronychia baueri Schott (Fam. Ruta-
ceae),7 boropinic acid 3, isolated from Boronia pinnata
Sm. (Fam. Rutaceae),8 valencic acid 4, isolated from
Citrus sinensis L. and Aegle marmelos (Fam. Rutaceae),9


4-isopentenyloxy-3-methoxy benzoic acid 5, 4-geranyl-
oxy-3-methoxy benzoic acid 6, both isolated as methyl
esters from the liverwort Trichocolea lanata (Ehrh.)
Dumm. (Fam. Trichocolaceae),10 and finally auraptene,
7, the most common geranyloxycoumarin extracted
from plants belonging to genus Citrus,6 as inhibitors
of growth of H. pylori in vitro.


The synthesis of compounds 1, 3, 4, 5, and 6 was accom-
plished following an environment friendly route similar
to that we already reported for the synthesis of com-
pound 2.5 Compound 1 was obtained in 97% overall
yield starting from commercially available p-coumaric
acid that was first converted into its methyl ester by
reaction in refluxing MeOH catalyzed by concd.
H2SO4, then alkylated with geranyl bromide and hydro-
lyzed in a basic medium (Scheme 1).
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Table 1. MIC values for inhibition of growth against Helicobacter


pylori by prenyloxy cinnamic acids 1–6 and auraptene 7


Compound MICa (lg/mL)


1 >200


2 >200


3 1.62


4 100


5 50


6 >200


7 50


Metronidazole >200


Amoxicillin 0.781


Tetracycline 4.00


Clarithromycin 1.25


a Values are means of three experiments.
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Compounds 3, 5, and 6 were obtained using the same
reaction conditions as above in 96%, 98%, and 99% yield
from ferulic acid and vanillic acid, respectively, while
compound 4 was synthesized in 99% yield by one-pot
alkylation-basic hydrolysis from commercially available
methyl p-hydroxybenzoate and employing in all cases 4-
bromo-2-methyl-2-butene or geranyl bromide as alkylat-
ing agents.11 Auraptene 7 was synthesized in 95% yield
as already described.12


Compounds 1–7 were assayed using metronidazole,
amoxicillin, tetracycline, and clarithromycin as reference
drugs. The minimum inhibitory concentration (MIC)
tests were performed by the agar dilution method12


according to guidelines provided by NCCLS.13 MIC
was defined as the lowest concentration capable of
inhibiting bacterial colony formation. Results of the test
on inhibition of growth against H. pylori by auraptene
7 and prenyloxy cinnamic acids 1–6 are reported in
Table 1.


As shown in Table 1 only one among the secondary
metabolites tested, namely boropinic acid (3), showed
an appreciable activity against H. pylori. In fact the
inhibitory activity of compound (3) was comparable or
better than that of reference drugs with a MIC value
of 1.62 lg/mL, being by far more active in respect to
all other secondary metabolites, that were only slightly
active (compounds 4, 5, and 7) or totally inactive (com-
pounds 1, 2, and 6). Moreover, the weak activity ob-
served for compounds 4, 5, and 7, because of their
lipophilic nature, is likely due to non-specific binding
or aggregation effects. Data obtained by treating our
H. pylori strain with metronidazole as reference drug

COOH


HO


CO2CH3


HO


COOH


O


a


b,c


1


Scheme 1. Reagents and conditions: (a) MeOH, concd H2SO4 (cat.),


reflux, 12 h; (b) geranyl bromide (1.2 equiv), K2CO3 (1.2 equiv),


acetone, reflux, 2 h; (c) NaOH 2N, 70 �C, 1 h.

are not significant for a comparison to those obtained
from other secondary metabolites tested as this strain
is clearly resistant to this antibiotic. However, these data
confirm that resistance of H. pylori strains of different
origin to metronidazole has become nowadays quite a
common phenomenon and that boropinic acid could
be claimed as a valuable alternative to bypass this
disadvantage.


From data reported in Table 1 it is also evident that the
presence of a geranyloxy side chain led to a substantial
decrease of activity: in fact, with the only exception of
auraptene (7), geranyloxy acids are virtually ineffective
against growth of H. pylori; on the other hand, the
MIC value recorded for auraptene (7) seems to indicate
that the presence of a coumarin ring could represent
another structural requirement for compounds to be ac-
tive. In fact it has been recently found that differently
substituted coumarins can act as antimicrobial com-
pounds, showing inhibitory activity also against H. pylo-
ri.14 The great difference of activity (from 30 to more
than 120 times) between boropinic acid (3) and all other
secondary metabolites tested seems to indicate that (3)
could have a specific site of action inside H. pylori cells.
Comparing structures of boropinic acid (3) to other
compounds tested it seems that three structural require-
ments may be necessary for the observed activity: an iso-
pentenyloxy side chain, an a,b-unsaturated carboxylic
acid, and an (E) geometry for the conjugated double
bond. In fact it can be seen that increasing the length
of the O-side chain to a geranyl one (compounds 1, 2,
and 6) led to a complete lack of activity, while eliminat-
ing the conjugated double bond (compounds 4, 5, and
6), changing the geometry of the double bond from
(E) to (Z), and introducing a lactone moiety instead of
a carboxylic acid one (compound 7) led to a significative
decrease of activity. These preliminary SAR consider-
ations could be the basis to consequently modify the
structure of boropinic acid (3) in order to obtain more
active compounds against H. pylori.


In conclusion, the findings described herein seem to indi-
cate boropinic acid (3) as a potential lead compound of
a novel class of H. pylori inhibitors. Results obtained,
considering also that (3) has been easily synthesized
from widely available and non-toxic starting materials
by a high-yielding, environment friendly, and cheap
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synthetic route, prompt us to get further insights into
the mechanism of action of this secondary metabolite,
to perform test in vivo using a suitable animal model
and in vitro and in vivo tests aimed to evaluate the activ-
ity of boropinic acid (3) against strains of H. pylori iso-
lated from clinical patients and finally to synthesize and
test both in vitro and in vivo structural analogues of (3).
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Geranyloxyphenyl)-2-trans propenoic acid (1). White
solid; yield: 97%; mp: 156–157 �C; IR (KBr): 3550,

1690 cm�1; 1H NMR: Ref. 7 13C NMR (100 MHz CDCl3
d): 16.1, 17.5, 25.6, 26.2, 39.4, 64.9, 115.3, 117.6, 119.8,
123.8, 128.3, 129.3, 131.4, 141.6, 144.2, 157.7, 168.9; Anal.
Calcd for C19H24O3: C, 75.97; H, 8.05; O, 15.98. Found C,
75.96; H, 8.07, O, 15.99.
3-(4 0-Geranyloxy-30-methoxyphenyl)-2-trans propenoic
acid (2). White solid; yield: 96%; analytical data are in
full agreement with those reported in the literature.5


Boropinic acid (3). White solid; yield: 96%; analytical data
are in full agreement with those reported in the literature.8


Valencic acid (4). White solid; yield: 99%; mp: 131–132 �C;
IR: Ref. 15; 1H NMR: Ref. 15; 13C NMR (100 MHz
CDCl3 d): 18.7, 26.2, 66.5, 116.0, 120.9, 122.1, 132.2,
139.1, 162.7, 170.5; Anal. Calcd for C12H14O3: C, 69.89;
H, 6.84; O, 23.27. Found C, 69.88; H, 6.82, O, 23.26.
4-Isopentenyloxy-3-methoxy benzoic acid (5). White solid;
yield: 98%; analytical data are in full agreement with those
reported in the literature.10


4-Geranyloxy-3-methoxy benzoic acid (6). White solid;
yield: 98%; analytical data are in full agreement with those
reported in the literature.10


Auraptene (7). White solid; yield: 95%; analytical data are
in full agreement with those reported in the literature.12


Microbiological tests. Strain of H. pylori (DSMZ 4867,
originated from human gastric samples) was cultured on
Columbia agar (Difco, Italy) with 4% horse blood (Difco,
Italy). Before tests, H. pylori plates were prepared by
subculturing onto Mueller–Hinton Agar supplemented
with 5% defibrinated horse blood and incubated for 48 h
microaerobically. An evaluation of the activity of each
compound with reference drugs was made by comparison
of bacterial growth degree in each plate of H. pylori.
Auraptene 7 and acids 1–6 were dissolved in dimethyl-
sulfoxide (DMSO). By serial double diluitions of
antimicrobial agents, they were diluted in melted
Mueller–Hinton Agar supplemented with 5% defibrinated
horse blood to give concentrations ranging from 200 to
0.781 lg/mL. They were inoculated with 5 lL of bacterial
suspension (107 CFU/mL) and incubated at 37 �C for 3
days under microaerobic conditions. An antimicrobic-free
plate and plates with corresponding dilutions of DMSO
were used as negative controls to ensure bacterial viability
and no contaminants in inoculums.


12. Curini, M.; Epifano, F.; Maltese, F.; Prieto Gonzales, S.
P.; Rodriguez, J. C. Aust. J. Chem. 2003, 59, 59.


13. National Committee for Clinical Laboratory Standards,
Performance standards for antimicrobial susceptibility
testing. V informational supplement. M100S9 National
Committee for Clinical Laboratory Standards, Villanova,
PA.


14. Chimenti, F.; Bizzarri, B.; Bolasco, A.; Secci, D.; Cimenti,
P.; Carradori, S. Eur. J. Med. Chem. 2006, 41, 208.


15. Takemura, Y.; Kawaguchi, H.; Maki, S.; Juichi, M.;
Omura, M.; Ito, C.; Furukawa, H. Chem. Pharm. Bull
1996, 44, 804.
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Abstract—A series of multi-substituted oximes were prepared and their potencies for inhibiting lipoprotein-associated phospholi-
pase A2 (Lp-PLA2) activity were evaluated in vitro. Among them, compounds 3a, 3b, and 3m were identified to display a micromo-
lar potency for inhibiting Lp-PLA2 in whole human plasma and isolated human LDL. Based on these results, structure–activity
relationship was studied on modification of three parts of R1, R2, and R3 to identify a potent pharmacophore for Lp-PLA2. In
an attempt to introduce various functional groups at R2 and R3, we discovered that replacement of less lipophilic groups led to
an increase of inhibitory activity. Among the tested oxime derivatives, cyano- and morpholino-substituted analogue 4f at R2 and
R3 had the highest potency with an IC50 value of 0.05 lM in whole human plasma.
� 2006 Elsevier Ltd. All rights reserved.

Accumulation of LDL, particularly oxidized LDL, on
the arterial wall is known as the most important initial
step of atherosclerosis. Lp-PLA2 is able to hydrolyze
the sn-2 ester bond in phospholipids of which the fatty
acid moiety has been shortened or altered by oxidation
to yield oxidized fatty acid and lysophosphatidylcholine
(lyso-PC).1 Hydrolyzed products further accelerate
chronic inflammation related to accumulation of macro-
phage, and a positive feedback mechanism of macro-
phage forming a large amount of Lp-PLA2 further
accelerates progress of vascular disorder. The biological
role of Lp-PLA2 had been controversial with seemingly
contradictory anti- or pro-atherogenic functions being
proposed. The anti-atherogenic properties of Lp-PLA2


were suggested because of the enzymatic catabolism of
biologically active oxidized phospholipids in LDL and
degradation of the unrelated polar phospholipids,
PAF.2 In contrast, the pro-atherogenic function of Lp-
PLA2 is thought to arise from the formation of down-
stream inflammatory mediators derived from oxidized
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phospholipids. This view is supported by experimental
evidence suggesting that the products of Lp-PLA2 activ-
ity on oxidized phospholipids (oxidized fatty acid and
lyso-PC) elicit potentially several pro-atherogenic ef-
fects. For example, the reported pro-atherogenic roles
of lyso-PC are impairment of endothelium-dependent
relaxation, inducement of vascular cell and intracellular
adhesion molecules, activity as chemoattractant of
monocyte and T-lymphocytes, suppressed production
and release of endothelium-derived nitric oxide, inhibi-
tion of macrophage migration, toxicity at the concentra-
tion higher than 30–50 micromole, and stimulation of
release of arachidonic acid from endothelial cells.3


Lp-PLA2 is suggested as a pro-inflammatory agent, that
is detected in macrophage of atherosclerotic lesions of
hyperlipidemic human and rabbits.4 According to Mac-
phee’s group’s researches, the formation of fatty streak
in Watanabe heritable hyperlipidemic rabbits is signifi-
cantly decreased by dosage of Lp-PLA2 inhibitor.5


Therefore, inhibition of Lp-PLA2 activity is highlighted
as a target for prevention and treatment of
atherosclerosis.


So far, the rational design of Lp-PLA2 inhibitor has
been somewhat difficult because the three-dimensional
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Table 1. Synthesis of (E)- or (Z)-oximes 2a–r


Compound R1 R2 Yielda (%) (E/Z)b


2a Ph H 90 (9/1)


2b 4-F-Ph H 95 (8/1)


2c (3,5-Di-t-Bu-4-OMe)-Ph H 60 (6/1)


2d PhCH=CH H 95 (1.7/1)


2e Furanyl H 55 (1.2/1)


2f Thiophenyl H 65 (1/2.2)


2g N-4-F-Benzylpyrrole H 65


2h 4-CF3-Ph H 87


2i 4-F-Ph-Ph H 78


2j 2,4-(F)2-Ph H 92


2k 2,5-(F)2-Ph H 76 (4/1)


2l 2,6-(F)2-Ph H 71


2m 3,4-(F)2-Ph H 73


2n 3,5-(F)2-Ph H 76


2o Ph NH2 92


2p Ph Cl 85


2q Ph CN —c


2r Ph Me 80 (9/1)


a Isolated yields.
b Isolated ratios or the ratios were not determined.
c Commercial reagent.
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structure of Lp-PLA2 was not elucidateed. However, the
enzyme is known as a serine protease with a catalytic tri-
ad that was formed by a histidine and aspartic or glu-
tamic acid at the active site.6 Thirkettle et al. reported
that SB-253514 was isolated from Pseudomonas fluores-
cens DMS 11579 and has shown potent inhibitory activ-
ity against Lp-PLA2.7–9 Subsequently, Smith and his
coworker developed a novel series of pyrimidone deriv-
atives through the high-throughput screening.10 A po-
tent, orally active Lp-PLA2 inhibitor, SB-480848, has
been developed by the modification of pyrimidone deriv-
atives, which is currently in a phase II clinical study.11


Recently, we have identified a new class of Lp-PLA2


inhibitors, (E)-benzaldehyde O-benzoyloxime series,
using isolated human LDL as Lp-PLA2 enzyme sourc-
es.12 The Lp-PLA2 inhibitory effects of (E)-benzalde-
hyde O-benzoyloxime series were not quite different
between each isolated human LDL and whole human
plasma. In this article, we describe our initial optimiza-
tion studies with a series of multi-substituted oximes in
whole human plasma to afford a lead compound with
the highest inhibitory potency of Lp-PLA2.


A series of (E)- or (Z)-phenyl- and -heteroaryl-substitut-
ed O-benzoyl- (or acyl)oximes 3a–n, 4a–j, and 5a–s were
synthesized according to the methods shown in Scheme
1. Treatment of various aldehydes or ketones with
hydroxylamine in the presence of Na2CO3 gave the mix-
ture of (E)- and (Z)-oximes 2a–r with a high ratio in
high yields (Table 1). Among them, (E)-N-4-fluoroben-
zylpyrrole-2-carboaldehyde oxime (2j) was obtained by
the reaction of N-fluorobenzyl-pyrrole-2-carbonylalde-
hyde with hydroxylamine. The reaction of benzonitrile
with hydroxylamine in the presence of Et3N gave (Z)-
1-amino-benzaldehyde oxime (2o). Treatment of (E)-
benzaldehyde oxime (2a) with N-chlorosuceinimide in
dichloromethane gave (Z)-1-chloro-benzaldehyde oxime
(2p). Then, pure (Z)-compounds 2o–q are obtained by
silica gel column chromatography. In order to introduce
various functional groups, multi-substituted aryl or het-
eroaryl oximes 2a–r were treated with acyl chlorides,
morpholine-4-carbonyl chloride, and heteroaryl chlo-
rides to give (E)-isomers 3a–n, 4a, 5a–s, and (Z)-isomers
4b–j. Then, (Z)-isomers 3a–n, 5a–s could be isomerized
to the (E)-isomers 3a–n and 5a–s by triethyl ammonium
hydrochloride13 (Scheme 1 and Table 2).


The potential of (E)- or (Z)-oxime derivatives was eval-
uated as an inhibitor of Lp-PLA2. Because the Lp-PLA2


inhibitory effects of oxime derivatives on the assay sys-
tem with [3H]PAH (1-O-hexadecyl-acetyl-3H(N)-phos-
phatidylcholine) as a substrate12 were almost same
between each isolated human LDL and whole human

R1 R2


O


R1 N


R2


OH R1 N


R2


Oi, ii R3


O


1 2 3-5


iii or iv


Scheme 1. Reagents and condition: (i) NH2OH, Et3N, EtOH, rt; (ii)


NBS, CH2Cl2; (iii) R3COCl, Et3N, CH2Cl2; (iv) R3COCl, NaH, THF.

plasma (Table 2) as described above, the whole human
plasma was used as Lp-PLA2 enzyme sources in this
study. Then, the amount of [3H]acetate produced from
[3H] was determined to measure the Lp-PLA2 inhibitory
activity.12 The Lp-PLA2 inhibitory activities of 3a–n,
4a–j, and 5a–s were confirmed by the positive control
with SB480848 which was synthesized by us. Then,
SB480848 inhibited Lp-PLA2 with IC50 value of
0.17 lM. The strategy to explore the structure–activity
relationship (SAR) of 3a (IC50 = 5.1 lM), which was
selected as a hit, focused on examining the optimal sub-
stituents at R1, R2, and R3. The results from (E)- or (Z)-
oxime derivatives are presented in Table 2. Modification
of R1 gave the corresponding compounds 3b–n. Among
them, 4-fluoro-substituted 3b showed an enhanced activ-
ity, whereas 3,4-difluoro-substituted 3m was equipotent
to 3a. The furan-, thiophene-, and pyrrole-substituted
analogues 3e–g at R1 showed significantly lower activity.
Analogues 3c and 3d involving tert-butyl and styrene
groups resulted in a significant loss in potency. These
analogues having more lipophilic groups generally
showed more decreased potency compared with the cor-
responding analogues having less lipophilic groups. The
position of the fluorine was examined according to the
result of 4-fluoro-substituted analogue 3b. 3,4-Diflu-
oro-substituted derivative 3m showed an encouraging
inhibitory activity, whereas 2,3-, 2,4-, 2,5-, 2,6-, and
3,5-difluoro-substituted analogues 3i–l and 3n showed
an attenuated potency. The effects of substitution and
position on the phenyl ring were striking to show the
potency.


Based on the above results that further simple modifica-
tion of the structure had not given further enhancements
in activity, we envisioned that more potent inhibitors
would be obtained by the substitution at R2 or R3. So,
various functional groups such as methyl, amine, chlo-
rine, N,N-diacetyl, cyanide, and ethoxy groups were
introduced at R2 to give compounds 4a–e and 4j. Then,







Table 2. Lp-PLA2 inhibitory activities of multi-substituted oxime derivatives 3a–n, 4a–j, and 5a–s


Compound R1 R2 R3 Yielda (%) IC50
b (lM) % Inhibitionb


At 25 lM At 10 lM


3a Ph H Ph 65 5.1 (3.8)c 74


3b 4-F-Ph H Ph 80 3.2 (4.4)c 85


3c (3,5-Di-t-Bu-4-OMe)-Ph H Ph 50 4


3d PhCH=CH H Ph 85 35


3e Furanyl H Ph 72 16


3f Thiophenyl H Ph 75 35


3g N-F-Benzylpyrrole H Ph 82 16


3h 4-CF3-Ph H Ph 86 0


3i 2,3-(F)2-Ph H Ph 78 20


3j 2,4-(F)2-Ph H Ph 85 50


3k 2,5-(F)2-Ph H Ph 74 6


3l 2,6-(F)2-Ph H Ph 72 0


3m 3,4-(F)2-Ph H Ph 80 5.0 (2.0)c 91


3n 3,5-(F)2-Ph H Ph 82 33


4a Ph Me Ph 80 38


4b Ph NH2 Ph 82 13


4c Ph Cl Ph 90 75 31


4d Ph N(Ac)2 Ph 73 0


4e Ph CN Ph 78 0


4f Ph CN Morpholine 85 0.051 (0.12)c 100


4g Ph CN Thiophenyl 75 0


4h Ph CN Furanyl 88 15


4i Ph CN 3,4-F-Ph 73 0


4j Ph OEt Morpholine 75 48


5a Ph H Morpholine 90 43


5b Ph H Cyclohexyl 79 20


5c Ph H Thiophenyl 83 47


5d Ph H Furanyl 81 37


5e 4-F-Ph H Morpholine 88 3.5 94


5f 4-F-Ph H 4-F-Ph 76 6.1 73


5g 2,3-(F)2-Ph H Morpholine 79 2.2 100


5h 2,4-(F)2-Ph H 4-F-Ph 83 49


5i 2,4-(F)2-Ph H Morpholine 85 2.4 97


5j 2,5-(F)2-Ph H Morpholine 97 61


5k 2,6-(F)2-Ph H Morpholine 81 0


5l 3,4-(F)2-Ph H Morpholine 87 4.2 98


5m 3,4-(F)2-Ph H 4-F-Ph 72 66


5n 3,4-(F)2-Ph H 9(Z)-C17H33 46 16


5o 3,4-(F)2-Ph H 9(Z),12(Z)-C17H31 24 20


5p 3,4-(F)2-Ph H C9H19 50 1


5q 3,4-(F)2-Ph H 4-NO2-Ph 65 9


5r 3,4-(F)2-Ph H 3,4-(F)2-Ph 85 24


5s 3,5-(F)2-Ph H Morpholine 84 58


a Isolated yields from 2.
b Using whole human plasma (1–2 mg protein).
c Using isolated human LDL (13–18 lg protein). Data are shown as mean values of two independent experiments performed in duplicate.
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compounds 4a and 4b had a little effect on potency,
whereas compound 4c was proved more potent in
Lp-PLA2 inhibitory activity. More exciting was that
compound 4e was not active, but less lipophilic morpho-
line-substituted analogue 4f at R3 had dramatically
improved inhibitory activity against Lp-PLA2 with
sub-micromolar inhibition in this series (IC50 =
0.05 lM). Therefore, we focused on variations to R3.
The inhibitory activities enhanced on substitution of
the morpholine group at R3 (4j, 5a, 5e, 5g, 5i, 5j, 5l,
5s), whereas 2,6-difluoro-substituted 5k was not active,
as shown in analogue 3l. Also, mono- or difluorophe-
nyl-substituted derivatives 5f, 5h, and 5m at R1 and R3


had somewhat increased inhibitory activity. Subsequent-
ly, the highly lipophilic C9- or C18-substituted derivatives

5n–p at R3 were much less potent, even though increasing
the length of the alkyl chain increased inhibitory activi-
ty.14 Inhibitors of lipolytic enzymes are best reported in
terms of mole fraction of inhibitor in the interface (num-
ber of moles of inhibitor to the total number of moles of
lipid, detergent, and inhibitor in the micelle).15 One com-
mon critique of phospholipase inhibition assays is that
they can be subject to numerous false positives, due to
disruption of the membrane/water interface by lipophilic
compounds. It is clear from data (Table 2) that there is
no proportional correlation between the lipophilicity of
the compound and the inhibitory activity in this assay.


In conclusion, we have discovered a novel series of
human Lp-PLA2 inhibitors, (E)- or (Z)-phenyl- and
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-heteroaryl-substituted O-benzoyl- (or acyl)oximes 3a–
n, 4a–j, and 5a–s, by SAR study of 3a. 3-Fluoro- and
3,4-difluoro-substituted analogues 3b and 3m by modi-
fication at R1 showed equipotent Lp-PLA2 inhibitory
activity in whole human plasma. More exciting was
that compound 4e was not active, but cyanide- and
morpholine-substituted analogue 4f at R2 and R3 had
dramatically improved Lp-PLA2 inhibitory activity
with sub-micromolar inhibition in this series (IC50 =
0.05 lM). These analogues having more lipophilic
groups generally showed more decreased potency com-
pared with the corresponding analogues. This would
indicate that the increases in potency of Lp-PLA2


inhibitory activity are related to more substantial inter-
action with the enzyme rather than through change in
lipophilicity. Furthermore, oral efficacy test in rabbits
will be the subject of future publications to develop
an anti-atherogenic agent.
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Abstract—Investigation of a series of 1-phenyl-3-aryl-2-propen-1-ones resulted in the identification of nine inhibitors with submi-
cromolar efficacy against at least one Plasmodium falciparum strain in vitro. These inhibitors were inactive when given orally in
a Plasmodium berghei infected mouse model. Significant compound degradation occurred upon their exposure to a liver microsome
preparation, suggesting metabolic instability may be responsible for the lack of activity in vivo.
� 2006 Elsevier Ltd. All rights reserved.

Each year, more than 1 million people die from malaria.
The organism responsible for most of these deaths,
Plasmodium falciparum, has developed resistance to
most available drugs.1 Thus, there is an urgent need
for novel and affordable products. Chalcones (1,3-di-
phenyl-2-propen-1-ones) and their carbocyclic and het-
erocyclic analogs display a wide range of biological
activities including antiprotozoal, antibacterial, anti-
fungal, and antiproliferative activity.2–7 Interest in their
antimalarial properties began with the report that the
natural product Licochalcone A completely cleared
Plasmodium yoelii from infected mice when dosed
subcutaneously, thus protecting the mice from para-
site-induced death.2 A related synthetic analog, 2,4-di-
methoxy-2 0-n-butoxy-chalcone, possessed substantial
oral activity in mice infected with drug-resistant strains
of Plasmodium berghei. Moreover, this compound did
not show toxicity in human peripheral blood lympho-
cytes at concentrations 30 times greater than the effec-
tive dose.3 A recent comprehensive study described the
in vitro efficacy of 92 oxygenated chalcone analogs,
including 12 with good activity against P. falciparum
K1 (IC50 < 10 lM). Several analogs, when dosed intra-
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peritoneally in P. berghei infected mice, were able to
prolong mouse lifespan relative to control, with two
being as effective as chloroquine. Significantly, the
authors report a lack of correlation between in vitro
and in vivo efficacy.4 Further development of the
chalcones would benefit from an understanding of this
observation, as well as a determination of their mecha-
nism of antimalarial action, which is under investigation
by several groups.5


Our study was built on an earlier collaboration between
the Walter Reed Army Institute of Research and the
Rosenthal group which led to several chalcones with
submicromolar activity against both P. falciparum W2
(a chloroquine-, quinine-, and pyrimethamine- resistant
strain) and D6 (mefloquine resistant).6 At that time an
in vivo efficacy study of these inhibitors was not per-
formed. In this paper, we will describe the resynthesis
of some of these compounds along with novel related
analogs. Following determination of their in vitro activ-
ity, the in vivo activity and in vitro stability of selected
compounds in the series were assessed.


Initial attention was focused on 2-propen-1-ones substi-
tuted at the 3-position with a fused aromatic ring since
such analogs are well represented in those reported to
possess in vivo efficacy,4,7 our ultimate goal. Com-
pounds in which the fused aromatic ring was either an
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all-carbon naphthalene or a nitrogen-containing quino-
line were prepared, since it was not clear from previous
reports which contributed more to antimalarial activi-
ty.4 A potential advantage of heterocyclic compounds
is reduced lipophilicity, which should improve aqueous
solubility—important since the modest water solubility
of the chalcone scaffold may be an obstacle to future
drug development.5 Substitution on the 1-phenyl ring
is known to significantly influence activity—dimethoxy
and especially dichloro substitution patterns are well
represented in the more active analogs synthesized to
date.4,6,7 This study therefore focused on such struc-
tures, including novel analogs containing methoxy and
halo-substituents in the same compound. Analogs
substituted at the 4-position of the 1-phenyl ring were
of particular interest since this site appears to be espe-
cially prone to metabolic oxidation.8


Compounds were prepared by the condensation of
substituted methyl ketones with substituted aldehydes
as shown in Scheme 1. The optimum conditions for this
condensation depended upon both the nature of the
aldehyde and the substituents on the ketone. For all
the naphthaldehyde-derived compounds, standard con-
ditions of sodium hydroxide in aqueous ethanol (Meth-
od A)9 gave good yields. For condensations involving
quinoline carboxaldehydes, barium hydroxide in metha-
nol (Method B) was used, since Method A typically
failed to provide the desired propenones. For a small
number of reactions involving dihalogenated methyl
ketones with quinoline carboxaldehydes, both Methods
A and B did not furnish the desired propenones. Usually
in these cases condensation could be mediated using
diethylamine in pyridine (Method C).10 In a few instanc-
es, mainly involving 2-quinolines, none of the methods
described provided the desired product. The structures
of the compounds prepared, and results from their bio-
logical testing, are shown in Table 1. All compounds
were assayed in vitro against P. falciparum, and selected
compounds in a P. berghei-infected mice model and for
predicted metabolic stability, using protocols that have
been reported previously.11–13


Most of the compounds were active in vitro against both
strains of P. falciparum tested (IC50 < 10 lM). One
determination of each IC50 was made; in other studies,
when multiple determinations were made standard devi-
ations were generally small, such that a fourfold differ-
ence in activity is likely to be significant. Efficacies in
the chloroquine-, quinine-, and pyrimethamine-resistant
W2 strain and in the mefloquine-resistant D6 strain were
similar, a preliminary indication that the compounds are
devoid of significant cross-resistance (resistance indices
�1). Both the 3-aryl and the 1-phenyl substituents
(R1- and R2-, respectively) impact activity, as reported

R1 R1
a


3
+


1 2


O


R2
H


R2O


O


Scheme 1. Reagents and conditions: (a) excess 50% aq NaOH, EtOH


(Method A) or 1.2 equiv Ba(OH)2�8H2O, MeOH (Method B) or excess


Et2NH, pyridine (Method C).

previously.4,6,7 The initial series of compounds prepared
(1–33) contain either a carbocyclic naphthalene or a het-
erocyclic quinoline as the R2-substituent, with either
one, two or three methoxy groups as the R1-substitu-
ent(s). Most of the naphthalene-derivatives were moder-
ately active (IC50 in the range 1–10 lM). In all cases
1-naphthyl compounds appear to be superior to their
corresponding 2-naphthyl isomers (comparison of com-
pounds 1 and 2, 6 and 7, 11 and 12, 15 and 16, 19 and
20, 23 and 24, 26 and 27, and 31 and 32). In these naph-
thalene series the various di- and tri-methoxy com-
pounds tested had similar activities, and were more
active than the corresponding mono-methoxy analogs.


As noted above, it was not clear from previous studies
whether the presence of a nitrogen in the R2-substituent
always enhanced activity.4 In this study, the nitrogen-con-
taining 3-quinolines appear more active than their corre-
sponding carbocyclic analogs, the 2-naphthalenes
(comparison of 4 and 2, 9 and 7, 13 and 12, 17 and 16,
21 and 20, 25 and 24, and 29 and 27), with just one excep-
tion (33 and 32). However, this was not the case with 4-
quinolines and their corresponding carbocyclic analogs,
the 1-naphthalenes (10 and 6, and 22 and 19 favor the
quinoline, whereas 14 and 11, 18 and 15, and 30 and 26
favor the naphthalene). Antimalarial activities of the 2-
quinoline-derivatives compare favorably with those of
their 3- and 4-quinoline, and 2-naphthalene analogs, a
finding that has not been described previously. In the 2-,
3-, and 4-quinoline series, dimethoxy compounds were
more active than the corresponding mono- and tri-meth-
oxy analogs. When the naphthalene was preferred over
the quinoline, that difference in activity appears no greater
than threefold. However, examples were found where the
activity of the quinoline was tenfold better than that of the
naphthalene. Based on these results a second series of
compounds, designed to explore halo and halomethoxy
R1-substituents, focused on phenyl-disubstituted quino-
lines (34–58). Whereas just one dimethoxy-substituted
compound with submicromolar efficacy against at least
one of the P. falciparum strains tested was identified
(22), three such dihalosubstituted compounds (42, 43,
and 45) were found, building upon reported results.6,7


Five such compounds were identified amongst the mono-
halo, monomethoxy-compounds prepared (50, 51, 55, 56,
and 58), structures for which there is no literature prece-
dence. In some halogen-containing compounds there
was little difference in activity between the chloro- and flu-
oro-analogs (comparison of 35 and 40, and 54 and 57), in
one case the fluoro-analog appears more active (38 and
44), whereas in other cases the chloro-analog appears
more active (36 and 42, 37 and 43, 39 and 45). The nine
submicromolar inhibitors included both 3- and 4-quino-
lines, in contrast to previous findings favoring 3-quino-
lines,4 and possessed either 2,5- or 3,4-disubstitution on
the 1-phenyl substituent. Preliminary pharmacophore
modeling using CATALYST software suggests that the
1-phenyl ring contributes as an aromatic hydrophobe
and one of the R1-substituents (either methoxy or halo)
as an aliphatic hydrophobe.


Of these nine most active compounds, five were selected
for in vivo efficacy and in vitro metabolic stability







Table 1. Analogs synthesized with in vitro efficacies against Plasmodium falciparum W2 and D6; with efficacy against Plasmodium berghei in infected


mice, in vitro metabolic half life, and calculated logP data for select compounds


R1


O


R2


Compound R1 R2 Synthetic


method


P. f. W2 IC50
a


(lM)


P. f. D6 IC50
a


(lM)


Resistance


indexb


In vivo activity


at 640 mg/kgc


Metabolic


half life (h)d


logPe


Chloroquine 0.24 0.013 18.5 Curative — —


1 4-MeO– 1-Naphthyl- A 10 9.1 1.1 — — —


2 4-MeO– 2-Naphthyl- A >17 >17 — — — —


3 4-MeO– 2-Quinolinyl- B >17 4.7 — — — —


4f 4-MeO– 3-Quinolinyl- B 3.3 1.8 1.8 — — —


5f 4-MeO– 4-Quinolinyl- B 10 5.4 1.9 — — —


6f 2,4-DiMeO– 1-Naphthyl- A 4.6 4.9 0.94 — — —


7 2,4-DiMeO– 2-Naphthyl- A >16 8.7 — — — —


8 2,4-DiMeO– 2-Quinolinyl- B 1.2 2.0 0.60 — — —


9f 2,4-DiMeO– 3-Quinolinyl- B 3.3 4.8 0.70 — — —


10f 2,4-DiMeO– 4-Quinolinyl- B 2.0 3.0 0.67 — — —


11 2,5-DiMeO– 1-Naphthyl- A 2.8 2.9 0.97 — — —


12 2,5-DiMeO– 2-Naphthyl- A 5.0 5.5 0.91 — — —


13 2,5-DiMeO– 3-Quinolinyl- B 2.7 2.0 1.4 — — —


14 2,5-DiMeO– 4-Quinolinyl- B 7.3 3.0 2.4 — — —


15 2,6-DiMeO– 1-Naphthyl- A 3.1 3.2 0.97 — — —


16 2,6-DiMeO– 2-Naphthyl- A 3.3 3.4 0.97 — — —


17 2,6-DiMeO– 3-Quinolinyl- B 1.1 2.2 0.53 — — —


18 2,6-DiMeO– 4-Quinolinyl- B 5.7 13 0.44 — — —


19 3,4-DiMeO– 1-Naphthyl- A 5.0 5.2 0.96 — — —


20 3,4-DiMeO– 2-Naphthyl- A 7.7 9.8 0.79 — — —


21 3,4-DiMeO– 3-Quinolinyl- B 2.2 3.4 0.65 — — —


22 3,4-DiMeO– 4-Quinolinyl- B 0.50 0.88 0.57 Inactive 0.26 4.12


23 3,5-DiMeO– 1-Naphthyl- A 4.3 4.5 0.96 — — —


24 3,5-DiMeO– 2-Naphthyl- A 9.5 7.4 1.3 — — —


25 3,5-DiMeO– 3-Quinolinyl- B 4.3 11 0.39 — — —


26 2,3,4-TriMeO– 1-Naphthyl- A 5.8 4.3 1.3 — — —


27 2,3,4-TriMeO– 2-Naphthyl- A >14 >14 — — — —


28 2,3,4-TriMeO– 2-Quinolinyl- B 3.3 2.9 1.1 — — —


29f 2,3,4-TriMeO– 3-Quinolinyl- B 2.8 6.7 0.42 — — —


30f 2,3,4-TriMeO– 4-Quinolinyl- B >14 2.6 — — — —


31 3,4,5-TriMeO– 1-Naphthyl- A 4.8 5.2 0.92 — — —


32 3,4,5-TriMeO– 2-Naphthyl- A 6.0 6.6 0.91 — — —


33 3,4,5-TriMeO– 3-Quinolinyl- B 14 21 0.67 — — —


34 2,4-DiF– 2-Quinolinyl- B 1.3 2.3 0.57 — — —


35 2,4-DiF– 3-Quinolinyl- B 6.2 5.0 1.2 — — —


36 2,5-DiF– 3-Quinolinyl- B 7.8 5.6 1.4 — — —


37 2,5-DiF– 4-Quinolinyl- C 8.6 3.7 2.3 — — —


38 3,4-DiF– 3-Quinolinyl- B 5.8 8.5 0.68 — — —


39 3,4-DiF– 4-Quinolinyl- B 5.7 9.4 0.61 — — —


40 2,4-DiCl– 3-Quinolinyl- B 6.3 7.9 0.80 — — —


41 2,4-DiCl– 4-Quinolinyl- C 18 6.2 2.9 — — —


42 2,5-DiCl– 3-Quinolinyl- B 1.7 0.62 2.7 Inactive 0.41 4.78


43g 2,5-DiCl– 4-Quinolinyl- C 0.23 0.19 1.2 Inactive ND 4.78


44 3,4-DiCl– 3-Quinolinyl- B 12 3.1 3.9 — — —


45g 3,4-DiCl– 4-Quinolinyl- B 0.80 1.7 0.47 Inactive ND 5.31


46 2-F, 4-MeO– 3-Quinolinyl- B 3.1 2.1 1.5 — — —


47 2-F, 4-MeO– 4-Quinolinyl- B 4.5 2.4 1.9 — — —


48 2-MeO-4-F– 3-Quinolinyl- B 1.5 1.1 1.4 — — —


49 2-MeO, 4-F– 4-Quinolinyl- B 6.2 6.0 1.0 — — —


50 2-MeO, 5-F– 2-Quinolinyl- B 0.67 3.8 0.18 — — —


51 2-MeO, 5-F– 3-Quinolinyl- B 1.1 0.46 2.4 — — —


52 2-MeO, 5-F– 4-Quinolinyl- B 4.1 5.1 0.80 — — —


53 3-F, 4-MeO– 2-Quinolinyl- B 5.3 1.3 4.1 — — —


54 3-F, 4-MeO– 3-Quinolinyl- B 2.7 1.6 1.7 — — —


55 3-F, 4-MeO– 4-Quinolinyl- B 3.2 0.93 3.4 Inactive 0.51 4.25


56 2-MeO, 5-Cl– 3-Quinolinyl- B 0.59 0.95 0.62 — — —


57 3-Cl, 4-MeO– 3-Quinolinyl- B 1.6 2.3 0.70 — — —
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Table 1 (continued)


Compound R1 R2 Synthetic


method


P. f. W2 IC50
a


(lM)


P. f. D6 IC50
a


(lM)


Resistance


indexb


In vivo activity


at 640 mg/kgc


Metabolic


half life (h)d


logPe


58 3-Cl, 4-MeO– 4-Quinolinyl- B 0.95 1.8 0.53 — — —


a Inhibition of [3H] hypoxanthine uptake by P. falciparum; values from one experiment; where efficacy in at least one strain is submicromolar results


are in bold.
b IC50 against W2/IC50 against D6.
c Activity determined by measurement of survival of five P. berghei-infected mice treated with compound (640 mg/kg, po, 5 days) compared to five


untreated control mice.
d Half life of compound upon exposure to mouse liver microsomes.
e Calculated using Advanced Chemistry Development ACD/logD sol suite.
f In vitro efficacy against P. falciparum K1 reported previously.4


g In vitro efficacy against P. falciparum W2 and D6 reported previously.6


C. E. Gutteridge et al. / Bioorg. Med. Chem. Lett. 16 (2006) 5682–5686 5685

testing. Structural variability was a selection criteria,
though compounds substituted at the 4-position on the
1-phenyl ring were preferred due to the likelihood for
biotransformation at this site.9 The in vivo efficacy study
showed no compound was toxic at the highest dose test-
ed of 640 mg/kg/dose (mice survived the first 5 days of
the assay). However, the compounds failed to enhance
mouse longevity (mice died during days 6–8 of the assay,
as did the untreated control mice, consistent with para-
site-induced death). The results of in vitro metabolic sta-
bility testing of selected analogs revealed two problems
with this series of compounds. Compounds 22, 42, and
55 were rapidly metabolized. Determination of the half
life for 43 and 45 was prevented by their low solubility
in the aqueous assay solvent. This issue, which has been
reported by others in a structurally related series,5 pos-
sibly affects in vivo efficacy due to poor bioavailabili-
ty-indeed all five compounds have relatively high
calculated logP values.


In conclusion, nine 1-phenyl-3-aryl-2-propen-1-ones
with submicromolar efficacy against drug-resistant
strains of P. falciparum in vitro were identified. In all
cases the 1-phenyl substituent was either 2,5- or 3,4-di-
substituted with chloro and/or methoxy substituents,
and the 3-aryl substituent was either a 3- or 4-quinoline.
Five such compounds demonstrated low toxicity, but
failed to show efficacy in vivo in a malaria-infected
mouse model. The lack of correlation between in vitro
and in vivo efficacy, though possibly due to the differ-
ence in Plasmodium species, is likely influenced by rapid
compound metabolism, evidenced by rapid in vitro
microsome digestion. Metabolically resistant analogs
are currently being prepared, since a solution to this
problem will be critical for future development of the
chalcones against both malaria and other diseases.
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Abstract—Two potential bioisosteres of the nonsteroidal antiandrogen bicalutamide, an imidazolidinone and an indole, were syn-
thesized and tested for their androgen receptor binding. Indole was discovered to be a suitable bioisostere for the acyl anilide moiety
in the parent compound. Several analogs in the indole series were found to be 10-fold better than bicalutamide in binding to the
recombinant androgen receptor binding domain.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Bicalutamide bioisosteres.

The androgen receptor (AR) belongs to the nuclear hor-
mone receptor superfamily and is responsible for a range
of biological functions including sexual differentiation
and function as well as various anabolic effects.1 These
effects are mediated2 by the action of the natural ligand
testosterone (T) and its more potent tissue metabolite
dihydrotestosterone (DHT). The SAR of steroidal3 ana-
logs of these natural ligands has been extensively stud-
ied. Recently, there has been a surge in interest in
both agonist and antagonist structures of a nonsteroi-
dal4 nature. As part of our interest5 in the field, we
looked into bioisosteric6 replacement of portions of
the nonsteroidal antiandrogen bicalutamide (Fig. 1).
Replacement of the b-hydroxy aryl sulfone portion with
a heterocycle incorporating both a hydrogen bond
donating NH group and a pendant aromatic ring (path-
way a) led to a series of imidazolidinones 2. Alternative-
ly, tying the amide carbonyl back onto the anilide
aromatic ring (pathway b) resulted in the indole carbinol
scaffold 3 with a variety of linking groups (Z) for the
aryl ring.


To prepare the imidazolidinone, we started with the
known7 serine-derived aldehyde 4 (Scheme 1). Stepwise
reductive amination of the aldehyde with the appropri-
ate amine followed by Boc deprotection and triphosgene
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cyclization provided key intermediate imidazolidinone
5. Ester hydrolysis, acid chloride generation, and
coupling to the appropriate aniline afforded the target
structures 2.


The synthesis of the indole isosteres started with com-
mercially available anilines that are transformed via acid
catalyzed iodination,8 bis-sulfonylation, and hydrolysis
to the corresponding ortho iodo sulfonamides 6 (Scheme
2). These key intermediates were then reacted under
Sonogashira9a coupling-cyclization9b conditions with
propargyl alcohols 7 or 11 to afford the b-siloxy (8) or
b-chloro (12) indolyl carbinols, respectively. To avoid
cleavage of the ester linkage, elaboration of 8 required
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Scheme 1. Synthesis of imidazolidinone isosteres. Reagents: (a)


Ar(CH2)nNH2, pTsOH (cat)/toluene, Dean–Stark; (b) NaBH4/MeOH


then HCl/dioxane; (c) (Cl3CO)2CO, Et3N/THF; (d) NaOH/MeOH—


H2O; (e) (COCl)2, DMF (cat)/CH2Cl2, then 4-amino-2-(trifluorometh-


yl)benzonitrile, Et3N/THF.
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concurrent cleavage of the sulfonamide and the silyl
groups followed by mono-acylation of the resulting diol
9 with a single equivalent of the corresponding acid
chloride to afford the target benzoates 10 as racemic
mixtures. Treatment of 12 with two equivalents of the
appropriate phenyl thiol in the presence of sodium
methoxide effected the displacement and indole depro-
tection in one step to yield the targets 13 also as racemic
mixtures. These b-arylthio carbinols could be oxidized
to sulfoxides or sulfones 14 by treatment with 1–3 equiv-
alents of Oxone� in a bisphasic mixture of ethyl acetate
and water assisted by phase transfer catalysis.


With the chemical synthesis worked out and our
compounds in hand, we examined the SAR of all three
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Scheme 2. Synthesis of indole sulfide, sulfone and benzoate isosteres. Reagen


pyridine, heat; (c) NaOH/MeOH–H2O; (d) (PPh3)2PdCl2 (cat), CuI (cat), Et3N


THF; (h) NaOMe, ArSH/THF; (i) oxone�, TBAHS (cat), EtOAc–H2O.

series. To evaluate the binding affinity of the com-
pounds, we selected a commercially recombinant AR li-
gand binding domain kit.10 The use of this kit, in
contrast to isolation of AR from rat prostate cytosol,
had two key advantages. First, the ease of use and ready
availability of a validated receptor allowed this assay to
be utilized in a high throughput screening program that
was run in parallel with our directed synthesis efforts.
Second, the higher concentration of the AR leads to a
more robust response and a lower signal-to-noise ratio.
One caveat to bear in mind when using this system is
that, in general, non-steroidal AR ligands tended to
show a lower AR binding affinity than that reported
using prostate cytosol-derived receptor. To compensate
for this discrepancy, we used bicalutamide as a compar-
ator in this screening protocol.


Using this assay, we first examined the SAR of the imi-
dazolidinone series to determine how well it mimicked
the b-hydroxy arylsulfone segment of bicalutamide.
The closest analog we prepared (Compound 2, Fig. 1;
Ar = 4-fluorophenyl, n = 0) had an IC50 of only 30 lM
in the binding assay. Inserting a methylene spacer be-
tween the aryl ring and the imidazolinone (Ar = 4-fluor-
ophenyl, n = 1) nitrogen atom led to further erosion in
binding affinity (<50% inhibition at 30 lM concentra-
tion). We explored a range of substituents on both aro-
matic rings but unfortunately none these analogs
improved on the potency of the initial compounds. We
speculate that the rigidity of the imidazolidinone ring

N
H


OH


HO


N
H


OH


S
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R4


N
H


R1
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OH


S(O)n
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O


O


R3 R4


R5


R3


10a-p


a-m


14a-c


g


i


R6


R3


R4


ts and condition: (a) NIS, pTsOH (cat)/MeOH–THF; (b) excess MsCl/


/THF; (e) HCCMgBr/THF; (f) NaOH/THF–H2O; (g) ArCOCl, Et3N/
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may prevent these structures from fitting into the bind-
ing pocket normally accommodating the more flexible
aryl methylenesulfonyl moiety of bicalutamide.11 We
did not further investigate this scaffold in vitro, turning
our attention instead to the indole bioisosteres.


In the benzoate series we first synthesized the exact ana-
log (10a) of bicalutamide and were pleased to note that
its binding affinity was roughly equivalent (Table 1).
Removal of the 4-fluoro substituent (10b) led to an
increase in binding affinity; replacement of the nitrile
in this analog with chlorine (10c) maintained the poten-
cy and replacement with a nitro group (10d) marginally
decreased potency. We further explored the SAR of 10d,
substituting the para position of benzoate ring with
strongly electron withdrawing (10e) and donating (10f
and 10g) substituents but these led to a decrease in activ-
ity. Substitution of that position with alkyl groups (10h
and 10i) also decreased activity, while introduction of
both phenyl (10j) and chloro (10k) moieties maintained
the potency. Moving the chlorine atom from the para to
the meta (10l) or ortho (10m) positions led to an increase
in potency. Replacement of the chlorine atom in 10m by
the isosteric trifluoromethyl group (10n) produced a
compound that was 10-fold more potent than bicaluta-
mide. Reduction of the nitro group (10o) caused a signif-
icant loss in activity much of which was recovered by
capping of the aniline with trifluoroacetyl group (10p).


We then turned our attention to the SAR of the b-aryl-
thio carbinol substituted indoles (Table 2). As with the
benzoate series we first prepared the exact analogs of
bicalutamide. Although the sulfide linked carbinol
(13a) was only 2-fold less potent than bicalutamide,
the sulfone linked structure (14a) was significantly less

Table 1. Androgen receptor binding for benzoates 10


N
H


R1


R2


OH


O


O


Compound R1 R2 R3


Bical — — —


10a CF3 CN H


10b CF3 CN H


10c CF3 Cl H


10d CF3 NO2 H


10e CF3 NO2 H


10f CF3 NO2 H


10g CF3 NO2 H


10h CF3 NO2 H


10i CF3 NO2 H


10j CF3 NO2 H


10k CF3 NO2 H


10l CF3 NO2 H


10m CF3 NO2 Cl


10n CF3 NO2 CF3


10o CF3 NH2 CF3


10p CF3 NHCOCF3 CF3


a Values are means of three experiments, standard error of measurement (SE
b Values are means of two experiments.

active. Removal of the fluorine atom on the sulfide
(13b) or replacement with a chlorine atom (13c) did
not lead to any improvement in activity so we exam-
ined the indole ring. Removal of all indole substituents
(13d) from 13c as well as introduction of a carboxy-
methyl group at the 5-position (13e) led to inactive
compounds, while introduction of a chlorine at the
same position (13f) increased potency. Addition of a
trifluoromethyl group (13g) to the indole 6-position
of 13f further increased potency. Returning to investi-
gate the sulfide ring SAR, we found that a fluorine
replacement (13h) of the chlorine atom of 13g was well
tolerated. We oxidized the sulfur atom to two epimeric
sulfoxides (14b and epi-14b) that were both substantial-
ly less potent than the parent structure. Further oxida-
tion of the linker to the sulfone oxidation state (14c)
led to a 10-fold recovery of the activity. Introduction
of a strongly electron donating group (13i) in place
of the chlorine atom in 13g diminished activity some-
what, while replacement with a hydrogen atom (13j)
was well tolerated. Moving the chlorine atom from
the para position (13g) to the ortho position (13k)
was also well tolerated, while the addition of a second
chlorine to the 3-position (13l) provided a compound
that was more than 10-fold more potent than bicaluta-
mide. Comparison of this structure with the 13m indi-
cated that, of the compounds surveyed, the 5-chloro-6-
trifluoromethyl indole substitution pattern provided the
best activity.


In summary, of the two bicalutamide bioisosteres we
investigated, the indole series showed great promise,
while the imidazolidinone series did not warrant further
investigation. Within the indolyl carbinol scaffold, both
b-benzoyloxy and thioaryl groups yielded compounds

R3 R4


R5


R6


R4 R5 R6 AR bindinga (IC50, nM)


— — — 1300 (±106)


H F H 1200 (±450)


H H H 480 (±115)


H H H 440 (±49)


H H H 820 (±110)


H NO2 H 1600 (±289)


H OMe H 6400 (±572)


H NMe2 H 2600 (±572)


H Me H 3000 (±491)


H tBu H 3600 (±1386)


H Ph H 940 (±127)


H Cl H 720 (±225)


Cl H H 460b


H H H 460 (±37)


H H H 140b


H H H 4100b


H H H 150b


M) is given in parentheses (na, not active: <50% inhibition at 30 lM).







Table 2. Androgen receptor binding for b-thiocarbinols 13 and 14


N
H


R1


R2


OH


S(O)n


R5


R3


R4


Compound R1 R2 R3 R4 R5 n AR bindinga (IC50, nM)


Bical — — — — — 1300 (±106)


13a CF3 CN H H F 0 2600 (±288)


14a CF3 CN H H F 2 > 6900 (± >1559)


13b CF3 CN H H H 0 3000 (±329)


13c CF3 CN H H Cl 0 1700 (±866)


13d H H H H Cl 0 na


13e H CO2Me H H Cl 0 na


13f H Cl H H Cl 0 660 (±41)


13g CF3 Cl H H Cl 0 180 (±41)


13h CF3 Cl H H F 0 160 (±21)


14b CF3 Cl H H F 1 5100 (±1328)


epi-14b CF3 Cl H H F 1 4900b


14c CF3 Cl H H F 2 460b


13i CF3 Cl H H NH2 0 930 (±139)


13j CF3 Cl H H H 0 220 (±37)


13k CF3 Cl Cl H H 0 180b


13l CF3 Cl H Cl Cl 0 100 (±20)


13m CF3 NO2 H Cl Cl 0 1000 (±508)


a Values are means of three experiments, standard error of measurement (SEM) is given in parentheses (na, not active: <50% inhibition at 30 lM).
b Values are means of two experiments.
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with 10-fold better binding affinity than the parent struc-
ture. These results provided an impetus for further eval-
uation of this novel series and will be discussed in due
course.
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Abstract—Two different series of very potent and selective EP3 antagonists have been reported: a novel series of ortho-substituted
cinnamic acids [Belley, M., Gallant, M., Roy, B., Houde, K., Lachance, N., Labelle, M., Trimble, L., Chauret, N., Li, C., Sawyer,
N., Tremblay, N., Lamontagne, S., Carrière, M.-C., Denis, D., Greig, G. M., Slipetz, D., Metters, K. M., Gordon, R., Chan, C. C.,
Zamboni, R. J. Bioorg. Med. Chem. Lett. 2005, 15, 527] and the acylsulfonamides of ortho-(arylmethyl)cinnamates. [(a) Juteau, H.,
Gareau, Y., Labelle, M., Sturino, C. F., Sawyer, N., Tremblay, N., Lamontagne, S., Carrière, M.-C., Denis, D., Metters, K. M.
Bioorg. Med. Chem. 2001, 9, 1977; (b) Juteau, H., Gareau, Y., Labelle, M., Lamontagne, S., Tremblay, N., Carrière, M.-C., Denis,
D., Sawyer, N., Metters, K. M. Bioorg. Med. Chem. Lett. 2001, 11, 747] The structural differences between the two series, along with
their biological activity in vivo, in vitro, and metabolism, are analyzed. Some of those compounds, including hybrids containing the
best structural features of both series, possess Ki as low as 0.6 nM on the EP3 receptor.
� 2006 Elsevier Ltd. All rights reserved.

Previously, our group had disclosed two novel series of
potent and selective EP3 antagonists which might be
potentially useful as analgesics and for the treatment
of inflammatory condition such as in arthritis.1 They
were consisting of ortho-substituted cinnamic acids
1–31 (Table 1) and acylsulfonamides derived from
ortho-(arylmethyl)cinnamic acids such as compounds
7b–c2 (Table 2). These two classes of compounds were
discovered using two very distinct approaches: com-
pounds 1–3 were found by varying the substitution pat-
tern around the general structure of EP1 antagonists,
while 7a–c were discovered by SAR studies starting
from a lead compound found by screening our sample
collection.2b Comparing their structures, three differenc-
es can be noted: (1) the styrene group in 1 is replaced by
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a naphthalene, (2) a carboxylic acid is converted to an
acylsulfonamide, and (3) the presence of an additional
benzyl ether substituent on compounds 1–3. Herein,
we wish to report the effect of each of these modifica-
tions on the biological activity of the compounds, along
with the biological profile of hybrids containing the best
structural features from each series.


In the ortho-(arylmethyl)cinnamate series, it was report-
ed that the acylsulfonamides 7b–c were 20 to 60 times
more potent than the parent cinnamic acid 7a (Table
2).2 To determine whether the same boost in activity
could be applied to the cinnamic acids 1–3, a small num-
ber of compounds having potencies ranging from 9 to
126 nM on the EP3 receptor were derivatized to their
corresponding thiophenesulfonamides.3 These com-
pounds were synthesized using reactions (g–h) in
Scheme 1 or via a coupling reaction with the cinnamic
acid in the presence of EDCI.2a,4


Table 1 shows the potency of all these acylsulfonamides
on the different PGE2 receptors compared with their
parent cinnamic acids. The data for the best compound



mailto:belley@merck.com





Table 1. Affinities (Ki, lM)a of a series of cinnamic acids and their acylsulfonamide analogs to the different prostanoid E2 receptor subtypes


O Y


R'


O Y


R'


O Y


R'


R R R
1, 4 2, 5 3, 6Ar1


Ar2


24 2 2


Compound R R0 Y EP1 EP2 EP3-III EP4


1a, 2a 2-BnO Me OH 19 0.86 0.009 2.0


4a, 5a 2-BnO Me NHSO2-2-thienyl 2.3 2.1 0.010 0.96


1b, 2b H H OH >100 1.4 0.10 4.4


4b, 5b H H NHSO2-2-thienyl 8.5 8.0 0.005 1.5


1c, 2c 4-MeO H OH >100 2.5 0.068 6.2


4c, 5c 4-MeO H NHSO2-2-thienyl 2.6 6.5 0.0024 1.0


1d, 2d 4-BnO MeO OH >20 0.75 0.008 0.61


4d, 5d 4-BnO MeO NHSO2-2-thienyl 1.5 8.7 0.0016 0.84


1e 2-(2,6-Cl2Bn)O Me OH 6.7 5.4 0.003 0.62


3 2-BnO Me OH 23 0.94 0.065 0.44


6 2-BnO Me NHSO2-2-thienyl 6.7 1.6 0.056 1.0


a Ki determinations are averages based on at least two experiments.


Table 2. Affinities (Ki, lM)a of a series of (naphthylmethyl)cinnamic acids and their acylsulfonamide analogs to the different prostanoid E2 receptor


subtypes


O


R


Y


7


Compound R Y EP1 EP2 EP3-III EP3-III (0.05% HSA) EP4


7a H OH >100 12 0.047 0.40 13


7b H NHSO2-2-thienyl 9.6 8.6 0.0013 0.28 1.3


7c H NHSO2-(2-MeO-5-BrPh) 39 >50 0.0006 0.0069 0.89


7d BnO OH >100 >40 0.0032 0.046 >15


7e BnO NHSO2-2-thienyl 3.2 8.0 0.0006 0.0024 1.1


7f BnO NHSO2-(2-MeO-5-BrPh) >100 >100 0.0009 0.0007 8.0


a Ki determinations are averages based on at least two experiments.


HO


Br
B


OH


OH


BnO
Br


CO2Me


BnO


COY


+


7d Y = OH


7e, f    Y = NHSO2Ar


a-d e, f


g, h


Scheme 1. Reagents and conditions: (a) NaH, DMF, PhCH2Br, 0 �C to rt, 1 h; (b) BuLi, THF, �78 �C; (c) B(Oi-Pr)3, rt, 16 h; (d) HCl, 81% yield


(four steps); (e) Pd(Ph3P)4, aq Na2CO3, toluene, 100 �C, 4 h, 73% yield; (f) NaOH, MeOH/THF/water, 90% yield; (g) (COCl)2, DMF, CH2Cl2; (h)


ArSO2NH2, Et3N, CH2Cl2/THF 1:1, 30–60% yield.
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in the cinnamic acid series 1e are also given for compar-
ison. In general, very potent and selective EP3 antago-
nists were obtained when the acylsulfonamide
derivatives were prepared. The potency improvement
could be correlated with the position and/or absence
of a benzyl ether substituent on the aromatic ring Ar2.

In the absence of that substituent (4b/5b and 4c/5c vs
1b/2b and 1c/2c) the increase of activity is equivalent
to what is found in the ortho-(arylmethyl)cinnamate
series (compounds 7a–b, Table 2). In the presence of a
benzyl ether group in position 2 (1a/2a and 3 vs 4/5a
and 6), equipotent acylsulfonamides were obtained.
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The boost of potency observed with the thiophenesulf-
onamide substitution is not additive with the effect of
introducing a benzyl ether in position 2 of Ar2.


On the other hand, incorporating a benzyl ether in posi-
tion 4 gives acylsulfonamide analogs which are 5 times
more active than their corresponding parent acids (4d/
5d vs 1d/2d). This result led us to believe that the addi-
tion of a benzyl ether group in position 6 of the (naph-
thylmethyl)cinnamic acid and acylsulfonamide series
might improve their potency as well. Compounds 7d–f
were thus prepared as described in Scheme 1, with the
key step involving a palladium catalyzed cross-coupling
reaction between methyl (bromomethyl)cinnamate and
a naphthaleneboronic acid.2a


Table 2 shows the effect of adding that benzyl ether
group on the activity of the (naphthylmethyl)cinnamates
as selective EP3 antagonists. The most striking result is
the 15-fold improvement in activity observed with the
cinnamic acid 7d (vs 7a), which brings its potency to a
level that is closer to the acylsulfonamide derivatives.
However, addition of the benzyl group on the acylsulf-
onamides 7b and 7c gives compounds that are equipo-
tent (7e and 7f).


Finally, a comparison of the Ki of the compounds 1b/2b,
4b/5b, 1d/2d, and 4d/5d with their respective analogs 7a,
7b, 7d, and 7e shows that the modification of the styryl
group of the former compounds to a naphthalene unit is
giving approximatively a 3-fold improvement of the
potency on the EP3 receptor, along with an appreciable
boost of selectivity.


In our functional assay measuring the inhibition of
c-AMP production in HEK (EBNA) cells5 (Table 3),
compounds 1a/2a, 1e, and 7 all behave as full EP3


antagonists.


Metabolism studies of the EP3 selective antagonists 7
demonstrate that they are more stable in vitro than com-
pounds 1–2.1 After incubations with rat hepatocytes6 for
3 h, 43% of 7b and 30% of 7c were recovered intact,
compared with 8% for the mixture of compounds 1a
and 2a. With rat liver microsomes,6 7b was 35% metab-
olized after a typical 1-h incubation, while compound 1a

Table 3. Inhibition of c-AMP production and biological profile of selected E


1a/2a 1e


c-AMP assay, Kb (nM) 32 5.8


Bioavailabilityb (%) 97 74


Clearanceb (ml/min) 10 16


t1/2
b (2–6 h) 2 h 2 h


Cmax
b (lM) 22 (30 min) 25 (30 min)


Rat paw edema (ED50, mg/kg) 0.9 5.1


Concentration at 1 h post-dosingc (lM) 1.4d 2.5


Rat paw hyperalgesia (ED50, mg/kg) 20 5.8


a Compounds dosed as their sodium salts.
b Compounds dosed at 10 mg/kg po in 0.5% methocel (except for 7d in 25% b


male Sprague–Dawley rats weighing 300–400 g.
c Compounds dosed at 10 mg/kg po in 0.5% methocel in the 100 g rats used
d Sum of 1.2 lM for 1a and 0.24 lM for 2a; ratio of 1a/2a given po was 1.3
e Dosed at 5 mg/kg po.

was 65% metabolized.1 The major metabolites of 7b and
7c were isolated and partially identified by HPLC/MS
and NMR. The major metabolic pathways are: (1)
hydroxylation of the methylene linker, (2) oxidation of
the phenyl group to a phenol, (3) oxidation of the naph-
thalene moiety to an ortho-dihydronaphthalenediol, and
(4) hydrolysis of the sulfonamide to the cinnamic acid
7a. Demethylation of the methoxyphenyl portion of
the molecule was also observed for 7c. In human hepa-
tocytes, however, the metabolism of 7b and 7c is reduced
and almost exclusively limited to the hydrolysis of the
acylsulfonamide to the cinnamic acid 7a (45% for 7b
and 36% for 7c, with the remainder being the parent
drug).


But even with their enhanced metabolic stability
in vitro, the plasma levels and anti-inflammatory
activity of compounds 7 are similar to compounds
1a/2a and 1e (Table 3) in adult rats. They possess sim-
ilar bioavailabilities, clearances, and Cmax, with 7
showing a slightly longer half-life. However, in the
young rats used in the hyperalgesia model, the plasma
levels of compounds 7 are higher. When dosed po in
1% methocel, 7b and 7c, but not 7d, inhibited carra-
geenan-induced rat paw edema7 in a dose-dependent
manner, but their effect on carrageenan-induced
hyperalgesia7 is very variable, with ED50 ranging from
3.3 to >30 mg/kg. Their analgesic activity seems to be
not related to their potency in vitro, nor to their
plasma levels at the time of the assessment of hyperal-
gesia (1 h post-dosing; 6th row of Table 3).


We have published data in the past that supported the
hypothesis stating that serum protein binding could de-
crease the effectiveness of a compound in vivo.8 Addi-
tion of human serum albumin (HSA) in the enzymatic
assay can help assess this effect. Most of the compounds
of Table 2 showed a variable decrease of potency in the
presence of HSA. However, this loss of potency is greatly
decreased for analogs containing the benzyl ether substi-
tuent (7d–f). Yet, even if the activity of 7f is not modified
by HSA, it is still inactive in hyperalgesia. We have ana-
lyzed other parameters such as their binding affinities to
the other prostanoid receptors9 and their CSF and brain
levels in vivo, but we could not find any good
correlations.

P3 antagonists in ratsa


7a 7b 7c 7d 7f


3.3 0.6 0.7


144 72 59


12 1.0 3.1


3 h 4 h 3 h


21 (30 min) 50 (1 h) 28 (30 min)


1.2 3.3 >10


5.4 5.0 32 11e 8


30 6.2 3.3 4.6 >30


-cyclodextrin) and 5 mg/kg iv in 5% dextrose or 25% b-cyclodextrin in


for the hyperalgesia assay.


:1.
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Several splice variants of the EP3 receptor, defined by
different C-terminal cytoplasmic tails, have been discov-
ered.10 Their localization in the body and their physio-
logic significance remain uncertain. The antagonists
described here may bind in a different manner to these
splice variants and it is also possible that only binding
to a specific splice variant may be effective for the reduc-
tion of fever and/or hyperalgesia.


In summary, we have compared here the activity and
biological profile in vivo of two different series of very
potent and selective EP3 antagonists: the ortho-substi-
tuted cinnamic acids 1–3 and the acylsulfonamides of
ortho-(arylmethyl)cinnamates 7. Compounds 1a/2a, 1e,
and 7b–c all showed good anti-inflammatory properties,
as measured by the rat paw edema assay. Curiously, the
analgesic activity of 1a/2a, 1e, and 7a–f varies a lot from
one compound to the next and seems not to be propor-
tional to their potency on the EP3 receptor, nor to their
plasma concentration. Further studies will be needed to
really understand why very potent and selective EP3


antagonists are not always efficacious in the rat paw
hyperalgesia model.
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Abstract—Three deoxyglucose (DG) derivatives, S-DG, MAG3-DG and MAMA-BA-DG, were synthesized and labeled successfully
with high labeling yields and high radio-chemical purities. Biodistribution in tumor-bearing mice demonstrated that these three new
99mTc-deoxyglucose derivatives showed accumulation in tumor and high tumor-to-muscle ratios. Among them, the 99mTc-MAG3-
DG showed the best characteristics as a potential tumor marker for single photon emission computed tomography (SPECT).
� 2006 Elsevier Ltd. All rights reserved.

Tumor is among the most common causes of death in
the world. In vivo functional imaging technique can help
to diagnose and stage tumors, optimize drug scheduling,
and predict response to a therapeutic modality, which
would be advantageous to both patient and oncologist.


Flourine-18 (18F) fluorodeoxyglucose (FDG) has been
used to measure normal tissue and tumor glucose utili-
zation rates.1–5 Although tumor metabolic imaging with
[18F]FDG has been studied for more than two decades,
the use of this examination in clinical practice is still lim-
ited by such factors as difficult access, limited availabil-
ity, and high cost.6 In addition, positron emission
tomography (PET) radio-synthesis must be performed
rapidly because the half-life of F-18 is only 109 min.
Thus, it would be very desirable to develop less costly
imaging agents based on c-emitter isotope, especially
for developing country, where single photon emission
computed tomography (SPECT) is still dominant.


Technetium-99m (99mTc) has been mostly used for label-
ing radiopharmaceuticals owing to its suitable physical
and chemical characteristics and inexpensive isotope
cost. Lots of 99mTc-labeled glucose derivatives have been
synthesized in order to develop one subrogate in SPECT
for [18F]FDG in PET recently.7–11 Developed by Yang,
99mTc-labeled ethylenedicysteine-deoxyglucose (ECDG)
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showed similarities with [18F]FDG in tumor uptake.12


This suggests that there is feasibility for 99mTc-labeled
deoxyglucose as tumor metabolic imaging agents. How-
ever, [99mTc]ECDG still has some drawbacks such as
slow cleanup from blood, which would cause high blood
background; and large molecular weight, which would
limit its penetration through blood–brain barrier (BBB).


Thus, it would be desirable to develop a smaller 99mTc-
based deoxyglucose derivative with rapid blood clear-
ance and still maintaining its high tumor uptake.


The purpose of this study is to conjugate deoxyglucose
with different chelating agents and to evaluate the feasi-
bility of the 99mTc-labeled deoxyglucose derivatives as
candidates for tumor-imaging agents.


The 99mTc-S-DG was synthesized according to the pro-
cedure outlined in Scheme 1. After protecting the thiol
group of mercaptoacetic acid with trityl chloride, the
resulting compound 3 was reacted with glucosamine
using N,N 0-dicyclohexyl-carbodiimide (DCC) as con-
densation reagent to obtain compound 4. Next, the thiol
groups were deprotected in trifluoroacetic acid (TFA) to
give 5. For labeling, 99mTc-S-DG was prepared by li-
gand-exchange reaction with 99mTc-glucoheptonate
(GH).


Synthesis of 99mTc-MAG3-DG (Scheme 2) was per-
formed from mercaptoacetic acid. After protecting the
thiol group with trityl chloride, the resulting compound
3 was reacted with N-hydroxysuccinimide (NHS) using
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Scheme 1. Synthesis of 99mTc-S-DG. Reagents and solvents: (a)


solvent: dichloromethane/acetic acid, yield: 95%; (b) glucosamine,


DCC, solvent: ethanol/water, yield: 12%; (c) triethylsilane, solvent:


TFA; (d) 99mTc-GH.


OH


S
Tr


O
(a) O


S
Tr


O N


O


O


(b) (c)


(d)


(e)


S


O N N


N


O


O


O


Tc


O


S


O NHHN


HN


O


O


O


Tr


S


O NHHN


HN


O


O


O


Tr
OH3 7


9


11


HN HO
O


OHOH


HO


SH


O NHHN


HN


O


O


O


10


HN HO
O


OHOH


HO


HN HO
O


OHOH


HO


8
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acetonitrile, yield: 30%; (c) glucosamine, DCC, solvent: acetonitrile/


water, yield: 19%; (d) triethylsilane, solvent: TFA; (e) 99mTc-GH.
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Scheme 3. Synthesis of 99mTc-MAMA-BA-DG. Reagents and solvent: (a) sol


dichloromethane, yield: 90%; (c) compound 14, triethylamine, solvent: dichlo


potassium carbonate, solvent: acetonitrile, yield: 40%; (e) 5% NaOH/THF, y


triethylsilane solvent: TFA; (h) 99mTc-GH.
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DCC as condensation reagent to obtain the active ester
7. The active ester 7 was reacted with the amine group of
glycylglycylglycine to provide the Tr-MAG3 8. Tr-
MAG3 was conjugated with glucosamine with DCC as
condensation agent to provide the compound 9. Depro-
tecting and labeling were performed with the same pro-
cedure as 99mTc-S-DG.


99mTc-MAMA-BA-DG was synthesized according to
the procedure in Scheme 3. After protecting the thiol
group of cysteamine chloride with trityl chloride, the
resulting compound 14 was reacted with bromoacetal
bromide to prepare 16. The amine group of 16 was then
alkylated with methyl 4-bromobutyrate to produce 17.
After hydrolysis of the ester group, the resulting com-
pound 18 was conjugated with glucosamine with DCC
to obtain compound 19. Deprotecting and labeling were
performed with the same procedure as 99mTc-S-DG.


The radiochemical yields of 99mTc-labeled deoxyglucose
analogues were determined by TLC on three systems
and the Rf values of 99mTc-species are listed in Table
1. HPLC analysis showed that the radiochemical purity
is high (Fig. 1).
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vent: TFA, yield: 75%; (b) bromoacetyl bromide, triethylamine, solvent:


romethane, yield: 64%; (d) methyl 4-bromobutyrate, potassium iodide,


ield: 95%; (f) glucosamine, DCC, solvent: THF/water, yield: 7.3%; (g)


Table 1. Rf values of 99mTc-species on TLC


99mTc-species System 1a System 2b System 3c


99mTc-S-DG 0.0 0.7–0.8 0.9–1.0
99mTc-MAG3-DG 0.0 0.6–0.7 0.9–1.0
99mTc-MAMA-BA-DG 0.0 0.6–0.7 0.9–1.0
99mTc-GH 0.0 0.9–1.0 0.9–1.0
99mTcO4


� 0.8–0.9 0.5–0.7 0.0
99mTcO2ÆnH2O 0.0 0.0 0.0


a Xinhua No.1 paper strip developed by eluent A (1 mol/l of ammo-


nium acetate/methanol (4:1)).
b Xinhua No. 1 paper strip developed by ketone.
c Polyamide strip developed by saline.
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Figure 1. Radio-HPLC chromatograms using an amino-column eluting with 70% acetonitrile for 30 min. (A) 99mTc-GH, tR = 6.4 min; (B) 99mTc-S-


DG, tR = 4.3 min; (C) 99mTc-MAG3-DG, tR = 4.7 min; (D) 99mTc-MAMA-BA-DG, tR = 5.4 min.


Table 2. Partition coefficients of 99mTc-DG analogues


99mTc-S-DG 99mTc-MAG3-DG 99mTc-MAMA-


BA-DG


logP �2.92 ± 0.03 �2.19 ± 0.01 �1.71 ± 0.01


Table 4. Biodistribution of 99mTc-MAG3-DG in breast tumor-bearing


micea


Tissue 30 min 2 h 4 h


Blood 2.95 ± 0.48 1.31 ± 0.17 0.88 ± 0.06


Lung 2.69 ± 0.18 1.04 ± 0.08 0.71 ± 0.06


Liver 2.87 ± 0.26 1.99 ± 0.24 1.40 ± 0.15


Stomach 2.90 ± 1.67 2.25 ± 1.24 0.64 ± 0.34


Spleen 1.02 ± 0.03 0.84 ± 0.28 1.15 ± 0.68


Kidney 10.03 ± 2.40 8.42 ± 2.37 12.80 ± 1.20


Intestine 4.80 ± 0.60 2.22 ± 0.51 1.10 ± 0.25


Muscle 0.57 ± 0.22 0.33 ± 0.13 0.20 ± 0.05


Tumor 1.61 ± 0.06 1.01 ± 0.10 0.82 ± 0.06


Brain 0.12 ± 0.01 0.06 ± 0.02 0.04 ± 0.01


Heart 0.93 ± 0.14 0.54 ± 0.15 0.36 ± 0.04


T/B ratio 0.55 ± 0.09 0.78 ± 0.13 0.94 ± 0.13


T/M ratio 3.06 ± 1.06 3.42 ± 1.33 4.35 ± 1.41


a All data are the mean percentage (n = 3) of the injected dose of 99mTc-


MAG3-DG per gram of wet tissue, ±the standard deviation of the


mean.
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Partition coefficients of 99mTc-DG analogues at pH 7.4
are shown in Table 2 and all of them are highly hydro-
philic. 99mTc-S-DG is the highest hydrophilic one and
99mTc-MAG3-DG is more hydrophilic than 99mTc-MA-
MA-BA-DG.


Biodistribution of these three complexes was performed
in TA-2 mice (18–22 g) with MA891 breast tumor at 0.5,
2, and 4 h postinjection (pi). The results are summarized
in Tables 3–5. Though the three complexes showed little
brain and low heart uptake, they demonstrated tumor
accumulation and high tumor-to-muscle (T/M) ratios.
There were significant similarities in biodistribution pat-
tern between these three complexes, but 99mTc-MAMA-

Table 3. Biodistribution of 99mTc-S-DG in breast tumor-bearing micea


Tissue 30 min 2 h 4 h


Blood 3.32 ± 0.50 2.22 ± 0.69 1.29 ± 0.19


Lung 2.73 ± 0.39 1.48 ± 0.45 0.98 ± 0.15


Liver 5.90 ± 1.06 4.75 ± 1.81 4.18 ± 1.42


Stomach 3.69 ± 0.09 3.17 ± 0.28 1.41 ± 0.69


Spleen 1.81 ± 0.76 1.36 ± 1.29 1.60 ± 0.40


Kidney 8.80 ± 0.61 10.81 ± 5.03 13.21 ± 2.87


Intestine 2.24 ± 0.81 4.07 ± 2.32 1.29 ± 0.47


Muscle 0.51 ± 0.18 0.45 ± 0.09 0.33 ± 0.09


Tumor 1.53 ± 0.05 1.25 ± 0.36 1.06 ± 0.18


Brain 0.11 ± 0.02 0.07 ± 0.02 0.04 ± 0.01


Heart 0.90 ± 0.18 0.57 ± 0.11 0.38 ± 0.06


T/B ratio 0.47 ± 0.05 0.59 ± 0.20 0.82 ± 0.15


T/M ratio 3.20 ± 0.87 2.85 ± 1.12 3.29 ± 0.38


a All data are the mean percentage (n = 3) of the injected dose of 99mTc-


S-DG per gram of wet tissue ± the standard deviation of the mean.


Table 5. Biodistribution of 99mTc-MAMA-BA-DG in breast tumor-


bearing micea


Tissue 30 min 2 h 4 h


Blood 1.29 ± 0.09 0.36 ± 0.03 0.23 ± 0.03


Lung 1.17 ± 0.15 0.35 ± 0.07 0.24 ± 0.01


Liver 10.86 ± 1.78 5.49 ± 1.28 3.60 ± 0.94


Stomach 2.73 ± 1.08 2.83 ± 2.01 1.40 ± 0.84


Spleen 0.51 ± 0.08 0.22 ± 0.10 0.22 ± 0.07


Kidney 7.47 ± 0.53 3.76 ± 1.85 2.09 ± 0.34


Intestine 2.26 ± 1.98 2.57 ± 1.63 1.90 ± 1.18


Muscle 0.31 ± 0.03 0.14 ± 0.04 0.11 ± 0.12


Tumor 0.81 ± 0.03 0.26 ± 0.05 0.21 ± 0.03


Brain 0.06 ± 0.01 0.02 ± 0.002 0.04 ± 0.03


Heart 0.42 ± 0.01 0.12 ± 0.02 0.12 ± 0.06


T/B ratio 0.63 ± 0.02 0.74 ± 0.20 0.94 ± 0.16


T/M ratio 2.65 ± 0.15 1.91 ± 0.12 2.25 ± 0.71


a All data are the mean percentage (n = 3) of the injected dose of 99mTc-


MAMA-BA-DG per gram of wet tissue, ±the standard deviation of


the mean.
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BA-DG was excreted through hepatobiliary system dif-
ferent from the other two being through kidney. Among
them, 99mTc-MAG3-DG showed the most favorable
characteristics with highest tumor-to-muscle ratio and
fast blood clearance among the three complexes.


In summary, three new DG derivatives were synthe-
sized and labeled with technetium-99m successfully.
Low molecular weight accelerated clearance from
blood, and different linkers and chelate cores changed
excretion path. Among them, 99mTc-MAG3-DG could
be further studied as potential tumor imaging agents.
Related work is underway and will be reported in
due course.
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Abstract—The microwave-assisted aromatization method has been used for the synthesis of a series of novel thieno[2,3-c]pyridines.
This rapid method produces compounds in good yield within minutes in comparison with conventional heating method. The syn-
thesized molecules have been evaluated as a potential new series of allosteric enhancers acting at the adenosine A1 receptor. In a
functional assay, one compound (3h) showed activity comparable with that of reference compound PD 81,723.
� 2006 Elsevier Ltd. All rights reserved.

Allosteric effects are observed when there are interac-
tions between two binding processes that occur simulta-
neously or sequentially: the binding of one ligand affects
the binding of another ligand. The flexible nature of
interactions between receptors and various allosteric
modulators, together with the potential for subtype
selectivity, makes allosteric sites attractive for therapeu-
tic intervention.1 2-Amino-3-benzoyl thiophenes are
allosteric enhancers acting at the adenosine A1 recep-
tor.2,3 Bruns and coworkers reported that this class of
derivatives are capable of enhancing both the binding
and activity of reference A1 receptor agonists, such as
N6-cyclopentyladenosine (CPA), at the adenosine A1


receptor. This effect is manifested as a slowing of the
rate of dissociation of the agonist from the receptor.4


Bruns also reported that these compounds were capable
of acting as competitive antagonists at the same recep-
tor, usually at higher concentrations.5 Therefore, the
concentration range where these compounds can en-
hance the effects of agonists is limited. Among the com-

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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pounds tested by Bruns, PD 81,723 (2-amino-4,5-
dimethylthien-3-yl)-[3-(trifluoromethyl)phenyl]-metha-
none (1) represents a specific and selective allosteric
enhancer of agonist binding to the A1 receptor, with
the best ratio of enhancement to antagonistic action at
this receptor.6


PD 81,723 is selective for adenosine A1 receptor, having
no effects on other adenosine receptor subtypes or on
other classes of receptors. While the exact molecular
mechanism(s) through which PD 81,723 exerts its allo-
steric actions remains unknown, the available data indi-
cate that PD 81,723 functions to stabilize a high affinity
or agonist-preferring state of the A1 receptor.7


To study the role of various substitutions on the phenyl
ring and the importance of the 4,5-dimethyl group on
the thienyl ring, several research groups5,8 have described
the synthesis and biological evaluation of compounds
useful as potent, yet selective allosteric enhancers of the
adenosine A1 receptor. The 2-amino and 3-benzoyl
groups were found to be crucial for the activity. It was
evident from previous SAR studies that substitution on
the benzoyl moiety at the 3-position of the thiophene ring
with electron-withdrawing substituents, such as chlorine
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and trifluoromethyl, resulted in higher enhancement
activity. Substitution at the 4-position of the thiophene
ring with simple alkyl or aryl groups increased activi-
ty,2–4 while bulky 5-alkyl substitution had little or no
beneficial effect on activity, with the exception of a small
series of thiophene 5-bromo derivatives.8e In addition,
several studies indicated that the addition of a fused ring
on the thiophene provided improved allosteric enhancer
activity. Among these compounds, 2-amino-3-aroyl-
4,5,6,7-tetrahydro[2,3-c]pyridine derivatives with general
formula 2 were considered worthy of further attention. In
the series of molecules which bear the 3-(trifluorometh-
yl)benzoyl substituent of PD 81,723, N6-benzyl substitu-
tion (derivative 2a) was beneficial, while its removal (2b)
or substitution with a methyl (2c) was detrimental for the
enhancer activity.5,8a


In this article, we report the synthesis and evaluation as
allosteric enhancers at the adenosine A1 receptor of a
novel class of ligands with general formula 3, based on
the 2-amino-thieno[2,3-c]pyridines’ molecular skeleton,
that contains different aroyl groups at the 3-position.
For compounds 3b–h, the substituents on the benzoyl
group were identified which further improved activity
(e.g., trifluoromethyl, bromo, chloro, methyl, and meth-
oxy).3,4,8 Replacing the aroyl for a naphthoyl moiety
also yielded potent enhancers.2,3 By the synthesis of 3-
(1-naphthoyl) derivative 3i, we seek to examine if the
receptor environment neighboring the benzoyl binding
site is lipophilic. Finally, we prepared 3j to further ex-
plore the effect of the replacement of the phenyl at the
3-position with an isosteric/isoelectronic 2-thienyl
group.


Compounds 3a–j were obtained by an oxidative aroma-
tization procedure under microwave irradiation, starting
from the corresponding 4,5,6,7-tetrahydrothieno[2,3-
c]pyridine derivatives.

S NH2


O


CF3


1, PD 81,723


S NH2


O


CF3


N
R


2a, R=Bn
2b, R=H
2c, R=Me


N S


R
O


NH2


3


R=substitued and unsubstituted
phenyl, 1-naphthyl, 2-thienyl.


Table 1. Effect of compounds 3a–j on cAMP cell content in CHO cells


expressing human adenosine A1 receptor


Compound cAMP content as percent of control


(mean ± SEM)a


Concentration of compounds


0.01 lM 0.1 lM 1 lM 10 lM


3a 91 ± 8 89 ± 10 90 ± 11 100 ± 8


3b 104 ± 6 102 ± 4 96 ± 10 114 ± 10


3c 103 ± 11 98 ± 5 97 ± 5 111 ± 8


3d 113 ± 5 108 ± 8 103 ± 5 105 ± 7


3e 97 ± 6 89 ± 5 84 ± 6 104 ± 4


3f 102 ± 9 107 ± 9 107 ± 6 121 ± 5


3g 95 ± 10 97 ± 9 90 ± 6 94 ± 9


3h 101 ± 5 95 ± 6 82 ± 6 63 ± 4


3i 113 ± 4 112 ± 7 107 ± 5 66 ± 8


3j 111 ± 6 104 ± 5 107 ± 8 98 ± 9


PD 81,723 97 ± 3 93 ± 3 81 ± 3 52 ± 2


a The results are the average of six experiments at each of four con-


centrations of tested compound.

The thieno[2,3-c]pyridine system was previously pre-
pared in low yield by reaction of 3-bromo-4-cyanometh-
ylpyridine with phenylisothiocyanates and sodium
hydride.9 Thieno[2,3-c]pyridine analogs with general
structure 3 were synthesized by a five-step synthesis de-
scribed in Scheme 1. Bicyclic N6-tert-butoxycarbonyl
(Boc) protected 2-amino-3-aroyl-4,5,6,7-tetrahydrothie-
no[b]pyridines 5a–j were obtained by the Gewald reac-
tion10 applied to b-ketonitriles 4a–j11 and N-Boc-4-
piperidone. Acetylation of the amino group using acetyl
chloride followed by removal of the N6-Boc protecting
group with trifluoroacetic acid (TFA) afforded the
4,5,6,7-tetrahydro[2,3-c]pyridine derivatives 6a–j. The
subsequent aromatization by treatment with manganese
dioxide (MnO2) in toluene under microwave irradiation

(MW) furnished the thieno[2,3-c]pyridines 7a–j. In com-
parison with conventional (thermal) heating, microwave
heating reduced the reaction time (3 h vs. 5 min, respec-
tively), although we did not notice any yield improve-
ment (53–65%). These latter derivatives were
transformed by saponification into the final products
3a–j.


The effects of compounds 3a–j were determined on for-
skolin-stimulated cAMP accumulation in the presence
of an A1-adenosine agonist (CPA) in Chinese hamster
ovary (CHO) cells expressing the cloned human adeno-
sine A1 receptor (hA1AR). Activation of these receptors
causes an inhibition of the activity of adenylyl cyclase
and a reduction of cAMP content of CHO cells.12 The
results are shown in Table 1.


Allosteric enhancement was measured as the ability of
compounds 3a–j at four different concentrations (0.01,
0.1, 1, and 10 lM) to further reduce the cAMP content
of CHO:hA1 cells. The reference compound for compar-
ison was PD 81,723. As shown in Table 1, PD 81,723
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inhibited forskolin-stimulated cAMP accumulation in a
concentration-dependent manner from 1 to 10 lM with
a maximum inhibition of 48%. The pyridine ring fused
to the 2-amino-3-aroyl thiophene ring system led to a
significant loss of activity. Thus, these compounds gen-
erally have no potency or efficacy as allosteric enhancers
through the concentration range tested. Only one com-
pound of this series (3h) exhibited a concentration-de-
pendent activity comparable with that of the reference
compound, PD 81,723, at all tested concentrations, with
37% inhibition at 10 lM. Replacing the benzoyl with a
bulky 1-naphthoyl yielded compound (3i), active only
at 10 lM.


Since many known allosteric enhancers are also adeno-
sine A1 receptor antagonists at some (usually higher)
concentration, the fact that most of the synthesized
compounds did not show a greater efficacy than did
10 lM PD 81,723 could be explained by possible antag-
onist properties. Compounds 3a–j were tested at a con-
centration of 10 lM for their ability to displace the
binding of [3H]DPCPX, [3H]ZM 241385, and
[3H]MRE-3008F20 to the ligand binding site of CHO:-
hA1, CHO:hA2A, and CHO:hA3 adenosine receptors
(AR), respectively (Table 2).13


The prototype enhancer, PD 81,723, did not inhibit the
binding of a radiolabeled antagonist to A1 and A2A


receptors, but it reduced by 21% the binding of
[3H]MRE-3008F20 to the A3 receptor. None of the
selected compounds inhibited binding at the hA2AAR
and hA3AR, but some derivatives (3b, 3f, and 3j) inhib-
ited binding to the hA1 AR to some extent (35–50%).
For the only compound of this series active as an alloste-
ric enhancer (3h), it was possible to achieve a good sep-
aration between enhancing activity and binding to the
orthosteric site, being devoid of antagonist activity on
A1, A2A, and A3 receptors.


In conclusion, we have reported a new and general
methodology for the construction of a series of 2-ami-
no-3-aroyl-thieno[2,3-c]pyridines as potential allosteric
enhancer at the A1-adenosine receptor. This route is
convenient for its simplicity, availability of starting
materials, and good yields obtained. One compound

Table 2. Percent Inhibition activity of enhancer compounds 3a–j


Compound hA1
a hA2A


b hA3
c


3a 0 ± 0 0 ± 0 0 ± 0


3b 50 ± 5 0 ± 0 0 ± 0


3c 0 ± 0 0 ± 0 0 ± 0


3d 0 ± 0 0 ± 0 0 ± 0


3e 0 ± 0 0 ± 0 0 ± 0


3f 45 ± 5 0 ± 0 0 ± 0


3g 0 ± 0 0 ± 0 0 ± 0


3h 0 ± 0 0 ± 0 0 ± 0


3i 0 ± 0 0 ± 0 0 ± 0


3j 35 ± 4 0 ± 0 0 ± 0


PD 81,723 0 ± 0 0 ± 0 21 ± 2


Inhibition activity was expressed as percent displacement value


(±STD, n = 3) of 1 nM of [3H]DPCPXa, [3H]ZM 241385b or [3H]MRE


3008F20c by 10 lM of tested compound.

from this series (3h) was shown to have activity as an
allosteric enhancer and thus the thieno[2,3-c]pyridine
nucleus could be useful as a precursor for the synthesis
of further compounds.
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(0.5 U/ml) and 20 lM rolipram with or without 1 lM
forskolin, 0.03 nM CPA, and varying concentrations of
T-compounds or PD 81,723. After a 6-min incubation at
37 �C, the incubation solution was aspirated, and HCl
(0.5 ml, 50 mM) was added to each well to terminate drug
action. The cAMP content in each well was determined by a
radioimmunoassay. Briefly, a standard curve was prepared
in duplicate with tubes containing 100 ll cAMP (0.001–
10 pmol) in 50 mM HCl. The 48-well plates containing the
samples were gently agitated to mix the contents of the
wells. A 5 ll aliquot was then transferred from each well to
test tubes containing 100 ll of 50 mM HCl. Each sample
was then acetylated by the addition of 4.5 ll triethylamine
and acetic anhydride solution (3.5:1), and immediately
vortexed. A 10 ll aliquot of [125I]-ScAMP-TME containing
20,000 cpms was added, followed by 100 ll cAMP antibody
in a solution of 50 mM Na-acetate buffer (pH 4.75)
containing 0.125% BSA. The tubes were then incubated
either at room temperature for 2 h or at 4 �C overnight.
Following the incubation, 50 ll hydroxyapatite in a 1:1
suspension with water was added to each tube and
incubated for 10 min at room temperature. Using a Brandel
cell harvester, samples were filtered and rinsed 3 times with
ice-cold 10 mM Tris buffer, pH 7.0. The filters were placed
in vials and [125I]-ScAMP-TME bound was measured using
a Beckman Gamma Counter. In each experiment (3 plates,
48 wells per plate), the response to the tested compounds
and PD 81,723 was determined in quadruplicate at
concentrations of 0.01, 0.1, 1.0, and 10 lM. Additionally,
each plate included controls: basal, 1 lM forskolin, 1 lM
forskolin with 100 nM CPA, and 1 lM forskolin with
0.03 nM CPA. Each experiment was repeated at least 3

times. The data were analyzed using Microsoft Excel and
graphed using GraphPad Prism. The results are expressed
as the means ± SEM.


13. Competition experiments of 1 nM [3H]DPCPX to CHO:-
hA1 membranes were performed incubating membranes
(100 lg of protein/assay) at 25 �C for 150 min. Competi-
tion experiments were performed in duplicate in a final
volume of 250 ll in test tubes containing 50 lM Tris–HCl
buffer, pH 7.4, and 100 ll of membranes and at least six to
eight different concentrations of the tested compounds.
Non-specific binding was defined as the binding in the
presence of 1 lM DPCPX and was about 25% of total
binding. Competition experiments of 2 nM [3H]ZM241385
to CHO:hA2A membranes were performed incubating
membranes (100 lg of protein/assay) at 4 �C for 60 min.
Competition experiments were performed in duplicate in a
final volume of 250 ll in test tubes containing 50 lM Tris–
HCl buffer, 10 lM MgCl2, pH 7.4, and 100 ll of
membranes, and at least six to eight different concentra-
tions of the tested compounds. Non-specific binding was
defined as the binding in the presence of 1 lM ZM241385
and was about 30% of total binding. Competition exper-
iments of 2 nM [3H]MRE-3008F20 to CHO:hA3 mem-
branes were performed incubating membranes (100 lg of
protein/assay) at 4 �C for 150 min. Competition experi-
ments were performed in duplicate in a final volume of
250 ll in test tubes containing 50 lM Tris–HCl buffer,
10 lM MgCl2, 1 mM EDTA, pH 7.4, and 100 ll of
membranes, and at least six to eight different concentra-
tions of the tested compounds. Non-specific binding was
defined as the binding in the presence of 1 lM MRE-
3008F20 and was about 30% of total binding.
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Abstract—The syntheses and anti-tuberculosis activity of quinolone-cephalosporin conjugates (1 and 2) are described. Both showed
broad-spectrum antibacterial activity and significant anti-TB activity. The carbamate-linked quinolone-cephem 2 showed better
antimycobacterial activity, including anti-TB activity, than the direct amine-linked quinolone-cephem 1, while quinolone-cephem
1 was slightly more effective against some Gram-negative bacterial strains.
� 2006 Elsevier Ltd. All rights reserved.
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Tuberculosis (TB) is one of the leading causes of death
and suffering worldwide. The increasing microbial resis-
tance, toxicity, and side effects of currently used anti-tu-
berculosis drugs also emphasize the urgent need for new,
safer, and more effective anti-tuberculosis agents.1–5


Quinolonyl-b-lactams are a class of multifunctional b-
lactams and some examples showed high potency and
broad antibacterial activity against a range of clinically
significant bacterial pathogens, especially against newly
emerging strains of quinolone- and b-lactam-resistant
bacteria, for example, methicillin-resistant ciprofloxa-
cin-resistant (MRCR) Staphylococcus aureus, penicil-
lin-resistant Streptococcus pneumoniae, and
vancomycin-resistant Enterococcus faecium.6


However, no anti-TB activity data of quinolonyl-b-lac-
tams were reported. Based on our previous work on
the synthesis of a carbacephalosporin-quinolone con-
jugate,7 we describe here the syntheses and anti-TB
activity of direct amine-linked quinolonyl-cephem 1
and carbamate-linked quinolonyl-cephem 2 (see
Fig. 1).
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The synthesis of the direct amine-linked quinolone-
cephalosporin 1 is shown in Scheme 1. 3-Chlorometh-
yl-7-phenylacetylamino cephalosporanic acid p-meth-
oxybenzyl ester (GCLE) was converted to 3-iodo-
methyl cephalosporin 3 in 92% yield according to the
literature procedure.8 The key intermediate 4 was
obtained in 30% yield by coupling compound 3 with
ciprofloxacin that had been pretreated with N-methyl-
N-(trimethylsilyl) trifluoro acetamide (MSTFA).9 Subse-
quent deprotection with TFA in the presence of anisole
provided the desired product 1 in 70% yield.


The synthesis of carbamate-linked quinolone-cephalo-
sporin compound 2 is shown in Scheme 2. This synthesis
began with a controlled hydrolysis to remove the acetyl
group of commercially available 7-amino cephalospor-
anic acid (7-ACA). Reaction with phenylacetyl chloride
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Figure 1. QLAs: quinolone-cephalosporin conjugates.
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Scheme 1. Procedure for synthesis of amine-linked quinolone-cephalosporin conjugate.
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Scheme 2. Procedure for synthesis of carbamate-linked quinolone-cephalosporin conjugate.
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followed by treatment with diphenyldiazomethane pro-
vided 5 in 44% yield for three steps.10 Subsequent cou-
pling with tetrachloroethyl chloroformate gave
intermediate carbonate 6 in 81% yield. Direct reaction
with ciprofloxacin under basic aqueous conditions fol-
lowed by deprotection gave the desired product, 2, in
51% yield for two steps.11


Quinolone-cephalosporin compounds 1, 2, 4, 7, as well
as GCLE, ciprofloxacin, mixtures, and precursors 3
and 5, were tested for their antibacterial activities
against various strains of Gram-positive and Gram-neg-
ative bacteria, several strains of mycobacteria, as well as
against Mycobacterium tuberculosis (Table 1).12–17 Com-
pound 2 was found to be comparable to or by 1 to 2
dilution steps more active than compound 1 for all fast
growing mycobacteria, and also for M. tuberculosis
H37Rv. Interestingly, the very hydrophobic benzhydryl
ester, compound 7, was the most active compound
against enterobacteria (Escherichia coli and Enterobacter
cloacae), against staphylococci and enterococci as well
as fast growing mycobacteria. On the other hand, 7
and ciprofloxacin were less effective against Micrococcus
luteus, while conjugates 1, 2, and 4 were highly active

toward M. luteus. For the Gram-negative bacteria and
for the enterococcus strain used here, ciprofloxacin
alone was still more active than the corresponding b-lac-
tam conjugates 1, 4, and 7. As noted, the hydrophobic
protecting group of 7 increased activity against staphy-
lococci and enterococci relative to compounds 1, 2,
and 4 that are more hydrophobic. Generally, com-
pounds 1 and 2 with hydrophilic properties (or without
hydrophobic protecting groups) were found to be more
active than conjugate 4 with a hydrophobic (PMB)
protecting group. Activity of all compounds against
Pseudomonas aeruginosa did not depend on outer mem-
brane permeability since essentially the same MIC val-
ues were obtained for the wild-type strain and for the
mutant strain with an impaired outer membrane barrier.
Activity of all compounds (except for the inactive pre-
cursor b-lactams 3 and 5) against E. coli was increased
for the permeability mutant DC2 in contrast to the
wild-type strain DC0.


Compounds 1, 2, and 7 also showed good anti-TB activ-
ity, but starting GCLE, 4, and conjugate precursors 3
and 5 displayed weak to no activity. Carbamate-based
conjugate 2 was active against M. tuberculosis H37Rv







Table 1. Antibacterial activity of quinolone-cephalosporin compounds


Species/strains MIC (lM)


1 4 2 7 Ciproa/GCLE


tested separately


3 5 GCLE +


Cipro


Escherichia coli DC0 wild type 3.12 25 3.12 1.56 0.4/200 200 >200 3.12


Escherichia coli DC2 permeability mutant 0.8 6.25 0.8 0.2 <0.1/NTe 200 200 NT


Enterobacter cloacae P99 0.1 0.4 0.2 <0.1 <0.1/NT 100 200 NT


Micrococcus luteus ATCC 10240 0.4 3.12 0.2 12.5 25/50 100 25 50


Pseudomonas aeruginosa


KW 799/WT wild type


1.56 12.5 3.12 1.56 0.8/100 100 100 3.12


Pseudomonas aeruginosa


KW 799/61 permeability mutant


1.56 12.5 3.12 1.56 0.4/50 100 100 1.56


Mycobacterium vaccae IMET 10670 3.12 3.12 1.56 1.56 0.8/100 100 200 6.25


Mycobacterium smegmatis SG987 3.12 12.5 3.12 1.56 0.8/NT >200 200 NT


Mycobacterium aurum SB66 0.4 0.8 0.2 0.2 0.1/NT 100 50 NT


Mycobacterium aurum DSM 43436 0.4 1.56 0.2 0.2 0.1/NT 50 25 NT


Mycobacterium fortuitum B 3.12 12.5 0.8 0.8 0.2/100 200 200 1.56


Staphylococcus aureus SG 511 1.56 1.56 0.4 0.2 0.8/1.56 6.25 3.12 1.56


Staphylococcus aureus 134/93 MRSA 200 >200 200 100 50/NT >200 >200 NT


Enterococcus faecalis 1528 VRE 12.5 50 6.25 3.12 1.56/NT 200 200 NT


Mycobacterium tuberculosis


H37Rv MABAb/GASc


3.8 62.3 1.6 8.0 1.8/31.5 >128 >128 1.8


Vero cells IC50 (lM)d >128 13.1 >128 >128 NT/NT NT NT NT


a Ciprofloxacin from BioChemika.
b MABA, microplate alamar blue assay.15


c GAS, glycerol-alanine-salts.16


d Concentration resulting in 50% inhibition of the growth of VERO cells.17


e NT, not tested.
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with an MIC of 1.6 lM. Interestingly, its benzhydryl
ester 7 also was active with an MIC of 8.0 lM. The
amine-linked quinolone-cephalosporin compound 1
was slightly less active than carbamate 2. Compounds
1, 2, and 7 were found not to be cytotoxic against Vero
cells, thus, making them worthy of consideration as
potential anti-tuberculosis agents.


In summary, we have synthesized direct amine-linked
quinolone-cephem 1 and carbamate-linked quinolone-
cephem 2, and evaluated them and their corresponding
esters 4 and 7 for antibacterial activity. Of all
conjugates, 2 had superior antimycobacterial/anti-TB
activity.
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Abstract—The preparation of a phosphoramidon precursor is described using a phosphorus(III) coupling protocol.
� 2006 Elsevier Ltd. All rights reserved.

Figure 1. Phosphoramidon.

Phosphoramidon (1) was isolated from Streptomyces
tanashiensis in 1972 by a Japanese group at Keio Uni-
versity.1 It consists of a leucyl-tryptophan dipeptide cou-
pled to a-LL-rhamnose via a phosphoramidate linkage
(Fig. 1). Phosphoramidon possesses an array of biolog-
ical activity, including inhibition of the bacterial zinc
protease thermolysin,2 the mammalian plasma mem-
brane zinc peptidase,3 and a metalloprotease endothelin
converting enzyme.4 Its ability to inhibit endothelin con-
verting enzyme has rendered it a valuable tool in the
study of hypertension,5 stroke,6 and diseases of the
kidney.7,8 Phosphoramidon has been particularly scruti-
nized as a potent and specific inhibitor of a zinc metallo-
proteinase identified as an endothelin converting
endopeptidase. As a result, it has been a model for the
development of numerous novel inhibitors developed
over the last decade.9 Phosphoramidon has also been
used in the study of the upstream inhibition of endothe-
lin conversion.


To support studies of this type, phosphoramidon is sold
commercially. In practice however, supplies of phospho-
ramidon are subject to both high cost (ca. $45/mg), and
inconsistent availability.10 This report details our effort
to produce gram quantities of phosphoramidon, which
led ultimately to an improvement of the convergent cou-
pling of the monosaccharide, phosphate ester, and
dipeptide fragments of the natural product.


Our initial synthetic route to phosphoramidon followed
the first report of its synthesis by De Nanteuil and
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coworkers in 1995 (Fig. 2),11 in which three fragments
served as key intermediates: triacylated LL-rhamnose
(2), phenyl dichlorophosphate (3), and the ethyl ester
of leucyl-tryptophan (4). In their report, the three com-
ponents were linked in a one-pot, double condensation
reaction to afford the protected intermediate (11), which
was saponified to afford 1 in 7.5% yield over two steps.


Toward that end, commercially available LL-rhamnose 5
was peracylated under Steglich conditions to afford 6 in
99% yield (Scheme 1).12 Chemoselective deacylation of
6 at the anomeric position gave a-anomer 2 as a white
solid in 77% yield.13 The carbobenzyloxy protected

Figure 2. Key fragments for the synthesis of phosphoramidon (De


Nanteuil).
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Scheme 1. Unsuccessful coupling based on literature protocol.


M. G. Donahue, J. N. Johnston / Bioorg. Med. Chem. Lett. 16 (2006) 5602–5604 5603

dipeptide 10 was prepared in 98% yield via union of
commercially available N-carbobenzyloxy-LL-leucine (7)
with the ethyl ester of LL-tryptophan (9) (prepared in
89% yield by esterification of LL-tryptophan 8 in refluxing
ethanol with two equivalents of DLDL-camphorsulfonic
acid) using dicyclohexylcarbodiimide (DCC) and 1-
hydroxybenzotriazole (HOBT).14 Palladium catalyzed
hydrogenolysis of the Cbz group of 10 gave dipeptide
4 in 99% yield.


With ample quantites of 2 and 4 in hand, the litera-
ture coupling conditions involving phenyl dichloro-
phosphate 3 failed to provide any product 11. As
the result of several attempts to effect the coupling,
we successfully isolated glycosyl chloride 12 (anomeric
proton, d 5.87 (d, J = 2 Hz)). Furthermore, we noted
the propensity for dipeptide 4 to transform slowly to
cyclic dipeptide 13, even upon standing in purified
form at low temperature. Through various modifica-
tions to the coupling protocol, we surmised that for-
mation of the glycosyl chloride was both evidence
that phosphorylation of the monosaccharide was
occurring (leading to 12), as well as an indication that
chloride displacement of the phosphate is competitive
with dipeptide coupling. Therefore, we turned to a
more effective phosphorus lynchpin for these
couplings.


To circumvent the failings of the doubly activated
phosphorus reagent, the coupling route was rede-
signed to a step-wise approach. We hypothesized that
acceleration of the dipeptide-glycosyl phosphate cou-
pling might be achieved through the use of more

Scheme 2. Phosphorus(III) coupling protocol.

electrophilic phosphorus(III) H-phosphonates, for
which several bench stable options can be found in
the literature.15 Phosphitylation of the anomeric alco-
hol of 2 with 1416 was followed by a hydrolysis pro-
tocol to afford H-phosphonate 15 in quantitative
yield (Scheme 2).17 This step required chromato-
graphic separation over silica gel to remove the sali-
cylic acid. The subsequent coupling involves four
distinct steps: (1) conversion of the tetracoordinate
P(III) H-phosphonate to the tri-coordinate P(III)
bis(silyl)phosphite, (2) oxidation of phosphorus with
molecular iodine, (3) formation of the presumed
phosphoryl pyridinium ion and (4) trapping with
dipeptide 4 to afford 16. We found that this sequence
furnished the desired aminophosphonate in 44% yield
after silica gel chromatography. The anomeric center
was assigned as a by comparison of 3JC(1)H-P


(7.5 Hz) to known a linked phosphoramidates of
rhamnose.18 The 31P NMR (carbon and proton
decoupled) showed a singlet at 3.83 ppm. As a prac-
tical note, the isolable compounds contain achiral
phosphorus, thereby simplifying the spectral data. A
total of 18.8 g of 16 was produced by this method,
and the final saponification to phosphoramidon has
been reported by De Nanteuil.11


In summary, a two step coupling protocol utilizing
salicylate phosphorus(III) reagent 14 allowed the effi-
cient, multigram scale synthesis of phosphoramidon
precursor 16. This synthesis should result in a more
consistent and inexpensive supply of this highly em-
ployed, pharmacologically important agent as a tool
in chemical biology.
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13. Fiandor, J.; Garcı̀a-López, M. T.; De Las Heras, F. G.;
Méndez-Castrillón, P. P. Synthesis 1985, 1121.


14. Sheehan, J. C.; Hess, G. P. J. Am. Chem. Soc. 1955, 77,
1067.


15. Stawinski, J.; Kraszewski, A. Acc. Chem. Res. 2002, 35, 952.
16. Young, R. W. J. Am. Chem. Soc. 1952, 74, 1672.
17. Marugg, J. E.; Tromp, M.; Kuyl-Yeheskiely, E.; van der


Marel, G. A.; van Boom, J. H. Tetrahedron Lett. 1986, 27,
2661.


18. Sun, Q.; Xiao, Q.; Ju, Y.; Zhao, Y. F. Chin. Chem. Lett.
2003, 14, 685.



http://dx.doi.org/10.1016/j.bmcl.2006.08.024

http://dx.doi.org/10.1016/j.bmcl.2006.08.024

http://www.agscientific.com/Item/P1101.html.



		Preparation of a protected phosphoramidon precursor via an H-Phosphonate coupling strategy

		Acknowledgment

		Supplementary data

		References and notes








Bioorganic & Medicinal Chemistry Letters 16 (2006) 5621–5624

Free radical scavengers from the medicinal mushroom Inonotus
xeranticus and their proposed biogenesis


In-Kyoung Lee,a Jin-Young Jung,a Soon-Ja Seok,b Wan-Gyu Kimb and Bong-Sik Yuna,*


aFunctional Metabolomics Research Center, KRIBB, Yuseong, Daejeon 305-333, Republic of Korea
bNational Institute of Agricultural Science and Technology, RDA, Suwon 441-707, Republic of Korea


Received 23 June 2006; revised 31 July 2006; accepted 2 August 2006

Abstract—New free radical scavengers, inoscavin D (1) and methylinoscavin D (2), were isolated from the methanolic extract of the
fruiting bodies of Inonotus xeranticus (Hymenochaetaceae), along with the known compounds phelligridin D (3), 3,4-dihydroxy-
benzaldehyde (4), and 3,4-dihydroxybenzoic acid (5). Their structures were established by various spectroscopic analyses.
Compounds 1 and 3 were proposed to be biosynthesized from the oxidative coupling of the precursor hispidin with 3,4-dihydroxy-
benzaldehyde and 3,4-dihydroxybenzoic acid, respectively. These compounds exhibited significant scavenging activity against the
ABTS radical cation, and compounds 2 and 4 displayed moderate superoxide radical scavenging activity.
� 2006 Elsevier Ltd. All rights reserved.

Mushrooms are ubiquitous in nature, and some of them
are important sources of physiologically beneficial med-
icines. They produce various classes of secondary
metabolites with interesting biological activity and thus
have the potential to be used as valuable chemical
resources for drug discovery. We have screened free
radical scavengers from medicinal mushrooms in view
of the fact that free radicals are implicated in the path-
ogenesis of various human diseases such as myocardial
and cerebral ischemia, arteriosclerosis, diabetes, rheu-
matoid arthritis, inflammation, cancer-initiation, and
aging process.1–3 Inonotus xeranticus (Berk.) Imaz. Et
Aoshi. (Hymenochaetaceae), a medicinal mushroom
widely distributed in East Asia including Korea, Japan,
and China, is a saprophytic fungus preferably living on
deciduous trees.4 In a previous investigation, we isolated
several hispidin derivatives from a yellow antioxidant
fraction of the fruiting body of I. xeranticus.5 As part
of our ongoing efforts to characterize antioxidant
constituents from the fruiting body of I. xeranticus,
new hispidin derivatives named inoscavin D (1) and
methylinoscavin D (2) have been isolated together with
the known compound phelligridin D (3), 3,4-dihydroxy-
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benzaldehyde (4), and 3,4-dihydroxybenzoic acid (5)
(Fig. 1). In this paper, we report the isolation, structure
determination, and free radical scavenging activity of
compounds 1–5 and their proposed biogenesis.


The ground fruiting body of the fungus I. xeranticus
(3 kg) was extracted twice with MeOH at room temper-
ature for 2 days. After removal of MeOH under reduced
pressure, the resultant was partitioned between
n-hexane, ethyl acetate, and n-butanol and water, con-
secutively. Compounds 1–3 were purified from the ethyl
acetate-soluble portion by the bioassay-guided fraction-
ation using ABTS (2,2 0-azino-bis-[3-ethylbenzthiazoline-
6-sulfonic acid]) radical scavenging assay. The ethyl
acetate extract was chromatographed on a column of
Sephadex LH-20 with MeOH to afford two yellow anti-
oxidant fractions. One was subjected to a column of
ODS (reversed-phase resin) eluting with a gradient of
increasing methanol (40–100%) in water and rechroma-
tographed on a column of Sephadex LH-20 with 70%
aqueous MeOH to give two antioxidant fractions. Each
fraction was finally purified by preparative reversed-
phase TLC with 70% aqueous MeOH to afford 1
(3 mg) and 2 (2 mg). The other was purified on a column
of ODS eluting with a gradient of increasing methanol
(50–100%) in water, followed by preparative reversed-
phase TLC with 70% aqueous MeOH to provide 3
(4 mg). The BuOH-soluble fraction was evaporated
under reduced pressure and the residue was dissolved
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Figure 1. Structures of compounds 1–5.


Table 1. 1H and 13C NMR data of compounds 1 and 2 in CD3ODa


No. 1 2


13C 1H 1H


1 163.3


2 101.4


3 163.0


4 101.8 6.36 (1H, s)b 6.38 (1H, s)


5 159.9


6 116.7 6.63 (lH, d, J = 16.0) 6.74 (1H, d, J = 16.0)


7 136.8 7.33 (lH, d, J = 16.0) 7.39 (1H, d, J = 16.0)


8 129.0


9 114.7 7.05 (lH, d, J = 2.0) 7.20 (1H, d, J = 2.0)


10 146.8


10-OMe 3.91 (3H, s)


11 148.7


12 116.6 6.78 (lH, d, J = 8.0) 6.81 (1H, d, J = 8.0)


13 122.0 6.96 (lH, dd,


J = 8.0, 2.0)


7.08 (lH, dd,


J = 8.0, 2.0)


1 0 101.7 6.06 (1H, s) 6.07 (1H, s)


l 0-OMe 55.9 3.53 (3H, s) 3.54 (3H, s)


2 0 114.0


3 0 113.9 6.74 (1H, s) 6.75 (1H, s)


4 0 146.8


5 0 147.7


6 0 112.2 8.08 (1H, s) 8.08 (1H, s)


7 0 118.9


a NMR data were measured at 400 MHz for proton and at 100 MHz


for carbon.
b Proton resonance integral, multiplicity, and coupling constant


(J = Hz) are in parentheses.
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Figure 2. HMBC correlations for 1.
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in H2O and subjected to a column of Diaion HP-20. The
column was washed by 30% aqueous MeOH, and com-
pounds 4 and 5 were eluted by 50% aqueous MeOH.
Finally, 4 (4 mg) and 5 (3 mg) were purified by Sephadex
LH-20 column chromatography with 70% aqueous
MeOH, followed by preparative reversed-phase TLC
developed with 30% aqueous MeOH.


Compound 1 was isolated as a yellow amorphous pow-
der, and its positive electron spray ionization (ESI) mass
provided a quasi-molecular ion peak at m/z 419
[M+Na]+, while the negative ESI-mass gave a quasi-
molecular ion peak at m/z 395 [M�H]�. The molecular
formula of 1 was established as C21H16O8 by high reso-
lution ESI mass data (m/z 397.0954 [M+H]+, +3.7 mmu)
in combination with 1H and 13C NMR data. The UV
absorption maxima at 257 and 414 nm suggested that
1 had a hispidin moiety, which is ubiquitous in the fungi
belonging to the hymenochaetaceae family.6,7 The 1H
NMR spectrum in CD3OD showed three aromatic
methine signals assignable to a 1,2,4-trisubstituted ben-
zene moiety at d 7.05 (1H, d, J = 2.0 Hz), 6.96 (1H,
dd, J = 8.0, 2.0 Hz), and 6.78 (1H, d, J = 8.0 Hz), three
methine singlets at d 8.08, 6.74, and 6.36 in aromatic re-
gion, two olefinic methine peaks attributable to a trans-
1,2-disubstituted double bond at d 7.33 (1H, d,
J = 16.0 Hz) and 6.63 (1H, d, J = 16.0 Hz), a methine
singlet at d 6.06, and a methyl singlet at d 3.53 (Table
1). The 13C NMR spectrum revealed the presence of
21 carbons, which were established as one methoxyl
methyl, nine methines, and 11 quaternary carbons
including an ester carbonyl and six oxygenated sp2 car-
bons by the aid of the HMQC spectrum. The structure
of 1 was determined by the HMBC spectrum, as shown
in Figure 2. The hispidin moiety was assigned by the
long-range correlations from H-4 to C-2, C-3, C-5,

and C-6, H-6 to C-5 and C-8, H-7 to C-9 and C-13,
H-9 to C-7, C-10, C-11, and C-13, H-12 to C-8 and C-
10, and H-13 to C-7, C-9, and C-11, and these chemical
shift values were consistent with the corresponding pro-
tons and carbons of hispidin moiety.5,7 Long-range cor-
relations from H-3 0 to C-5 0 and C-7 0, and H-6 0 to C-2 0


and C-4 0 revealed the presence of a 1,2,4,5-tetrasubsti-
tuted benzene moiety. In addition, the three bonded cor-
relations from H-3 0 to C-1 0, H-1 0 to C-3, C-3 0, and C-7 0


and H-6 0 to C-2 were evident. The chemical shift of C-1 0


at d 101.7 suggested the possibility for C-1 0 to be an sp2


carbon, but the long-range correlation from the methyl
protons at d 3.53 to C-1 0 implied that C-1 0 was an sp3


acetal. By the process of elimination, a remaining ester
carbonyl carbon at d 163.3 should be positioned to C-
1. Compound 1 was optically inactive, suggesting that
the biogenetic formation of the chiral center (C-1 0) is
nonstereoselective. From the above results, the structure
of 1 was unambiguously determined to be a new antiox-
idant with hispidin moiety.
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Compound 2 was obtained as a yellow powder and its
molecular formula was established as C22H18O8 by high
resolution ESI-MS (m/z 411.1046 [M+H]+, �2.8 mmu).
The 1H NMR spectrum of 2 was very similar to that
of 1, except for an additional methoxyl methyl signal
at d 3.91. The structure of 2 was assigned by interpreta-
tion of the HMBC spectrum, which exhibited a long-
range correlation from the methyl protons at d 3.91 to
an oxygenated quaternary carbon corresponding to
C-10. Therefore, the structure of 2 was determined as
a methylated 1.


The molecular weight of compound 3 was established as
380 Da by the ESI-MS providing a quasi-molecular ion
at m/z 379.4 [M�H]� in the negative mode. The 1H
NMR spectrum of 3 measured in CD3OD revealed the
signals due to a 1,2,4-trisubstituted benzene at d 7.05
(1H, br s), 6.96 (1H, br d, J = 8.0 Hz), and 6.77 (1H,
d, J = 8.0 Hz), three sp2 methine singlets at d 8.38,
7.57, and 6.48, and two olefinic methine peaks attribut-
able to a trans-1,2-disubstituted double bond at d 7.37
(1H, d, J = 15.6 Hz) and 6.66 (1H, d, J = 15.6 Hz).
The above spectroscopic data were in good agreement
with those of phelligridin D, which was previously iso-
lated from the fungus Phellinus igniarius.7 Compound
3 was ascertained to be identical to phelligridin D on
the basis of the HMBC experiment. Although com-
pound 3 was previously reported as a potent cytotoxic
substance against several human cancer cell lines, this
is the first report from the fungus I. xeranticus as an
antioxidant. Compounds 4 and 5 were isolated from
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Scheme 1. Proposed biosynthetic mechanism of compounds 1–3.

the BuOH-soluble portion, and their structures were
determined to be 3,4-dihydroxybenzaldehyde and 3,4-
dihydroxybenzoic acid, respectively, on the basis of
mass and NMR spectroscopic analyses.


The mushrooms belonging to Phellinus and Inonotus
spp. produce a wide variety of hispidin derivatives pos-
sessing unprecedented carbon skeleton, and these com-
pounds were proposed to be biogenerated by the
oxidative coupling of precursor hispidin with phenolic
compounds or additional hispidin which might be cata-
lyzed by mushroom peroxidase.5,7 We proposed the bio-
genesis of compounds 1–3 as shown in Scheme 1 on the
basis of their chemical structures and the co-isolation of
compounds 4 and 5 from same fungal source. Hispidin
is known to be synthesized by two different mechanisms;
one is from phenylalanine via a cinnamyl derivative that
is combined with either acetate or malonate through the
polyketide pathway,8,9 and the other is by the condensa-
tion of 4-hydroxy-6-methyl-2-pyrone, which is formed
by the reaction of three molecules of acetyl-SCoA and
one molecule of 3,4-dihydroxybenzoyl-SCoA (or 3,4-
dihydroxybenzaldehyde).7 Compounds 1 and 3 would
be biosynthesized by the oxidative coupling of hispidin
with 3,4-dihydroxybenzaldehyde (4) and 3,4-dihydroxy-
benzoic acid (5), respectively, and the condensation pro-
cess was proposed as shown in Scheme 1.


The antioxidant activity of compounds 1–5 was evaluat-
ed by measuring free radical scavenging activity using
three different assays, the superoxide radical anion scav-
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Table 2. Free radical scavenging activities of compounds 1–5 (IC50,


lM)


Compound ABTS


radical


Super oxide


radical


DPPH


radical


1 12.5 >100 >100


2 8.7 40.7 >100


3 13.7 >100 >100


4 5.0 25.3 29.4


5 15.7 >100 27.0


Vitamin E 8.8 >100 11.5


Caffeic acid 2.8 2.9 30.0


BHA 1.0 10.3 22.4
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enging activity assay, ABTS radical cation decoloriza-
tion assay, and DPPH radical scavenging activity assay
(Table 2). ABTS radical scavenging activity was carried
out by using ABTS radical cation decolorization assay
with minor modifications.10 ABTS was dissolved in
water to a concentration of 7 mM. The ABTS�+ cation
radical was produced by reacting ABTS stock solution
with 2.45 mM potassium persulfate and by allowing
the mixture to stand in the dark for 12 h. After adding
0.1 mL of the ABTS radical cation solution to 5 lL of
antioxidant compounds in ethanol, the absorbance was
measured by ELISA reader at 734 nm after mixing up
to 6 min. Although less activity than caffeic acid and a
synthetic antioxidant BHA, all of compounds tested
exhibited significant ABTS�+ cation radical scavenging
activity. Compounds 2 and 4 among them were compa-
rable to vitamin E, as described in Table 2.


Superoxide anion scavenging activity was evaluated by
the xanthine/xanthine oxidase method.11 In brief, each
well of a 96-well plate containing the 100 lL of the fol-
lowing reagents: 50 mM potassium phosphate buffer
(pH 7.8), 1 mM EDTA, 0.04 mM NBT (nitroblue tetra-
zolium), 0.18 mM xanthine, 250 mU/mL xanthine oxi-
dase, and each concentration of samples was incubated
for 30 min at 37 �C in the dark. The xanthine oxidase
catalyzes the oxidation of xanthine to uric acid and
superoxide, and the superoxide reduces NBT to blue
formazan. The reduction of NBT to blue formazan
was measured at 560 nm in a microplate reader. In re-
sult, 1, 3, and 5 exhibited no activity up to 100 lM,
while 2 and 4 exhibited moderate superoxide radical

scavenging activity with IC50 values of 40.7 and
25.3 lM, respectively.


To investigate the scavenging effect to the DPPH radi-
cals, each concentration of 1–4 was added to 95 lL of
150 lM DPPH ethanol solution, the mixture was incu-
bated for 20 min at room temperature, and the absor-
bance was measured at 517 nm using an ELISA
reader. Compounds 4 and 5 showed potent DPPH rad-
ical scavenging effects with IC50 values of 29.4 and
27.0 lM, respectively, while compounds 1–3 showed
no activity up to 100 lM.
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Abstract—With an aim to identify a dispiro-1,2,4-trioxolane with high oral activity and good physicochemical properties, 27 deriv-
atives of an achiral piperidine trioxolane were synthesized; most were potent antimalarial peroxides with IC50s ranging from 0.20 to
7.0 ng/mL. The oral efficacies of two of these were superior to artesunate and comparable to artemether. The attractive chemical
simplicity of these compounds is balanced only by an apparent metabolic susceptibility.
� 2006 Elsevier Ltd. All rights reserved.
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The semisynthetic artemisinins artemether (AM) and
artesunate (AS) (Fig. 1) are potent antimalarial drugs,
but they have poor biopharmaceutical properties.1,2


Many potent synthetic antimalarial peroxides have been
prepared, but it has been difficult3 to identify peroxide
structures with the physicochemical and biopharmaceu-
tical properties4–6 to ensure good absorption and bio-
availability following oral administration. We recently
described the discovery of dispiro-1,2,4-trioxolane (sec-
ondary ozonide) antimalarial prototype 1 (Fig. 1).7


Although 1 has impressive antimalarial activity compa-
rable to the semisynthetic artemisinins, it is very lipo-
philic (log P 6.1, Table 1).


However, its relatively simple achiral structure is an
attractive scaffold. We reasoned that one strategy to re-
tain the achirality and substantially decrease the lipo-
philicity of 1 was to investigate its piperidine isostere 4
(log D 0.25) (Scheme 1). In this paper, we describe the
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synthesis8 and antimalarial properties of 27 structurally
diverse N-alkyl amine (5), amide (6), sulfonamide (7),
and urea (8) derivatives of 49 (Scheme 1). The latter
three functional groups are attractive due to their chem-
ical stability, polarity, and ease of synthesis. Our aim
was to identify a piperidine trioxolane with high oral
activity and good physicochemical properties.


Amides 6a, 6g sulfonamides 7a, 7b, and 7d, and the car-
bamate, ester, and a-chloroacetamide precursors of 4,
6b, 6e, and 6f were obtained from coozonolysis10,11 of
adamantanone O-methyl oxime (2) with the appropriate
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Table 1. Activity of N-alkyl piperidines 5 against Plasmodium falciparum in vitro and Plasmodium berghei in vivo


Compound R logP/PSA(Å2)a IC50
b (ng/ml) K1/NF54 Activityc (%) po/sc Survivald (days) po/sc


None — — — 0 6–7


1 — 6.1f/25.6 0.97/1.4 94/>99.99 7.2/11.9


4e — 0.25g/44.2 0.15/0.34 59/84 6.3/7.7


5a CH2CH2SO2CH2CH3 2.3g/67.7 1.0/2.9 81/92 7.0/8.0


5b CH2C6H5 3.5g/28.9 2.5/2.6 40/99.95 6.0/10.0


5c 4-Picolyl 2.7g/45.9 0.40/0.67 62/99.02 6.3/11.0


AM — 3.3f/62.2 0.74/1.2 98/99.78 7.9/9.1


AS — 3.5/111.5 1.3/1.6 65/65 6.8/6.8


a Calculated values for polar surface area (PSA) and logP were obtained using the ACD/Labs Log D suite software, Version 7.04 (ACD/Labs,


Toronto, Ontario). For calculated logP values, the software was trained based on experimentally determined logP values for structurally related


trioxolanes.
b Mean from n = 2–3.
c Groups of three P. berghei-infected MORO mice were treated one day post-infection with trioxolanes dissolved or suspended in 3% ethanol and 7%


Tween 80. Antimalarial activity was measured by percent reduction in parasitemia on day three post-infection and survival times compared to an


untreated control group.
d Survival to day 30 post-infection is considered to be a cure.
e Hydrochloride salt.
f Measured ElogP value.
g logDpH 7.4.
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Scheme 1. Trioxolane piperidine synthesis.
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piperidinone derivatives (3)12 in 10–50% yields (Scheme
1). Alcohol 6b (68%) and acid 6e (43%) were obtained by
aq KOH hydrolysis of their acetate and ethyl ester pre-
cursors. Amide 6f (35%) was obtained by a displacement
reaction between its precursor a-chloroacetamide and
imidazole. Piperidine 4 was conveniently obtained in
34% yield from its corresponding BOC derivative. The
remaining trioxolanes were obtained directly from 4, a
key intermediate that allowed access to target com-
pounds, some of which were impossible to obtain direct-
ly13 by the coozonolysis method (Scheme 1).


Amine sulfone 5a (72%) was obtained by alkylation of 4
with ethyl vinyl sulfone/Et3N. Amines 5b (75%) and 5c
(71%) were obtained by reductive amination (triacetoxy-
borohydride) reactions of 4 with benzaldehyde and
4-pyridinecarboxaldehyde, respectively. Amides 6c
(96%), 6d (39%), 6h (69%), and 6i (69%), and sulfona-
mides 7c (76%) and 7e (65%) were obtained by reaction
of 4 with the requisite acid chlorides in the presence of
Et3N (3 equiv). Urea 8a (98%) was obtained by treat-
ment of 4 with KOCN in a HOAc/pyridine buffer. Ureas
8b (51%), 8c (96%), 8d (70%), and 8e (83%) were
obtained by treatment of 4 with the appropriate isocya-
nate in the presence of Et3N. Ureas 8f (77%), 8g (74%),
8h (42%), 8i (82%), and 8j (27%) were obtained by treat-
ment of 4 with the appropriate carbamoyl chloride in
the presence of Et3N.

In vitro and in vivo antimalarial activities (Tables 1–4)
were measured using the chloroquine-resistant K1 and
chloroquine-sensitive NF54 strains of Plasmodium falci-
parum- and Plasmodium berghei-infected mice. In vivo
data were determined using single 10 mg/kg oral (po)
and subcutaneous (sc) doses administered on day 1
post-infection. Trioxolane 4 was some 4- to 9-fold more
potent than artemether, artesunate, and 1 in vitro, and
was as active as artesunate, but was less active than
artemether and 1 in vivo (Table 1). That 4 is more active
sc than po indicates that its oral bioavailability may be
low, although sc and po activity differentials per se do
not predict oral bioavailability. Sulfone, phenyl, and
pyridine N-alkyl piperidines 5a–5c had good logD val-
ues and were quite potent. Of these, only 5a had better
oral activity than 4, although 5b and 5c had high subcu-
taneous activities and survival times.


With the exception of carboxy amides 6e and 6i, amides
6 (Table 2) had IC50s between 0.30 and 1.4 ng/ml. The
weakly potent 6e and 6i also had low in vivo activities.
However, the other amides were as or more active than
4 in vivo. The relatively lipophilic neopentyl amide 6d
had better oral activity than its more polar counterparts
6a–6c, although a-hydroxyacetamide 6b had better oral
activity than the less polar acetamide 6a. Amide 6h, a
pyridine isostere of benzamide 6g, was much less active
than its more lipophilic prototype.







Table 2. Activity of piperidine carboxamides 6 against Plasmodium falciparum in vitro and Plasmodium berghei in vivo


Compound R logP/PSA(Å2) IC50 (ng/ml) K1/NF54 Activity (%) po/sc Survival (days) po/sc


6a CH3 3.8a/79.4 0.82/0.93 81/85 6.7/7.3


6b CH2OH 2.4a/76.1 0.30/0.60 92/99.8 7.0/8.0


6c CH2OCH3 3.1/65.3 0.95/0.20 92/89 7.3/7.3


6d CH2C(CH3)3 5.0/58.5 0.92/0.35 98/99.94 7.7/8.3


6e CH2CH2COOH 2.3a/93.2 7.1/7.2 39/52 6.0/6.3


6f CH2Imb 2.9c/68.6 0.64/0.17 86/87 7.3/7.3


6g Phenyl 5.6a/47.5 0.35/0.58 93/99.9 7.0/8.7


6h 4-Pyridyl 1.8/65.5 1.4/0.34 61/80 6.7/7.0


6i 2-Carboxyphenyl 1.2c/93.1 22/13 38/40 6.3/6.3


a Measured ElogP value.
b Imidazole.
c logDpH 7.4.


Table 3. Activity of piperidine sulfonamides 7 against Plasmodium falciparum in vitro and Plasmodium berghei in vivo


Compound R logP/PSA(Å2) IC50 (ng/ml) K1/NF54 Activity (%) po/sc Survival (days) po/sc


7a CH3 1.4/67.6 0.59/0.64 93/99.97 6.7/10.3


7b CH2CH3 1.9/66.8 0.38/0.81 85/99.94 7.0/9.3


7c CH2C6H5 4.2/60.5 1.7/4.1 21/90 5.7/8.0


7d C6H5 5.5a/66.4 1.1/1.2 71/>99.99 6.0/10.3


7e 4-CH3CONHC6H5 5.0/97.9 1.4/0.50 56/99.98 6.3/12.0


a Measured ElogP value.


Table 4. Activity of piperidine ureas 8 against Plasmodium falciparum in vitro and Plasmodium berghei in vivo


Compound R, R logP/PSA(Å2) IC50 (ng/ml) K1/NF54 Activity (%) po/sc Survival (days) po/sc


8a H, H 1.1/82.9 0.69/1.1 99.48/99.44 8.3/8.7


8b H, C(CH3)3 2.7/52.8 0.98/1.8 48/99.85 6.7/9.7


8c H, C6H5 3.6/59.4 1.6/0.45 92/99.97 7.0/19.7


8d H, 4-CH3C6H5 4.1/59.1 2.3/2.3 0/99.98 6.0/14.3


8e H, 4-ClC6H5 4.5/58.1 2.5/4.4 38/99.98 6.0/13.7


8f CH3, CH3 2.8/48.4 0.70/1.1 94/72 7.0/7.0


8g CH(CH3)2, CH(CH3)2 4.6/43.2 2.0/6.6 87/99.95 8.3/20.3


8h (CH2)4 3.3/47.6 3.9/6.7 87/99.72 7.3/9.7


8i CH2CH2OCH2CH2 2.3/60.8 1.5/3.0 93/99.87 8.7/9.0


8j CH2CH2N(CH3)CH2CH2 2.6a/51.0 0.20/0.22 90/97 7.3/8.3


a logDpH 7.4.
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Sulfonamides 7 (Table 3) were also quite potent with
IC50s between 0.38 and 4.1 ng/ml. The polar (log P 1.4)
methanesulfonamide 7a was as potent in vitro and more
active in vivo than its less polar (log P 3.8) isosteric
acetamide 6a. Extending the alkyl chain (7b) or phenyl
substitution (7c–7e) reduced oral activity, although like
methanesulfonamide 7a, arylsulfonamide 7d and 7e
had high subcutaneous activities and survival times.


Ureas 8 had IC50s that ranged from 0.20 to 6.7 ng/ml
(Table 4). The polar (log P 1.1) monosubstituted urea
8a was as potent, and was significantly more active oral-
ly than its less polar acetamide 6a and sulfonamide 7a
isosteres. There was a substantial loss of oral activity
when one of the urea hydrogen atoms of 8a was replaced
with alkyl (8b) or phenyl (8c–8e) groups, although the
latter had notably high activities and survival times
when they were dosed subcutaneously. The complete
lack of oral activity for 8d, the p-methyl analog of 8c,
suggested that it was either not absorbed or was rapidly
converted to an inactive metabolite. Oral activity also
decreased when both of the urea hydrogen atoms of

8a were replaced with alkyl (8f, 8g), cyclopentyl (8h)
or heterocycle (8i, 8j) groups, although weak base
N-methylpiperidine 8j was the most potent urea tested.


From the physicochemical and antimalarial data in
Tables 1–4, it is immediately evident that in vitro data
alone are of little use for compound optimization since
they do not predict in vivo activity; however the in vitro
data do reveal that acidic derivatives (6e, 6i) are signifi-
cantly less potent than their neutral and weak base
counterparts, an SAR trend consistent with data for
other 1,2,4-trioxolanes.14 Second, these trioxolanes were
generally more active when administered subcutaneous-
ly than orally. This suggests substantial biopharmaceuti-
cal liabilities that are, however, unlikely to be a function
of inadequate membrane permeability given the calcu-
lated polar surface area (PSA) values of 29–98 Å15 for
these compounds. Third, whereas only the more lipo-
philic amides (6d, 6g) had oral activities equal to or bet-
ter than prototype 1, the highly polar sulfonamide 7a
and urea 8a had the best oral activities of their respective
trioxolane subclasses.
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To assess potential mechanisms for the generally poor
oral antimalarial activities of these trioxolanes, we
examined the metabolic stability of several of these.
Using human hepatic microsomes,16 the predicted
hepatic extraction ratios (ER) for 4, 6c, 8f, the ethyl car-
bamate of 4,7, and dihydroartemisinin (the major active
metabolite of artesunate) were 0.34, 0.71, 0.75, 0.73, and
0.43, respectively; in each case, ER values were higher
(data not shown) when mouse or rat hepatic microsomes
were used. These ER values suggest that hepatic metab-
olism is probably a major clearance mechanism for these
compounds. The rapid clearance of these piperidine tri-
oxolanes may arise in part from a more easily reduced
peroxide bond due to the inductive effect of the piperi-
dine nitrogen atom. The relative peroxide bond stabili-
ties were tested by examining rates of degradation in
the presence of excess FeSO4 using standardized condi-
tions.17 The resulting pseudo-first order reaction rate
constant for piperidine 4 was 4.0 h�1, indicating that
peroxide bond cleavage occurred at a rate 10-fold higher
than for 1 (0.41 h�1), and significantly faster than for
artemisinin (0.05 h�1).


In summary, these piperidine trioxolanes are potent
antimalarial peroxides. The oral efficacies of 6d and 8a
are superior to that of artesunate and comparable to
those of 1 and artemether. The attractive chemical sim-
plicity of these compounds is balanced only by an
apparent metabolic susceptibility. Future studies will
determine the potential of piperidine trioxolanes as anti-
malarial drug development candidates.
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Abstract—A series of ionizable prolyl oligopeptidase inhibitors were developed through the introduction of a pyridyl group to the
P3 position of the prolyl oligopeptidase inhibitor structure. The study was performed on previously developed prolyl oligopeptidase
inhibitors with proline mimetics at the P2 position. The 3-pyridyl group resulted in equipotent compounds as compared to the par-
ent compounds. It was shown that the pyridyl group improves water solubility and, in combination with a 5(R)-tert-butyl-LL-prolyl
group at the P2 position, good lipophilicity can be achieved.
� 2006 Elsevier Ltd. All rights reserved.

Human prolyl oligopeptidase (POP) is an 80 kDa serine
protease that hydrolyzes oligopeptides after prolyl resi-
dues. Several studies have shown that specific POP
inhibitors can prevent memory impairments1–3 and have
neuroprotective effects4 in rats, improve cognition in a
model of early Parkinsonism in monkeys,5 and improve
performance in verbal memory tests in humans.6 In aged
mice, the expression of the POP gene has been shown to
be up-regulated in the hypothalamus7 and the hippo-
campus.8 All these results imply that POP is associated
with neurodegeneration and memory deficits but the
physiological role of POP is not still fully understood.
Initially, POP was suggested to have a function in the
maturation and the degradation of neuropeptides, which
are involved in memory and learning. This idea has been
called into question because POP is mainly described as
a cytosolic enzyme and neuropeptides are located in
transcellular space. During the last years, some light
has been shed on the intracellular functions of POP.
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Inhibition of POP has been shown to elevate IP3 levels,
which was suggested to explain the memory-enhancing
properties of POP inhibitors.9,10 Recently, POP was also
proposed to have a role in protein trafficking and
secretion.11


Unlike many small-molecule drugs, typical POP inhibi-
tors are unionizable compounds. An ionizable group
may improve water solubility and it also allows salt for-
mation. In later stages of drug development, the proper
choice of salt can be used to modify stability, solubility,
and pharmaceutical processing properties.


Two unionizable POP inhibitors with different proline
mimetics at the P2 positions were earlier presented by
our group (Fig. 1).12,13 These compounds were further
investigated as to whether an ionizable pyridyl group

NN


O O


NN
H


O O
P3 P2 P1 P3 P2 P1


IC50 = 9.0 nM (compound 4) IC50 = 1.2 nM (compound 12)


Figure 1. Previously published POP inhibitors, which possess proline


mimetics at the P2 site.
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Table 1. Inhibitory activities with 95% confidence intervals and logP


values of the (±)-5-(pyrrolidine-1-carbonyl)-cyclopent-1-enecarboxylic


acid amides


N


OO


N
n 


X


Compound X Subst n IC50
a (nM) logPb


4 C — 1 9.0 (5.5–15) 1.6c


5a N 2 1 24 (22–26) 0.3d


5b N 3 1 9.7 (8.5–11) 0.4d


5c N 4 1 19 (15–26) 0.4d


6 C — 2 1.5 (1.3–1.9) 1.9c


7a N 2 2 5.2 (4.4–6.2) 0.6d


7b N 3 2 2.2 (1.9–2.6) 0.6d


7c N 4 2 4.8 (3.8–6.1) 0.5d


a The IC50 values were determined against POP from porcine brain.28


b The reported values are for the unionized species.
c Determined with the shake-flask method.
d Determined with pH metric titration using a Sirius PCA200 auto-


matic titrator.
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could be introduced into the structure. The pKa value of
pyridine is 5.2 and thus, it is mostly in the unionized
form at the physiological pH 7.4. However, a significant
fraction is in the ionized form in the slightly acidic envi-
ronment of the duodenum,14 which allows dissolution
that is a prerequisite for the absorption.


A literature search revealed that a pyridyl moiety has
occasionally been included in some series of POP inhib-
itors, but no systematic study regarding the position and
the substitution of the pyridine group has been per-
formed.15–21 One potent peptide-like POP inhibitor,
which possessed a pyridine-2-carboxyl amide moiety at
the P3 position, was reported by Tsuda et al.18 In the
present study, the phenyl group at the P3 site was suc-
cessfully replaced by a pyridyl group in two series of
POP inhibitors. The chain length and the substitution
pattern were optimized. The effect of the pyridyl moiety
on lipophilicity and water solubility was also studied.


The synthetic routes for the novel compounds are pre-
sented in Scheme 1. Compounds 1, 4,12 and 1213 were
synthesized as described earlier. Compound 1 was
activated with pivaloyl chloride and reacted with pyrrol-
idine at 0 �C to obtain (±)-5-(pyrrolidine-1-carbonyl)-
cyclopent-1-enecarbaldehyde (2). The aldehyde group
of compound 2 was oxidized with NaClO2 to obtain
(±)-5-(pyrrolidine-1-carbonyl)-cyclopent-1-enecarboxy-
lic acid (3). Compound 3 was reacted with DCC, HOBt,
and an appropriate amine to yield compounds 5a–c, 6,
and 7a–c. Boc-5(R)-tert-butyl-LL-proline (8) was pre-
pared according to published procedures22,23 with slight
modifications as described earlier.13 Boc-5(R)-tert-butyl-
LL-proline (8) and Boc-LL-proline (9) were activated with
pivaloyl chloride and reacted with pyrrolidine to yield
compounds 10 and 11, respectively. Compounds 10
and 11 were deprotected in HCl-saturated ethyl acetate
to yield 5(R)-tert-butyl-LL-prolyl-pyrrolidine and LL-pro-
lyl-pyrrolidine. 4-Pyridin-3-yl-butyric acid and 3-pyri-
din-3-yl-propionic acid were reacted with EDC, HOBt,
and 5(R)-tert-butyl-LL-prolyl-pyrrolidine to yield com-
pounds 13a and 13b, respectively. 4-Pyridin-3-yl-butyric
acid was prepared according to a published procedure24


with small modifications.25
LL-Prolyl-pyrrolidine was


reacted with 3-pyridin-3-yl-propionyl chloride and
nicotinoyl chloride to yield compounds 14a and 14c,
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Scheme 1. Synthesis of the novel compounds. Reagents and conditions: (i)


0 �C; (ii) resorcinol, NaH2PO4ÆH2O, NaClO2/t-BuOH, H2O; (iii) an appr


(CH3)3CCOCl/CH2Cl2, 0 �C, 2—Et3N, pyrrolidine/CH2Cl2, room temperatu


EDCÆHCl/CH2Cl2, 0–20 �C; (vii) 3-pyridin-3-yl-propionyl chloride HCl, Et3N

respectively. EDC and HOBt were used to couple LL-pro-
lyl-pyrrolidine with (pyridin-3-yl)acetic acid to obtain
compound 14b.


Compound 412 possesses a cyclopentenecarbonyl moiety
at the P2 position. The IC50 value of compound 4 is
9 nM for the racemic mixture. It was chosen as the par-
ent compound for the first series of compounds present-
ed in Table 1. The replacement of the phenyl group of
compound 4 with a 2- or 4-pyridyl group gave com-
pounds 5a and 5c, respectively. These substitutions
resulted in over 2-fold lower potency. However, the
replacement with a 3-pyridyl group gave compound
5b, which was equipotent with the parent compound 4.
In order to further optimize the position of the pyridyl
group, the chain length of compounds 4 and 5a–5c
was extended by one methylene group, which resulted
in compounds 6 and 7a–c, respectively. The extension
of the chain of compound 4 caused a 6-fold increase in
potency; the IC50 value of compound 6 was 1.5 nM.
Again, the replacement of the P3 phenyl group by the
3-pyridyl moiety gave the most potent compound 7b
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1—Et3N, (CH3)3CCOCl/CH2Cl2, 0 �C, 2—Et3N, pyrrolidine/CH2Cl2,


opriate amine, Et3N, HOBt, DCC/CH3CN, 0–20 �C; (iv) 1—Et3N,


re; (v) HCl/EtOAc; (vi) an appropriate carboxylic acid, Et3N, HOBt,


/CH2Cl2, 0–20 �C; (viii) DMAP, nicotinoyl chloride HCl/pyridine.
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(2.2 nM), while the 2- and 4-pyridyl analogs, 7a and 7c,
were less active. Compound 7b was almost equipotent
with compound 6 and over 4-fold more potent than its
shorter counterpart 5b. These results confirmed that
the 3-pyridyl group can be used to replace the phenyl
group at the P3 position of POP inhibitors and the opti-
mal chain length is the same as for the phenyl group, de-
spite the difference in their polarities.


High lipid solubility is a prerequisite for the passive
brain penetration of small-molecule drugs26 and the the-
oretical optimum for the logP value is near 2.27


Although lipophilicity is not the only factor that deter-
mines brain penetration and the optimal lipophilicity
can vary between compound classes, it should be taken
into account when novel CNS targeted compounds are
designed. The logP values were determined for com-
pounds 4, 5a–c, 6, and 7a–c (Table 1). The presented
logP values for compounds 5a–c and 7a–c are values
for the unionized species, which are mainly found at
the physiological pH 7.4 (the pKa values range between
4.4 and 5.5). The logP value of compound 4 was 1.6.
The replacement of the phenyl moiety by the more polar
pyridyl moiety dropped the logP values to 0.3–0.4 for
compounds 5a–5c. The extension of the chain increased
the logP value to 1.9 for compound 6, but again the
replacement of the phenyl moiety by the pyridyl moiety
dropped the logP values to 0.5–0.6 for compounds
7a–7c.


Compound 1213 possesses a lipophilic 5(R)-tert-butyl-LL-
prolyl moiety at the P2 position. The IC50 value of com-
pound 12 is 1.2 nM and the logP value is 3.3. It was
chosen as the parent compound for the second series
of compounds presented in Table 2. In this series, only
the 3-pyridyl group was studied because it had given
the most potent compounds in the first series. The
replacement of the P3 phenyl group of compound 12
by the 3-pyridyl group resulted in compound 13a having

Table 2. Inhibitory activities with 95% confidence intervals and logP


values of the N-alkanoyl 5(R)-tert-butyl-LL-prolyl-pyrrolidines and


N-alkanoyl LL-prolyl-pyrrolidines


NN


OO
n
 


X


R


Compound X n R IC50
a (nM) logPb


12 C 3 t-Bu 1.2 (1.0–1.4) 3.3c


13a N 3 t-Bu 2.1 (1.9–2.4) 2.0d


13b N 2 t-Bu 13 (8.4–20) 1.8d


14a N 2 H 30 (24–39) 0.3d


14b N 1 H 56 (46–70) �0.2d


14c N 0 H 44 (29–67) �0.3d


15 SUAM-1221 C 3 H 2.2 (1.9–2.5) 1.8c


a The IC50 values were determined against POP from porcine brain.28


b The reported values are for the unionized species.
c Determined with the shake-flask method.
d Determined with pH metric titration using a Sirius PCA200 auto-


matic titrator.

an IC50 value of 2.1 nM. It was only slightly less potent
than compound 12 and equipotent with compound 7b,
which was the most potent pyridyl derivative in the first
series. However, it has to be kept in mind that 13a pos-
sesses the more active configuration of LL-proline, while
7b was tested as a racemic mixture. To study whether
the change of the skeleton affects the optimal position
of the pyridyl group, the P3 chain of compound 13a
was shortened by one methylene group resulting in com-
pound 13b. The results were consistent with the first ser-
ies; a decrease in the chain length decreased the potency
and the IC50 value of compound 13b was 13 nM. The ef-
fect of even shorter chain lengths was studied with com-
pounds 14a–c, which have an LL-prolyl residue at the P2
site. The change to an LL-prolyl group at the P2 site was
made to avoid steric hindrance that the bulky 5(R)-tert-
butyl group causes when the P3 ring is brought closer to
the P2 ring. The removal of the 5(R)-tert-butyl group of
compound 13b resulted in compound 14a and in over
2-fold lower potency; the IC50 value of 14a was
30 nM. The P3 chain length of compound 14a was
shortened by one and two methylene groups to obtain
compounds 14b and 14c, respectively. Both compounds
were less potent than compound 14a, confirming that
the optimal position for the pyridyl moiety is three car-
bon atoms away from the carbonyl group.


The logP values of the second series of compounds are
presented in Table 2. Again, the reported logP values
are for the unionized species. The replacement of the
phenyl moiety of compound 12 by the polar pyridyl
moiety dropped the logP value from 3.3 to the theoret-
ical optimum 2.0 for compound 13a. The drop was of
the same order of magnitude as in the first series of
the compounds; 20-fold drop in partition coefficient P.
Compound 13b with shorter chain length had a logP
value 1.8. A comparison between the logP values of
compounds 13b and 14a (logP = 0.3) shows that the
tert-butyl group greatly increases lipophilicity and con-
sequently, the logP values of compounds 14a–c were
low. The IC50 and logP values of compound 13a are
comparable to those of the unionizable reference com-
pound 15, SUAM-1221, which is a potent POP inhibitor
that can penetrate into the CNS (Table 2).29


The water solubility was determined for the parent com-
pounds of the two series, compounds 4 and 12, their
3-pyridyl analogs 5b and 13a, and for the reference com-
pound 15, SUAM-1221. The solubilities were deter-
mined after 3-day-shaking in 50 mM phosphate buffer
(pH 7.4, ionic strength 0.15 M) up to 6 mg/mL, which
can be considered adequate even for high-dose com-
pounds with poor permeability.30 While the solubility
of compound 15 was at least 6 mg/mL, compounds 4
and 12 with proline mimetics at the P2 sites had de-
creased values; 3.0 and 0.9 mg/mL, respectively. Howev-
er, the change of the phenyl moiety to the 3-pyridyl
moiety overcame this decrease and the solubilities of
compounds 5b and 13a were at least 6 mg/mL.


The present study proved that a pyridyl group can be
introduced to the P3 position of the POP inhibitor struc-
ture. However, the inhibitory activity was dependent on
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the substitution of the pyridyl group and the P3 chain
length. The 3-pyridyl group gave the most potent com-
pounds and its optimal position was the same as for
the phenyl group; three atoms between the P3 carbonyl
group and the aromatic ring. The studied parent com-
pounds had decreased water solubility. The introduction
of an ionizable pyridyl group gave excellent water solu-
bility to the novel compounds. In conclusion, the intro-
duction of the 3-pyridyl group at the P3 position in
combination with a 5(R)-tert-butyl-LL-prolyl moiety at
P2 position was used to optimize the physico-chemical
properties while maintaining an excellent inhibitory
activity.
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28. Venäläinen, J. I.; Juvonen, R. O.; Forsberg, M. M.;
Garcia-Horsman, J. A.; Poso, A.; Wallén, E. A. A.;
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Abstract—A novel compound showing antiproliferative effect was isolated from Streptomyces sp. Its structure was determined based
on the interpretation of the NMR spectra, and its conformation was elucidated using molecular modeling and 2D NOESY. It was
determined to be (E)-4-phenyl-3-(pyridine-2-yl)but-2-en-1-ol.
� 2006 Elsevier Ltd. All rights reserved.

In a normal cell, the cellular proliferation and apoptosis
are well balanced, whereas in a cancer cell, the balance is
not maintained.1 Because abnormal proliferation
increases in the cancer cell, tumor growth is observed.
Therefore, the induction of apoptosis can be correlated
with cancer chemotherapy. In order to discover good
anticancer drugs, potential candidates for apoptotic
inducers have been reviewed and screened.2 While apop-
tosis preserves the integrity of a cell membrane, necrosis
destroys it, so that these two processes can be distin-
guished by the morphologies of membranes.3 In
addition, physiological and structural changes associat-
ed with apoptosis were analyzed by flow cytometry
and antiproliferative effect of cell growth was deter-
mined by MTT assay.


In searching for novel anticancer agents, natural prod-
ucts have been recognized as a major focus of interest.
Streptomyces produces over 70% of known antibiotics,
so that in this study over one hundred Streptomyces
strains were tested. Culture broths fermented from
Streptomyces strains isolated from soil were screened.4


Culture broth of Streptomyces sp. KACC91010 showed

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


doi:10.1016/j.bmcl.2006.08.015


Keywords: Antiproliferative; Streptomyces sp.; Phenylpyridineylb-
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a potent antiproliferative activity. A brief description of
this research is as follows. In order to isolate an active
compound from the broth, 40 L of the broth (Bennet’s
medium, 28 �C, 10 days) was collected and added into
an equal volume of isopropyl alcohol (IPA). The mix-
ture was concentrated under reduced pressure and frac-
tionated by Diaion HP-20 column chromatography
(Mitsubishi Chemical, Tokyo, Japan, IPA/water = 0%,
30%, 50%, 70%, and 100%). The fraction with 70%
IPA showed the best activity, and further fractionation
was carried out by another column chromatography
(LiChroprep� RP-18, 40–63 lm, Merck, Darmstadt,
Germany, IPA/water = 0%, 30%, 50%, 70%, and
100%). The fraction with 30% IPA showed the best
activity, which was concentrated under reduced pressure
and was separated with Prep-HPLC (Waters prep-LC
system, C18 column, 250 · 22 mm, photodiode array
detector at kmax 210 nm, Oregon, USA, eluent of 35%
acetonitrile in water, 20 ml/min flow rate). Because the
fraction observed at 12.5 min showed the best activity,
it was collected and considered to be a single compound
(2.5 mg, compound 1) based on the chromatogram of
two-dimensional photodiode array detector.


The structure of compound 1 was determined using
NMR spectroscopy, All NMR experiments were per-
formed on a Bruker Avance 400 spectrometer system
(9.4 T, Karlsruhe, Germany) at 298 K.5 Thirteen 13C
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Figure 2. The E-conformer (left) and the Z-conformer (right) obtained


from molecular modeling calculation.
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peaks were observed in the 13C NMR spectrum. Among
them, two peaks at 129.5 and 129.6 ppm showed with
double intensities, so that it was a suspected compound
1 with a benzene ring which was confirmed by the 1H
NMR and COSY spectra. Four 13C peaks at 123.1,
123.7, 138.6, and 149.7 ppm were connected to 1H peaks
at 7.47 (d, J = 8.03 Hz), 7.23 (m), 7.69 (ddd, J = 1.8, 7.7,
7.7 Hz), and 8.47 (m) ppm in HMQC. Because these 1H
peaks showed cross peaks in COSY and TOCSY, the
existence of pyridine ring was suspected and it was
proven by the interpretation of the HMBC spectrum.
The 13C peak at 60.3 ppm was triplet in DEPT so that
it could be hydroxylated methylene group. In COSY
and TOCSY, the proton of this methylene was correlat-
ed with the 1H at 6.45 ppm (d, J = 6.4 Hz) which was
attached directly to the 13C at 133.9 ppm in HMQC
and long-range coupled to 140.7 ppm in HMBC. There-
fore, two 13C peaks at 133.9 and 140.7 ppm should be
neighbored. The 1H peaks contained in a benzene ring
were correlated to the 1H peak at 4.03 ppm (s) in COSY
and TOCSY. This proton was attached to the 13C peak
at 35.2 ppm whose multiplicity was determined to be
triplet in DEPT. Among thirteen 13C peaks, two peaks
at 140.5 ppm and 160.3 ppm were not determined yet,
but they should belong to the benzene ring and the
pyridine ring. The data obtained from COSY, TOCSY,
and HMBC are shown in Figure 1. According to the
interpretation of these data, the structure of compound
1 seems to be 4-phenyl-3-(pyridine-2-yl)but-2-en-1-ol.
The NMR data are shown in the Supplementary mate-
rials.6 In order to confirm the structure, mass spectrom-
etry (MS) was carried out on a JMS-700 Mstation
(JEOL Ltd., Japan). The molecular ion (M+H) was
found at 226.2, so that the molecular mass of compound
1 was 225.1. The structure determined by NMR spec-
troscopy showed its formula as C15H15NO and this
was consistent with the MS result. The complete assign-
ments of 1H and 13C NMR data are listed in the
references and notes section.7


Since compound 1 contains a double bond between C-2
and C-3, its stereochemistry should be determined.
Molecular modeling was performed on a Silicon Graph-
ics workstation O2 R12,000 with InsightII software
(Accelrys, San Diego, CA, USA).8 The force field used
for molecular dynamics calculation was consistent va-
lence force field. The molecule built up using InsightII
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Figure 1. The structure and nomenclature of compound 1, (E)-4-


phenyl-3-(pyridine-2-yl)but-2-en-1-ol, and the connectivities obtained


from the interpretations of the two-dimensional NMR experiments.

was subjected to energy minimization. After energy min-
imization, molecular dynamics was performed at 300 K,
1 atm for 100 ps with 1 fs each step. The conformer with
the lowest energy was chosen. In the case of E-form, the
distances between H-2 and H-5, and H-2 and H-9 are
2.93 and 3.89, respectively, but in Z-form, they are
4.21 and 2.50, respectively (Fig. 2).


From the NOESY experiment, while the NOE cross
peak between H-2 and H-5 was observed, the peak
between H-2 and H-9 was not. In Z-form, if the NOE
between H-2 and H-5 was observed, the peak between
H-2 and H-9 should be observed, because the distance
between H-2 and H-9 is shorter than that between H-2
and H-5. However, the NOESY data showed only the
NOE peak between H-2 and H-5 (Fig. 3). As a result,
the conformation of compound 1 should be E-form,
and the final structure should be (E)-4-phenyl-3-(pyri-
dine-2-yl)but-2-en-1-ol.


For the bioassay of compound 1, the antiproliferative
effect was determined by the MTT assay (Sigma Chemi-
cal, St. Louis, MO, USA). This MTT assay was carried
out to assess cell viability according to the manufacturer’s
instructions. The human hepatocellular carcinoma cell
line HepG2, human cervical adenocarcinoma cell line

H-9
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H-5/H-2


Figure 3. The partial spectrum of NOESY corresponding to the cross


peaks between H-2 and H-5, H-2 and H-9, respectively.
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Figure 4. Antiproliferative effect of cell growth of compound 1 in HepG2, HeLa, A549, and AGS cells was determined by MTT assay. The IC50


values of HepG2, HeLa, A549, and AGS cells are 1.6, 1.38, 1.13, and 1.98 mM, respectively. Data points represent means ± SD of three experiments.
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HeLa, human stomach cancer cell line AGS, and human
lung cancer cell line A549 (1.4 · 105 cells per well) were
seeded in a 96-well plate containing 100 ll of the cell cul-
ture medium and incubated overnight. Then the cells
were treated with different concentrations of compound
1 (0.22–2.22 mM) or its vehicle, DMSO (0.1 %), for
24 h. Subsequently, 15 ll of the MTT reagent was added
to each well, and the plates incubated again in a CO2


incubator at 37 �C for 3 h. Thereafter, the supernatant
was removed from each well. Then 100 ll DMSO was
added to dissolve the colored formazan crystals pro-
duced by the MTT. Subsequently, the optical density
was measured at 570 nm using an ELISA Reader
(Molecular Devices Corp., Sunnyvale, USA).9 As shown
in Figure 4, the growth of all of the four cancer cells test-
ed was inhibited in a concentration-dependent manner
by compound 1. The estimated IC50 values determined
for compound 1 in these cancer cell lines ranged from
1.13 to 1.98 mM.


In conclusion, even though the antiproliferative effect of
compound 1 is lower than that of a control, it is the novel
compound isolated from culture broth of Streptomyces
sp. The results of this study demonstrate that compounds
having phenylpyridineylbutenol moiety like compound 1
show activities as anticancer or antitumor agents. To the
best of our knowledge, it is the first time to report these
findings. Therefore, rational design of derivatives based
on the skeleton of compound 1 will provide new
approaches for searching novel anticancer agents. More-
over, further study is needed to focus on the improvement
of their selectivity as anticancer agents toward caner cells.
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Abstract—Linear unselective CCR3 antagonist leads with IC50 values in the 200 nM range were converted into low nM binding
compounds selective at CCR3 by moving the piperidine nitrogen substituent to the carbon at the 2-position of the ring. Substitution
of the piperidine nitrogen with simple alkyl and acyl groups was found to improve the selectivity of this new compound class. In
particular, N-{3-[(2S, 4R)-1-(propyl)-4-(4-fluorobenzyl)piperidinyl]propyl}-N 0-(3-acetylphenyl)urea exhibited single digit nanomo-
lar IC50 values for CCR3 with >100-fold selectivity against an extensive counter screen panel.
� 2006 Elsevier Ltd. All rights reserved.
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Infiltration of eosinophils into the airways is a com-
mon feature of allergic asthma and, in animal models,
contributes to airway hyperresponsiveness and remod-
eling. CC chemokine receptor-3 (CCR3) is a principal
mediator of eosinophil migration, and its ligands,
such as eotaxin, are prominently expressed in asth-
matic airways. Moreover, mice in which the CCR3
or eotaxin genes are disrupted exhibit reduced airway
eosinophilia following allergen challenge. Thus, small
molecule antagonists of CCR3 may provide a novel
therapy in asthma by inhibiting eosinophilic
inflammation.


Previously disclosed efforts identified compound 1 as a
lead structure for further optimization (see Fig. 1).1


Compound 1 is moderately potent at CCR3 (binding
IC50 = 200 nM),2 but it exhibited little selectivity against
several other protein targets surveyed (for example, 5-
HT2a). In efforts to improve potency and selectivity,
two chemical series that altered the spacial arrangements
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of two of the three key binding motifs (benzyl group and
phenyl urea) were chosen for further exploration. The
results for path A have been described previously.3


The following letter describes the SAR observed by
moving the urea alkyl chain from the nitrogen to the
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Figure 1. Structural modifications explored to address selectivity issues


of compound 1.
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2-carbon (path B). 2,4-Disubstituted piperidines were
considered interesting targets due to the introduction
of stereochemical diversity (both relative and absolute)
and the availability of the free nitrogen atom as an addi-
tional site of derivation.


The CCR3 binding affinities of the cis and trans-2,4-di-
substituted urea diastereomers are shown in Table 1.
The propyl cis-diastereomer (2) showed twofold less
binding affinity to CCR3 with regard to linear achiral
1. However, the propyl trans-diastereomer (3) demon-
strated a 10-fold improvement in binding affinity to
CCR3. Separation of the enantiomers of the propyl
trans-racemic mixture by HPLC provided both antipo-
des. The binding results for 4 and 5 established that
the affinity for CCR3 resides in the (+)-trans-diastereo-
mer. Evaluation of the ‘‘linker’’ chain length (at the level
of the racemate) found the ethyl and butyl trans-diaste-
reomers (compounds 6 and 7, respectively) to be 10-fold
less active than the propyl trans-diastereomer (3). The
optimal length of the linker chain in this new series
was in complete agreement with our previous work on
other related series.1,3


Concurrent with the discovery that the propyl trans-dia-
stereomer was a potent CCR3 antagonist was the obser-
vation that this unsubstituted piperidine structural motif
also demonstrated potent inhibitory activity for norepi-
nephrine (NET), dopamine (DAT), and serotonin reup-
take transporters (5-HTT). Table 2 illustrates that both
enantiomers of the propyl trans-diastereomer (4 and 5)
are very potent inhibitors of all three transporters. Sub-
stitution of the 3-cyano group with a 3-acetyl function-
ality (compare compounds 4 and 8) provided no

Table 1. CCR3 binding affinities of 2,4-disubstituted ureas


NH


Bn


H
N


H
N


O
n


CN


Compound Optical purity Isomer CCR3 IC50 (nM) n


2 (±) cis 386 1


3 (±) trans 22 1


4 (+) trans 13 1


5 (�) trans 644 1


6 (±) trans 185 0


7 (±) trans 142 2


Table 2. Transporter selectivity issues of 2,4-disubstituted piperidine ureas


NH
R


Compound R R1 R2 CCR3 IC50 (nM


4 (+) H CN H 13.0


5 (�) H CN H 644


8 (±) H Ac H 6.0


9 (+) F Ac H 1.4


10 (+) F Ac Ac 0.5

improvement in selectivity. Previous observation that
installation of a p-fluoro substituent on the piperidine
benzyl ring was found to improve CCR3 affinity by
10-fold1 led to the preparation of compounds 9 and
10. Unlike the previous chemotypes, the p-fluoro substi-
tuent only provided for a twofold improvement in
potency (compare 8 to 9). The p-fluoro substituent on
the piperidine benzyl ring improved the selectivity for
DAT and NET (compare 8 to 9), but eroded the selectiv-
ity for 5-HTT. As in our other series of CCR3 antago-
nists,3 symmetrical 3,5-disubstitution on the urea
phenyl group improved CCR3 binding affinity by three-
fold (compare 9 to 10). Symmetrical 3,5-disubstitution
on the urea phenyl group was not beneficial to any
transporter selectivity.


In an attempt to address the transporter selectivity issue,
we examined substitution on the piperidine nitrogen.
The 3- and 3,5-diacetyl phenyl urea substituents are used
to illustrate these general SAR trends (Table 3). As ob-
served previously in this and other series,3 disubstitution
on the urea phenyl group was again found to be more
potent than monosubstitution (cf. 12–16, 14–17, and
15–18, respectively). Substitution at the piperidine nitro-
gen was found to be well tolerated and did not signifi-
cantly alter binding affinity to CCR3 in most
derivatives. However, substitution with a 2-trifluoroeth-
yl substituent (compound 25) eliminated all activity for
CCR3. Fortunately, simple alkyl substitution of the
piperidine nitrogen provided selectivity over the CNS
transporters. All nitrogen substituents tested were found
to provide reasonable (at most occurrences >100-fold)
selectivity over NET and DAT. In regard to 5-HTT
selectivity, simple alkyl groups (e.g., compounds 11–14
and 16–19) provided 40- to 300-fold selectivity. The
presence of an oxygen atom c to the piperidine nitrogen
(compounds 15 and 18) was found to significantly re-
duce the 5-HTT selectivity. Notably, acylation of the
nitrogen (compounds 26 and 27) yielded selective com-
pounds across all three CNS transporters with only
about 5-fold loss of the CCR3-binding affinity (compare
to compounds 10 and 16). The maintenance of the
CCR3 binding affinity in these derivatives could be spec-
ulated to derive from the enhancement of a hydrogen
bond or the rigidifying effect of the nitrogen substituent
(pseudo A1,3 strain) on the overall conformation of the
system. This result is quite interesting, given that com-
pound 25 is poorly active at CCR3. Finally, urea 12

H
N


H
N


O


R1


R2


) 5-HTT Ki (nM) DAT Ki (nM) NET Ki (nM)


35 34 37


54 10 46


42 32 39


18 219 233


3.5 119 95







Table 3. Binding affinities and transporter selectivity profiles for selected N-substituted piperidine ureas


N
F


H
N


H
N


O


R2


R1


Ac


Compound R1 R2 CCR3 IC50 (nM) 5-HTT, Ki (nM) DAT, Ki (nM) NET, Ki (nM)


9 H H 1.4 18 219 233


11 H Me 1.7 572 96 257


12 H Pr 2.0 296 756 4168


13 H Cyclopropyl methyl 2.5 117 251 3449


14 H Allyl 4.1 217 855 1230


15 H (CH2)2OH 7.0 50 2240 1820


10 Ac H 0.5 3.5 119 95


16 Ac Pr 0.7 166 157 1480


17 Ac Allyl 1.0 69 297 876


18 Ac (CH2)2OH 0.9 40 451 1390


19 Ac (CH2)3OH 1.3 212 609 497


20 Ac CH2C(O)Me 0.9 11 754 381


21 Ac CH2C(O)NH2 3.6 710 2659 5007


22 Ac CH2CH2F 2.3 49 651 317


23 Ac Propargyl 1.9 305 621 524


24 Ac CH2CHF2 12.4 328 931 1052


25 Ac CH2CF3 1380 NT NT NT


26 Ac C(O)CH3 3.9 5465 1224 1379


27 Ac C(O)CH2CH3 5.8 224 2082 9261


28 Ac C(@NH)NH2 4.3 19 31 388


Table 5. Pharmacokinetic properties of compound 12 (IS811) in


mouse and Cynolgus monkey


Species and route


of administration


Dose


(mg/kg)


Cl


(L/h/kg)


VD


(L/kg)


T1/2


(h)


Cmax


(nM)


%F


Mouse (IV) 2 10.6 8 — —


Mouse (PO) 10 — — 1.4 274 36


Cyno (IV) 2 0.4 3.1 — —


Cyno (PO) 5 — 9 989 18
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(IS811) was found to be 170-fold selective over 5-HT2a,
a potential liability previously mentioned for this series
of compounds.3


A representative set of compounds was further charac-
terized in a secondary calcium mobilization assay and
in their ability to block the eotaxin-induced human
eosinophil chemotaxis assay (Table 4).4 All 2,4-disubsti-
tuted piperidine urea analogs proved to be antagonists
of eotaxin-induced calcium mobilization. Consistent
with previous data, 3,5-disubstitution proved to be opti-
mal in both functional assays (compare compounds 12
to 16). Notably, compound 26, which lacks a basic
nitrogen and exhibits an IC50 of 3.9 nM in the CCR3
binding assay, proved much less potent in the secondary
functional assays. Compounds 12 and 16 proved to be
potent inhibitors of chemotaxis and the potency corre-
lated well to the binding assay results.


Compound 12 (IS811) was further evaluated in two ani-
mal PK models (Table 5) and found to have suitable

Table 4. Calcium mobilization and chemotaxis values for selected


analogs


N
F


H
N


H
N


O


R2


R1


Ac


Compound R1 R2 CCR3


IC50 (nM)


Ca+


IC50(nM)


Chemotaxis


EC50 (nM)


12 H Pr 2.0 26 19


16 Ac Pr 0.7 1.2 4.7


26 Ac Ac 3.9 133 >100

properties to warrant further preclinical in vivo studies.
As shown in Figure 2, IS811 dose-dependently inhibited
eotaxin-induced eosinophil influx to the lung.5,6


The synthesis of the required urea analogs (2–5) was ini-
tially performed according to the sequence described in
Scheme 1. Starting from N-Boc-4-benzyl piperidine (29),
metalation with s-BuLi and alkylation of the resulting
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Figure 2. Inhibition of eotaxin-induced eosinophil influx into the lung


by compound 12 (IS811).6
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Scheme 1. Reagents and conditions: (a) s-BuLi, THF, 0 �C then allyl


iodide; (b) 9-BBN, THF then 30% H2O2; (c) TsCl, pyridine, 0 �C; (d)


NaN3, DMSO; (e) H2, 10% Pd/C, MeOH; (f) m-CN–Ph–NCO, THF;


(g) TFA, CH2Cl2.
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Scheme 2. Reagents and conditions: (a) O3, CH2Cl2, �78 �C then


DMS, 50%; (b) NaCN, DMSO, 50 �C, 80%; (c) H2, 10% Pd/C, MeOH,


90%.
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anion with allyl iodide provided olefin 30. Hydrobora-
tion of 30 with 9-BBN upon oxidative workup yielded
alcohols 31. Three-step conversion of alcohols 31 (tosy-
lation, azidation, and reduction) led to amines 32. Addi-
tion of amines 32 to 3-cyanophenyl isocyanate provided
a 2:1 mixture of protected ureas 33. Separation of the cis
and trans-diastereomers was accomplished by HPLC.
Subsequent deprotection (TFA) led to racemic mixtures
of each urea 2 and 3. In a similar manner, other deriva-
tives differing by the extent of substitution on the urea
phenyl ring were prepared using the corresponding
isocyanates.


Amine 30 could also be treated with ozone upon reduc-
tive workup to provide alcohol 34 (Scheme 2). Conver-
sion of 34 to trans-urea 6 was performed in a similar
manner to 2. Finally, the tosylate 35 derived from alco-

a,b


h


N


OMe


TIPS N


O


CO2-(+


S


N
BocF


SR


37 38


40


Scheme 3. Reagents and conditions: (a) (+)-TCC–C(O)Cl, toluene/THF, �
CH2Cl2, 100%; (c) K2CO3, MeOH, reflux; (d) Boc2O, DMAP, CH3CN, 92% f


t-BuOK, THF, 90%; (g) Li, NH3, THF, �78 to �30 �C, 90%; (h) 70% HF/


NaOH, 1,4-dioxane, 20 �C, 80%.

hol 31 could be displaced with sodium cyanide and re-
duced to give amine 36. Subsequent treatment with the
isocyanate, acidic cleavage, and separation by HPLC
provided trans-urea 7.


During the evolution of this work, a growing body of evi-
dence suggested that an asymmetric synthesis of this
structural moiety that could incorporate a p-fluoro sub-
stituent on the piperidine benzyl group would be benefi-
cial. Therefore, incorporation of these two features
became part of the primary focus of an improved synthe-
sis. A racemic version of the following sequence has been
described in a different publication.7 Toward this end,
olefin 40 (Scheme 3) was targeted as a versatile interme-
diate. Addition of allyl magnesium chloride to the chiral
acyliminium ion derived from pyridine 37 provided en-
one 38 after acid catalyzed removal of the TIPS group.
The absolute stereochemistry of the 2-position was as-
signed as S using previously reported models.8 Base cat-
alyzed removal of the chiral auxiliary, protection of the
vinylogous amide, and conjugate reduction of the enone
yielded ketone 39. Wittig olefination and dissolving met-
al reduction provided aniline 41 in good yield.


Previous studies indicated that hydrogenation of the
Wittig adduct was not selective for the trans-diastereo-
mer.7 In addition, conditions that did provide high levels
of selectivity (dissolving metal reduction) were also
found to remove the desired p-fluoro substituent. Hence,
a modified procedure that utilizes an aniline as a masked
fluorine substituent was developed. To this end, conver-
sion of the aniline to the fluoride via the in situ genera-
tion of the diazonium salt required the reprotection of
the piperidine nitrogen after crude work-up. This proce-
dure provided olefin 41 in gram quantities. Olefin 41 was
utilized according to procedures outlined in Scheme 1.
Subsequent synthetic derivatives could then be deprotec-
ted (TFA) and substituted on the piperidine nitrogen by
a number of sequences (reductive amination, acylation,
and acylation/reduction).


In conclusion, we have demonstrated that moderately
potent nonselective 1,4-disubstituted benzyl piperidines
can be converted into potent selective CCR3 antagonists
by moving the N-substituent to the 2-position and
substituting the free nitrogen position with small alkyl

f,g


)-TCC c,d,e N


O


Boc


N
BocH2N


39


41


30 �C then CH2@CHCH2MgBr, �78; 10% HCl, rt, 68%; (b) TFA,


or two steps; (e) Zn, HOAc, 50 �C, 90%; (f) 4-(H(Z)N)-PhCH2P(Ph)3Cl,


pyridine, �78 to �30 �C then NaNO2, 10 �C then urea, 0 �C; Boc2O,
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and acyl groups. We have discovered that the potency of
these derivatives lies in the 2S, 4R-trans diastereomer.
We have also found that low binding affinities to
CCR3 can be maintained without the presence of a
key basic nitrogen atom. These derivatives were found
to possess very good in vivo PK characteristics in both
mouse and monkey models.
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Abstract—From oxyresveratrol (trans-2,4,3 0,5 0-tetrahydroxystilbene 1), seven derivatives were prepared, including trans-2-methoxy-
4,3 0,5 0-trihydroxystilbene (2), trans-2,3 0-dimethoxy-4,5 0-dihydroxystilbene (3), trans-4,3 0-dimethoxy-2,5 0-dihydroxystilbene (4),
trans-2,4,3 0,5 0-tetramethoxystilbene (5) and cis-2,4,3 0,5 0-tetramethoxystilbene (6), 2,4,3 0,5 0-tetrahydroxybibenzyl (7), and 2,4,3 0,5 0-
tetramethoxybibenzyl (8). The tetrahydroxybibenzyl 7, a hydrogenation product of 1, exhibited more potent tyrosinase inhibitory
activity than the parent compound, without cytotoxicity. A kinetic study revealed that 7 was a reversible and non-competitive inhib-
itor of mushroom tyrosinase with LL-dopa as the substrate. Analysis of the Ki values indicated that 7 has a slightly higher affinity to
the enzyme than 1. Compound 6, a tetra-O-methylated analogue of 1 with cis-configuration, was deprived of inhibitory effect on the
enzyme tyrosinase, but showed very strong cytotoxicity against the human cancer cells KB, BC, and NCI-H187, with potency com-
parable to those of the anticancer agents ellipticine and doxorubicin. Data on the tyrosinase inhibitory activity and cytotoxicity of
1–8 indicated that O methylation on stilbene 1 destroyed anti-tyrosinase activity but generated cytotoxicity. Thus, facile prepara-
tions of a potent tyrosinase inhibitor (7) and a strong cytotoxic agent (6) from the natural product 1 were achieved through simple
chemical reactions.
� 2006 Elsevier Ltd. All rights reserved.

Oxyresveratrol (trans-2,4,3 0,5 0-tetrahydroxystilbene, 1)
is a major constituent of the heartwood of Artocarpus
lakoocha Roxb.1,2 The compound is the active principle
of ‘Puag-Haad,’ a dried aqueous extract traditionally
used in Thailand as an anthelmintic.3 Recent studies
have revealed that 1 also possesses potent inhibitory
activity against tyrosinase,4,5 a key enzyme in the bio-
synthetic pathway of melanin pigments in both plants
and animals. Further investigations have shown that
the compound has strong skin depigmenting effects in
both animals and humans.6 As a strong tyrosinase
inhibitor, 1 has potential applications as a skin-whiten-
ing agent in cosmetic preparations or as an anti-brown-
ing agent for food products of plant origin. Other
interesting biological activities reported for 1 include
antiherpetic and anti-HIV,2 antiinflammatory,7 antioxi-
dative,8 and antiapoptotic and neuroprotective activi-
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ties.9 Since 1 can be obtained in large amounts from
the widely available A. lakoocha,2–4 the compound ap-
pears to be an attractive target for chemical studies in
terms of structure–activity relationships. In the present
communication, we describe our efforts to prepare, from
1, analogues with higher potency and selectivity with
regard to their cytotoxic and anti-tyrosinase activities.


The reaction of 1 with CH3I (3 equiv, reflux, 24 h) gave
three partially methylated products, namely trans-2-
methoxy,4,3 0,5 0-trihydroxystilbene (2), trans-2,3 0-dime-
thoxy-4,5 0-dihydroxystilbene (3), and trans-4,3 0-dime-
thoxy-2,5 0-dihydroxystilbene (4). Full O-methylation of
1 was achieved when CH3I (6 equiv) was employed,
leading to the formation of trans-2,4,3 0,5 0-tetramethoxy-
stilbene (5). Attempts to prepare other mono-, di-, and
tri-methoxy derivatives of 1 using CH3I or (CH3)2SO4


in various conditions were not successful. When trans-
tetramethoxystilbene 5 was subjected to a photochemi-
cal reaction, the cis-isomer 6 was formed. Catalytic
Pd/C hydrogenation of 1 and 5 gave bibenzyl com-
pounds 7 and 8, respectively. The positions of the
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Figure 1. Chemical transformations of 1 into 2–8.
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Figure 2. Dose-dependent inhibitory effects on mushroom tyrosinase


by oxyresveratrol (1), 2,4,3 0,5 0-tetrahydroxybibenzyl (7), and kojic


acid. Samples shown are oxyresveratrol (circle, d), 2,4,3 0,5 0-tetrahydr-


oxybibenzyl (triangle, m), and kojic acid (diamond, �).
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methoxy groups in 2–4 were determined by NOESY
experiments. The cis-configuration of 6 was established
from the coupling constant between H-a and H-b
(J = 12.1 Hz) (Jab = 16.5 Hz in 5), and from the NOESY
effect observed between H-6 and H-2 0(6 0). These natural
and synthetic stilbenoids (1–8) (Fig. 1) were then evalu-
ated for tyrosinase inhibitory activity and cytotoxic
potential.10


For the evaluation of tyrosinase inhibitory activity, as-
says were performed with LL-dopa as the substrate as pre-
viously described, using kojic acid, a well-known strong
tyrosinase inhibitor, as the positive control.4,11–13 Table
1 summarizes the percentages of inhibition and the IC50


values of 1–8, as compared with kojic acid. It should be
mentioned that oxyresveratrol (1) was earlier reported
to be a stronger tyrosinase inhibitor than kojic acid,5


and this was confirmed in this study, as reflected in
their respective IC50 values of 12.7 and 133.4 lM
(Table 1). For the O-methylated products (2–6 and8),
none of them showed significant inhibitory activity

Table 1. Tyrosinase inhibitory activity of 1–8


Compound


2,4,3 0,50-Tetrahydroxystilbene (1)


trans-2-Methoxy-4,3 0,50-trihydroxystilbene (2)


trans-2,30-Dimethoxy-4,50-dihydroxystilbene (3)


trans-4,30-Dimethoxy-2,50-dihydroxystilbene (4)


trans-2,4,30,50-Tetramethoxystilbene (5)


cis-2,4,3 0,5 0-Tetramethoxystilbene (6)


2,4,3 0,50-Tetrahydroxybibenzyl (7)


2,4,3 0,50-Tetramethoxybibenzyl (8)


Kojic acid

(IC50 > 100 lM). The loss of activity in 2–6 and 8 was
caused by the disappearance of the 4-alkyl resorcinol-
like structure of ring A.12–14 Compound 7, a bibenzyl
derivative prepared from 1, showed more inhibitory
activity than did the parent compound, being about 8-
fold stronger in view of the IC50 value. Further analysis
of the data obtained for 7 indicated that this compound,
as well as 1 and kojic acid, inhibited the enzyme in a
dose-dependent manner (Fig. 2). The higher tyrosinase
inhibitory activity of 7, as compared with 1, was proba-
bly due to its bibenzyl structure which gave more flexi-
bility and thus allowed the phenolic groups to interact
with the enzyme more effectively. Kinetic studies were
then conducted on 7, in comparison with 1, with regard
to the ability to inhibit mushroom tyrosinase with LL-do-
pa as the substrate. As summarized in Table 2, the Vmax


(DA490/min) for the dopa oxidase activity of the enzyme
was 2.0 · 10�1, and the Km value was 0.7 mM LL-dopa.
It can be seen from the Lineweaver–Burk plot of 1/V

% inhibition (at 100 lM) IC50 (lM)


83.5 ± 0.9 12.7


4.8 ± 1.6 >100


<0 ± 1.4 >100


<0 ± 3.6 >100


<0 ± 2.6 >100


<0 ± 1.9 >100


96.3 ± 0.6 1.6


2.3 ± 3.2 >100


41.1 ± 1.4 133.4







Table 2. Kinetic parameters of mushroom tyrosinase in the presence of


1 or 7


Inhibitor Dose


(lM)


Km


(M)


Vmax


(DA490/min)


Ki


(M)


None — 0.7 · 10�3 2.0 · 10�1 —


7 1.2 0.7 · 10�3 1.6 · 10�1 4.8 · 10�6


7 2.4 0.7 · 10�3 1.4 · 10�1 5.6 · 10�6


1 9.2 0.7 · 10�3 1.4 · 10�1 2.2 · 10�5


1 18.4 0.7 · 10�3 1.2 · 10�1 2.8 · 10�5
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values with different concentrations of LL-dopa (Fig. 3)
that the presence of 7 at different concentrations (1.2
and 2.4 lM) did not affect the Km value (0.7 mM LL-do-
pa) of the enzyme, but decreased the Vmax values to
1.6 · 10�1 and 1.4 · 10�1, respectively (Table 2). There-
fore, 7 was a non-competitive inhibitor of tyrosinase on
LL-dopa with the Ki values of 4.8–5.6 lM (Table 2). A
previous kinetic study on mushroom tyrosinase with LL-
dopa as the substrate indicated that 1 was a non-com-
petitive inhibitor.15 This is in agreement with the results
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Figure 3. Lineweaver–Burk plot of mushroom tyrosinase in the


presence of 2,4,3 0,5 0-tetrahydroxybibenzyl (7). Data were obtained as


mean values of 1/V, inverse of the increase of absorbance at the


wavelength 490 nm per min (DA490/min), with different concentrations


of LL-dopa as substrate. Inhibitors of the enzyme were 2,4,3 0,5 0-


tetrahydroxybibenzyl (7) with 2.4 lM (triangle, .), 1.2 lM (circle, s),


and no 2,4,30,5 0-tetrahydroxybibenzyl (7) (circle, d).


Table 3. Cytotoxicity of 1–8


Compound


K


2,4,3 0,5 0-Tetrahydroxystilbene (1) N


trans-2-Methoxy-4,3 0,5 0-trihydroxystilbene (2) N


trans-2,30-Dimethoxy-4,5 0-dihydroxystilbene (3)


trans-4,30-Dimethoxy-2,5 0-dihydroxystilbene (4) 1


trans-2,4,3 0,50-Tetramethoxystilbene (5)


cis-2,4,30,5 0-Tetramethoxystilbene (6)


2,4,3 0,5 0-Tetrahydroxybibenzyl (7) N


2,4,3 0,5 0-Tetramethoxybibenzyl (8) N


Ellipticine


Doxorubicin


a NA, no activity, showing less than 50% inhibition at 20 lg/ml.

of our investigation, as reflected in the unchanged Km


value (0.7 mM LL-dopa) in the presence of 1 (Table 2).
When the Ki values of 1 (2.2 · 10�5–2.8 · 10�5 M) and
7 (4.8 · 10�6–5.6 · 10�6 M) were compared (Table 2),
it was found that 7 had about 5-fold higher affinity to
the enzyme than 1. The higher potency of the former
is probably due to this kinetic property.


A study of the cytotoxicity of 1–8 was carried out using
a battery of cancer cell lines, including KB, BC, and
NCI-H187, with the anticancer agents ellipticine and
doxorubicin as positive controls.16,17 Table 3 illustrates
the IC50 values for these compounds. It is obvious that
while the parent compound 1 was not cytotoxic, all of
its O-methylated derivatives (2–6) demonstrated cyto-
toxic potential, ranging from weak to very strong activ-
ity. Thus, it appears that the introduction of methoxy
groups to the aromatic rings generated cytotoxicity. It
should be noted that the cis-polymethoxystilbene 6
was more potent than the trans-isomer 5. The bibenzyl
structures 7 and 8, however, were devoid of cytotoxicity.
Therefore, it could be deduced from these data that the
requirements for cytotoxicity of the stilbenoids were: (1)
polymethoxy groups, (2) unsaturation at a- and b-car-
bons, and (3) cis-configuration. In view of the IC50 val-
ue, 6 showed more cytotoxicity than the positive control
ellipticine in all cell lines. However, when compared with
doxorubicin, 6 was equally active in KB but less active
in BC and NCI-H187 cells. Structurally, stilbene 6 could
be considered, as related to combretastatins, a group of
natural products possessing strong anticancer potential,
which were first isolated from Combretum caffrum
(Combretaceae).18 Studies have shown that trans-poly-
methoxystilbenoids exert their cytotoxicity by inhibition
of cytochrome P450 1B1,19 whereas cis-analogues have
inhibitory effects on tubulin polymerization of cancer
cells.18 More studies on 6, such as in vitro assays in
other cancer cell lines and in vivo experiments in ani-
mals, as well as examinations of the mechanism of ac-
tion, are needed before the anticancer potential of this
compound can be fully determined.


In summary, this study showed that a more potent
tyrosinase inhibitor (7) can be obtained from oxyresve-
ratrol (1) through a single-step reduction reaction. The
bibenzyl structure 7 was a non-competitive inhibitor of
mushroom tyrosinase with higher affinity to the enzyme

IC50 (lM)


B BC NCI-H187


Aa NA NA


A 66.6 NA


5.5 10.8 10.9


6.5 13.9 33.5


8.6 5.6 8.0


0.3 1.0 0.3


A NA NA


A NA NA


2.4 2.7 1.9


0.3 0.5 0.1
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than 1, and exhibited no toxicity in human cells such as
KB, BC, and NCI-H187. The present study also present-
ed a process for the conversion of the non-cytotoxic stil-
bene 1 into a strongly cytotoxic compound 6 through
two simple chemical reactions. The results from this
investigation reflect the importance of natural products
chemistry as a tool for finding and developing useful
bioactive compounds.
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Abstract—Two series of dioscin derivatives (4a–o and 5a–o) with selected modifications at the 6 0 and 4000 positions of the chacotriosyl
residue, respectively, were synthesized. All the 6 0-N-acyl-dioscin derivatives did not show considerable inhibitory activities at 10 lM,
while most of the 4000-O-(2-N-acyl)ethyl-dioscin derivatives behaved as potent as dioscin, against the growth of tumor cells.
� 2006 Elsevier Ltd. All rights reserved.

A quite common feature of spirostan saponins, which
occur widely and abundantly in plants, is their inhibitory
activities against the growth of tumor cells.1 And the
cytotoxic potency of spirostan saponins is highly depen-
dent on their sugar residues.2 Dioscin, diosgenin-3-yl
a-LL-rhamnopyranosyl-(1! 2)-[a-LL-rhamnopyranosyl-
(1! 4)]-b-DD-glucopyranoside (chacotrioside), represents
one of the most common plant spirostan saponins, which
has been isolated from some twenty genera, including
many vegetables and medicinal plants. Dioscin is among
the most potent cytotoxic spirostan saponins2,3 and is
relatively easy to synthesize.4 Therefore, we employed
dioscin as a lead structure to decipher the structure–ac-
tivity relationships and mechanism of action of spirostan
saponins. To this end, we have synthesized all the eight
possible mono-methylated derivatives of dioscin and
found that the 6 0- and 4000-O-methyl derivatives (1 and
2) retained largely the cytotoxicities of dioscin but other
mono-O-methyl compounds were nearly inactive.5 The
4000-O-acetyl-dioscin (3) also showed to be as toxic as
dioscin,6 and the 6 0-N-(2-N-dansyl)ethyl-dioscin retained
about 30% of the toxicity of dioscin.7 These results
prompted us to examine the influence on the cytotoxicity
of a variety of modifications at the 6 0 and 4000 positions of

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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dioscin, thus, we might be able to label dioscin properly
to study its mechanism of action. Here, we report the
convergent synthesis of such two series of dioscin deriv-
atives (4a–o and 5a–o) and their inhibitory activities
against the growth of tumor cells (Fig. 1).


The synthetic route toward the 6 0-N-acyl-dioscins 4a–o
is depicted in Scheme 1. Thus, diosgenin-3-yl b-DD-
glucopyranoside (trillin)8 was subjected to selective
sulfonylation at the primary 6 0-OH with p-toluene-
sulfonyl chloride in pyridine, the desired 6 0-O-tosyl
derivative 6 was obtained in a satisfactory 73% yield.
Treatment of 6 with NaN3 in DMF at 90 �C gave 6 0-
azide 7 successfully (80%). Triol 7 was then selectively
protected with pivaloyl chloride at the 3 0-OH to afford
diol 8 in 81% yield.9 Glycosylation of the remaining
2 0,4 0-di-OHs in 8 with 2,3,4-tri-O-benzoyl-LL-rhamno-
pyranosyl trichloroacetimidate (9)10 under the promo-
tion of TMSOTf led to the desired trisaccharide 10 in
76% yield. Removal of the benzoyl and pivaloyl groups
in 10 with LiOH in MeOH provided the 6 0-azido-dios-
cin 11 in 95% yield. Reduction of the 6 0-azido into the
6 0-NH2 group with PPh3 provided the desired key
intermediate 12 quantitatively. Finally, selective cou-
pling of the 6 0-NH2 in 12 with a variety of the acyl
chlorides was achieved in the presence of Et3N in
CH3OH, furnishing the 6 0-N-acyl-dioscin derivatives
4a–o in 70 � 95% yields.11,12
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(4:1), 60 �C, 2 h, 100%; (g) acyl chloride, CH3OH, Et3N, 0 �C! rt, 1 h, 70 � 95%.

The 4000-O-(2-N-acyl)ethyl-dioscin derivatives 5a–o were
synthesized starting from ethyl 2,3-O-isopropylidene-1-
thio-LL-rhamnopyranoside (13)13 (Scheme 2). Treatment
of 13 with 1-tosyloxy-2-azidoethane14 in the presence
of NaH in THF provided 14 in a good 63% yield. Cou-
pling of the readily available disaccharide 159b with thio-
glycoside 14 under the action of NIS/TfOH afforded the
trisaccharide 16 in 81% yield. Removal of all the protec-
tive groups (benzoyl, pivaloyl, and isopropylidene
groups) with LiOH followed with H+ resin provided
the 4000-O-(2-azido)ethyl-dioscin 17 in 86% yield. Reduc-
tion of the terminal –N3 into –NH2 group with PPh3 led
to the key intermediate 18. Finally, selective coupling of
the appending NH2 group in 18 with a variety of the
acyl chlorides in the presence of Et3N in CH3OH fur-
nished the desired 4000-O-(2-N-acyl)ethyl-dioscins 5a–o
in 70 � 95% yields.11,15

The inhibitory activities of the dioscin derivatives 4a–o,
5a–o, 11, 12, 17, and 18 against the growth of three tu-
mor cell lines, that is, A549 (human lung carcinoma
cell), BGC-823 (human gastric cancer cell), and HGC-
27 (human gastric carcinoma cell), were evaluated fol-
lowing a standard MTT assay with dioscin as a positive
control.16 The results are listed in Table 1. All the deriv-
atives with the 6 0-N-modifications (4a–o, 11, and 12) did
not show considerable inhibition at a concentration of
10 lM toward all the three cell lines. While most of
the derivatives with the 4000-O-substituents were remark-
ably active with the only exceptions of compounds 5f
and 5g which bear the longest fatty chains. Compound
5e bearing a CH2@CH(CH2)8- residue was the most ac-
tive compound, showing IC50s of 2.6, 1.8, and 0.8 lM,
respectively, toward the three cell lines. Interestingly,
the aryl groups in the 4000-O-(2-N-acyl)ethyl residue
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Table 1. Inhibitory activities of the dioscin derivatives against the


growth of tumor cells


Compound IC50 (lM)


A549 BGC-823 HGC-27


4a–o, 11,12 ND ND ND


5a 10.3 3.1 4.7


5b 3.7 4.0 8.3


5c 10.1 11.0 9.2


5d 4.9 1.9 3.3


5e 2.6 1.8 0.8


5f, 5g ND ND ND


5h 11.2 5.1 1.3


5i 10.3 1.9 11.9


5j 15.3 1.6 15.0


5k 4.2 12.8 3.8


5l 7.7 16.4 4.2


5m 7.4 1.2 8.8


5n 11.2 2.6 13.1


5o 3.6 6.1 2.0


17 9.5 2.2 3.3


18 9.2 11.2 7.0


Dioscin 4.2 2.0 5.9


ND: IC50 not determined. These compounds did not show consider-


able inhibitory activities at a concentration of 10 lM.
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affected the sensitivity of the dioscin derivatives toward
different cell lines (i.e., 5h–n). The present results indi-
cate clearly that modifications on the 4000-OH would
not affect considerably the cytotoxicities of dioscin.
Thus, the synthesis of the dioscin derivatives with a vari-
ety of the fluorescence and affinity labels at the 4000-OH
and the studies of their mechanisms of action on tumor
cells become our current interest, and the results will be
reported in due course.
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Synthesis and HIV-integrase strand transfer inhibition activity
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Abstract—An efficient synthesis of methyl 7-hydroxy[1,3]thiazolo[5,4-b]pyridin-5(4H)-one-6-carboxylates (8–10 and 16) and 6-carb-
oxamides (17–20) is described. Sub-micromolar enzyme inhibition of HIV integrase was achieved with several carboxamide analogs
which were superior to their carboxylic ester congeners.
� 2006 Elsevier Ltd. All rights reserved.

Acquired immunodeficiency syndrome (AIDS) in
humans results from infection by the human immunode-
ficiency virus type 1 (HIV-1). Highly active antiretrovi-
ral therapy (HAART) for HIV currently targets two
of the three virally encoded enzymes; namely, reverse
transcriptase and protease. This approach to therapy
usually involves treating the patient with an HIV-prote-
ase inhibitor in combination with both a nucleoside
reverse transcriptase inhibitor and a non-nucleoside re-
verse transcriptase inhibitor. Although HAART therapy
is highly successful in warding off the development of
AIDS, incidences of drug resistance and toxic side effects
emphasize the need for new targets in the treatment of
HIV.1


Significantly, the third and final HIV-encoded enzyme,
HIV-integrase (IN), has yet to yield to drug discovery
efforts.2 Integrase catalyzes the integration of reverse
transcribed viral DNA into host cell DNA through a
two-step, metal-dependent process. Step one, known as
3 0 processing,3 effects cleavage of two nucleotides from
the two 3 0 ends of double stranded viral DNA. The sec-
ond step, strand transfer,4 integrates the viral DNA into
the host cell DNA through a series of phosphodiester
transesterification reactions. A final non-integrase-de-
pendent step, involving cellular DNA repair enzymes,
fills in the remaining gaps. Integrase is an especially
attractive target for HIV therapy because the enzyme
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is needed for viral infectivity and there are no known
host cell counterparts.


The search for a clinically viable HIV-integrase inhibitor
for HIV therapy has spanned more than a decade and
recently led to clinical evaluations of heteroaryl diketone
S-1360 (1)5 and naphthyridine carboxamide L-870,810
(2).6 These molecules inhibit the strand transfer step of
HIV-1 integrase and possess potent antiviral activities.
More recently, other heteroaromatic scaffolds with
HIV-integrase inhibition activity have emerged, includ-
ing the naphthyridinone carboxamides 3.7 All of these
compounds (1–3) contain a diketoacid-like motif impli-
cated in binding of metal ions within the catalytic core
domain of the integrase enzyme.8 The substituted benzyl
group in 1–3 is also necessary for potent antiviral activ-
ity. In this report, we describe an expedient synthesis of
7-hydroxythiazolopyridinones 8–10 and 16–20, and
their HIV-integrase strand-transfer inhibition activity.


Synthesis of the title compounds was achieved by the
chemistry depicted in Schemes 1, 2 and Eqs. 1–3. Struc-
tures of the title compound esters (8–10 and 16) and
carboxamides (17–20) are shown in Charts 1 and 2,
respectively. Enzyme inhibition data are provided in
Tables 1 and 2. The requisite intermediate 5-aminothiaz-
oles 6a–i were synthesized from commercially available
methyl isocyanoacetate 4 and the appropriate isothiocy-
anate 5a–i (Scheme 1).9 Treatment of 6a–i with methyl
malonyl chloride in 1,2-dichloroethane (DCE) at reflux
temperature afforded malonyl amides 7a–i which were
cyclized under basic conditions to thiazolopyridinones
8a, 8c–e, 9a–b, and 10a–c (see Chart 1).
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Treatment of aminothiazoles 6b and 6e with NBS in ace-
tonitrile provided 2-bromothiazoles 11a,b, respectively
(Scheme 2). Amino group protection of 11a,b with
(Boc)2O/DMAP produced N-Boc derivatives 12a,b.
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Scheme 2. Synthetic route to compounds 16a,b. Reagents and conditions:


4-fluorobenzaldehyde, THF; (iv) Et3SiH, TFA, CH2Cl2; (v) methyl malonyl

Bromine–magnesium exchange10 of 12a,b with isopropyl
magnesium bromide followed by reaction with 4-fluoro-
benzaldehyde afforded intermediate alcohols 13a,b
which were N-deprotected and reduced to 5-aminothiaz-
oles 14a,b in one step with TFA/triethylsilane.11 Reac-
tion of 14a,b with malonyl chloride and treatment of
the resulting malonyl amides 15a,b with NaOMe/MeOH
afforded the thiazolopyridinones 16a,b.
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Methyl esters 8–10 and 16 were converted to carboxa-
mides 17–20 by reaction with the appropriate amines
under neat thermal conditions (Eq. 1). Reaction of the
p-methoxybenzyl (PMB) analogs 8a and 17a with TFA
or TFA/triflic acid afforded compounds 8b and 17b,
respectively (Eq. 2). Oxidation of m-thioanisole analog
19c with MCPBA or oxone gave the corresponding sul-
fone (19d) and sulfoxide (19e) products, respectively
(Eq. 3).
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Chart 2.

Methyl esters 8–10 and 16 were significantly less active
in the strand transfer assay12 (Table 1) compared with
S-1360 (1) (IC50 = 0.16 lM); esters containing substitut-
ed (8a), linear (8d) or branched (8e) N-4 alkyl groups
showed weak inhibition activity (IC50 = 4–11 lM); N-4
aryl derivatives (9a,b and 10a–c) were inactive. Interest-
ingly, incorporation of a p-fluorobenzyl moiety at C-2 in
the ester series (16a,b) enhanced inhibition activity com-
pared to 8c and 9a.


Conversion of carboxylic esters 8–10 and 16 to carbox-
amides 17–20 improved inhibition activity with the
exception of 8a and 16a. In these latter cases, conversion
to the corresponding p-fluorobenzylcarboxamides pro-
duced compounds of similar (17a) or lesser (20a) poten-
cy. Carboxamides having N-4 ethyl (17d) and N-4
isopropyl (17e) substitution were the most potent ana-
logs (IC50 = 0.03–0.19 lM). Replacing the fluorine atom
of 17c with chlorine (17f) produced a 3-fold drop in
strand transfer inhibition activity.


In the N-4 aryl series (18–19), meta-phenyl substitution
(19a–e) reduced strand transfer inhibition activity
compared to the unsubstituted phenyl compound 18a.
Oxidation of thioanisole derivative 19c to the corre-
sponding sulfone (19d) and sulfoxide (19e) improved
potency by less than an order of magnitude. Interest-
ingly, none of the title compounds showed antiviral
activity separate from cellular toxicity; this observation
is unusual considering that many potent strand transfer
inhibitors have submicromolar cellular potency
values.13


In summary, an efficient synthesis of thiazolo[5,4-b]pyri-
din-5(4H)-one HIV integrase strand transfer inhibitors
was presented. The methodology described herein
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Table 1. HIV integrase strand transfer inhibition activity of methyl


7-hydroxy[1,3]thiazolo[5,4-b]pyridin-5(4H)-one-6-carboxylates 8–10,


and 16a


Compound Nb IC50
c,d,e (lM)


8a 2 4.2 ± 3.6


8b 1 >500


8c 1 >500


8d 1 1.23


8e 1 11


9a 1 >500


9b 1 >500


10a 1 >500


10b 1 >500


10c 1 >500


16a 1 35


16b 1 282


a See Chart 1 for molecular formulas.
b N = number of experiments.
c Data are expressed as means ± SE (N > 1).
d IC50 data for S-1360 (1) = 0.16 ± 0.04 lM (N = 33).
e See Ref. 12 for assay conditions.


Table 2. HIV integrase strand transfer inhibition activity of


7-hydroxy[1,3]thiazolo[5,4-b]pyridin-5(4H)-one-6-carboxamides 17–


20a


Compound Nb IC50
c,d,e (lM)


17a 2 4 ± 2


17b 2 1.5 ± 0.1


17c 2 0.7 ± 0.3


17d 1 0.03


17e 2 0.19 ± 0.03


17f 2 2.1 ± 0.1


18a 2 0.4 ± 0.1


18b 1 1


19a 2 17 ± 3


19b 1 7


19c 2 7 ± 3


19d 2 0.93 ± 0.04


19e 2 2.0 ± 0.2


20a 1 151


20b 2 4 ± 2


a See Chart 2 for molecular formulas.
b N = number of experiments.
c Data are expressed as means ± SE (N > 1).
d IC50 data for S-1360 (1) = 0.16 ± 0.04 lM (N = 33).
e See Ref. 12 for assay conditions.
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affords rapid access to diverse analogs in this series and
provides a general perspective on their structure–activity
relationships. Potent enzyme inhibition of HIV integrase
was achieved with several C-6 carboxamide-containing
derivatives which were generally more active than their
ester counterparts. Within the carboxamide series, sim-
ple N-4 alkyl substituents showed greater potency with
IC50 values as low as 0.03 lM. These findings contribute
to the growing understanding of SAR in the field of
2-metal-binding HIV integrase inhibitors.
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Abstract—As part of a program to design rational, mechanism-based inhibitors of guanase, we report here the synthesis and bio-
chemical screening of two analogues of azepinomycin (1 and 2), a naturally occurring inhibitor of guanase, known to mimic the
transition-state of the enzyme-catalyzed reaction. Our biochemical results show that compounds 1 and 2 are competitive inhibitors
with Ki of 2.01 ± 0.16 · 10�5 and 5.36 ± 0.14 · 10�5 M, respectively.
� 2006 Elsevier Ltd. All rights reserved.

Guanine deaminase (GDA) or guanase (EC 3.5.4.3) is
an enzyme that catalyzes the hydrolytic deamination
of guanine to xanthine. This enzyme has been found in
human liver, brain, and kidney.1 There have been re-
ports of abnormally high levels of serum guanase activ-
ity in patients with liver diseases,2–4 and so, the elevated
enzyme activity has been suggested as a marker of hep-
atitis and hepatoma.3 Furthermore, such a high guanase
activity is believed to be a biochemical indicator of rejec-
tion in liver transplant recipients.5 Increased levels of
guanase have also been detected in cancerous kidney6–8


and breast cancer tissues.7,9 In addition, patients with
multiple sclerosis exhibit significantly elevated levels of
guanase activity in their cerebral spinal fluids.10 These
observations suggest that a potent guanase inhibitor is
necessary for exploring the biochemical mechanisms of
the above metabolic disorders as well to understand
the specific physiological role played by guanase, and
not to mention its potential therapeutic use in treating
these disorders. While many studies on guanase inhibi-
tion have been reported in the literature,11–36 a potent
guanase inhibitor with a submicromolar or nanomolar
Ki has yet to be discovered. We report here the design,
synthesis, and guanase inhibitory activity of two
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analogues (1 and 2) of the natural product azepinomy-
cin, a moderate inhibitor of guanase, which is believed
to mimic the transition state of the enzyme-catalyzed
deamination reaction.37
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Guanase catalyzes the hydrolysis of guanine (3) to xan-
thine (4) (Scheme 1) via the tetrahedral intermediate
(5).38 The recently solved crystal structure of guanase39


from Bacillus subtilis suggests that the enzyme-catalyzed
reaction is assisted by an active site zinc metal ion
(Zn2+), which forms a tetrahedral complex with His-
53, Cys-83, and Cys-86 of the protein, as well as with
an isolated water molecule. Glutamate-55 serves as a
proton shuttle, abstracting a proton from the zinc-acti-
vated water to form the necessary hydroxide nucleo-
phile, while also enabling protonation at the N-3 site
of guanine, thus resulting in the formation of the inter-
mediate 5, as shown. Glu-55 also assists in protonation
of the NH2 group of 5, facilitating the elimination of a
molecule of ammonia to form the final product
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xanthine.39 Azepinomycin may interrupt this hydrolytic
process via coordination of its own OH group at posi-
tion –6 with the active site zinc, displacing the crucial ac-
tive site water molecule involved in hydrolysis.


The above zinc-mediated hydrolysis of guanine to xan-
thine, catalyzed by guanase, led us to the design of the
title inhibitors of this paper. In view of only a moderate
inhibition of guanase by azepinomycin,37 which suggest-
ed somewhat weak binding of the inhibitor to the en-
zyme via zinc metal coordination, we hypothesized
that the additional metal coordination sites on the inhib-
itor would strengthen its binding to the protein, and
hence enhance its inhibitory potential. The introduction
of a carbonyl group at position-5 of the heterocycle,
coupled with movement of the 6-hydroxy group away
from the ring by an additional carbon atom, would al-
low excellent coordination of the inhibitor with Zn2+


to form a stable, 6-membered ring structure. The latter
would use two of the four metal coordination sites,
while the other two would be occupied by two of the
three original amino acid residues at the enzyme active
site, as depicted in Scheme 2 (Note: the two amino acids
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Scheme 2. The proposed pathway for inhibition of guanase by the title


analogues of azepinomycin.

shown to be bonded to the metal are only arbitrary).
With this rationale, we set out to synthesize our target
inhibitors 1 and 2. The substitution of a benzyl group
at position-3 of 1 was to explore if a hydrophobic moi-
ety in that position would enhance, lower, or unaffect
the strength of enzyme binding. In our earlier guanase
inhibition studies involving planar, aromatic ring-ex-
panded purine bases, we had noticed that a benzyl group
at the N-3 position often potentiated the enzyme
inhibition.30,32


The target compound 140 was synthesized (Scheme 3) by
two different methods, both by reduction mediated by a
mixture of lithium borohydride and super hydride in
THF at 0 �C. The first method employed 3-benzyl-
4,5,7,8-tetrahydro-6-methoxy-6-methoxycarbonyl-6H-
imidazo[4,5-e][1,4]diazepine-5,8-dione (6)20 as the starting
material, while the second method used 3-benzyl-
4,5,7,8-tetrahydro-6-methoxycarbonyl-6H-imidazo[4,5-
e][1,4]diazepine-5,8-dione (7).41 The detailed multi-step
synthesis of both compounds 6 and 7 has been reported
by us several years ago,20,41 employing a common start-
ing material, 1-benzyl-5-nitroimidazole-4-carboxylic
acid.20 The target compound 240 was prepared by deben-
zylation of 1 using catalytic hydrogenation with palladi-
um hydroxide in acetic acid at 40 psi. The target
compounds were characterized by 1H and 13C NMR,
and mass spectral data, along with elemental
microanalyses.


Guanase from rabbit liver (purchased from Sigma–Al-
drich) was employed in the biochemical studies. All
studies were carried out at 25 �C and pH 7.4 by spectro-
scopic measurements of the rate of hydrolysis of the sub-
strate guanine at kmax 245 nm. The change in optical
density at kmax 245 nm per unit time is a measure of
the guanase activity. A total of seven different concen-
trations of the substrate, ranging from 5 to 20 lM,
was employed for each inhibitor concentration that
was either 8 or 25 lM, while the amount of enzyme in
each assay was 7.67 · 10�3 unit. The Lineweaver–Burk
plots (1/V vs 1/S) (see Figs. 1A and B) were used to
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calculate Km, Vmax, and Ki. Our biochemical
results showed that Km of enzyme with guanine as
substrate was 0.966 · 10�5 M. The target compounds 1
and 2 both showed competitive inhibition with Ki of
2.01 ± 0.16 · 10�5 and 5.36 ± 0.14 · 10�5 M, respective-
ly. These results suggest that the presence of a benzyl
group at position-3 (compound 1) enhances the inhibito-
ry activity by greater than twofold as compared to that
without the benzyl group (compound 2).


Inhibitory activities (Ki) of the target compounds 1 and
2 are roughly comparable to that of azepinomycin
(IC50 = 0.5 · 10�5 M),37 especially considering that the
inhibition for the latter is reported only as IC50, which
being specific to the conditions of the assay such as con-
centrations of the substrate and the enzyme is often
somewhat lower than the actual Ki value.42 The ob-
served inhibition data suggest that the introduction of
an additional Zn2+ coordination site on azepinomycin
nucleus has little effect on the enzyme inhibition. There
are multiple possibilities to explain these observed re-
sults, including but not limited to: (a) The mechanism
of GDA inhibition by either azepinomycin or its ana-
logues 1 and 2 may not involve the active site Zn2+ coor-
dination. This is a distinct possibility in view of their
moderate Ki values as compared to, for example, that
of the structurally analogous pentostatin (2 0-deoxyco-
formycin), another 5:7-fused imidazo[4,5-d][1,3]diaze-
pine ring system containing an exocyclic hydroxy
group.43 Pentostatin, unlike azepinomycin, is an
extremely tight-binding, totally irreversible inhibitor of
adenosine deaminase (ADA) with a Ki ranging from
10�11 to 10�13 M,43 and whose X-ray structure com-
plexed with the protein clearly shows coordination of
its hydroxy group with an active site zinc metal
ion.44,45 (b) Another possibility is that both azepinomy-
cin and its analogues 1 and 2 coordinate with the active
site zinc but the ligand–metal interaction is not as strong

as in pentostatin because of possibly imperfect relative
placements of the ligand and the metal at the enzyme
active site. The best answer may come from the X-ray
structure of a complex of azepinomycin or one of its
analogues with a mammalian guanase.
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Abstract—Several aminomethylene analogs and a ketomethylene analog of reversins were synthesized in order to evaluate their
ability to inhibit P-glycoprotein-mediated drug efflux in K562/R7 human leukemic cells overexpressing P-glycoprotein. These ana-
logs retained good activity compared to cyclosporin A and the original reversins.
� 2006 Elsevier Ltd. All rights reserved.

Multidrug resistance (MDR) to anticancer agents
remains a major cause of treatment failure in cancer che-
motherapy. MDR describes the cross-resistance of
tumor cell lines to several structurally unrelated chemo-
therapeutic agents after exposure to a single cytotoxic
drug. This phenomenon is often associated with overex-
pression of several proteins.1 Among them P-glycopro-
tein (Pgp) is the most important one that belongs to
the ABC superfamily of transporters which acts as a
drug efflux pump.2,3


Numerous molecules have shown some activity on Pgp.4


Among them short linear hydrophobic peptides were
described as chemosensitizers.5a Seprõdi et al. showed
that small hydrophobic peptide derivatives modulate
Pgp-ATPase activity and inhibited the drug extrusion
function of Pgp.5b,c These compounds are a family of
di- and tripeptide derivatives sharing some common
physico-chemical and structural features. Some of them
are dimerized aminoacids from diacid derivatives. The
enhanced affinity to Pgp of these chemosensitizers finally
coined reversins is ascribed to the hydrophobic nature of
the side chains protected with bulky aromatic or alkyl
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groups.6 Among them reversin 121 1a showed the high-
est affinity and specificity for Pgp.

At 1–2 lM this reversin was more effective than cyclo-
sporin A for blocking colchicine transport in isolated
membranes and reconstituted systems. In order to im-
prove proteolytic stability and bioavailability of rever-
sins, we planned to synthesize aminomethylene and

Scheme 1. Reagents and condition: (a) NaBH3CN, MeOH, AcOH, rt,


1 h, 52% (n = 1) and 57% (n = 2).
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Figure 1. Structures of by-products 9 and 10 obtained respectively in


the reductive amination of 7b and 7c with aldehyde 6.
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ketomethylene analogs of typical reversin representa-
tives. We chose reversin 121 1a as our working model
for dipeptide-type reversins and reversin 213 2a as a
dimerized aminoacid containing succinyl unit. The re-
duced analogs 3a–b were synthesized using the classical
reductive amination strategy7 starting from chiral pool-
derived aminoaldehydes according to Scheme 1.8

As far as reduced analogs of reversin 213 2a were
concerned we started from 4-pentenoic acid which was
activated as succinimidyl ester and then coupled to LL-
glutamic acid dibenzyl ester tosylate salt to obtain the
amide 4 (Scheme 2). The corresponding aldehyde 6
was obtained by a two-step reaction with osmium
tetroxide/4-methylmorpholine N-oxide9 followed by
oxidative cleavage of the diol 5 with sodium periodate.
It is noteworthy that aldehyde 6 exists in equilibrium
with the corresponding hemiaminals 6 0 as previously de-
scribed in similar reactions.10a,b Structure of the diaste-
reoisomeric hemiaminals 6 0 was assessed by ESIMS
and HSQC and HMBC experiments.10c The last step
consisted in obtaining the reduced analogs 8a–c of
reversin 213 2a. However in the standard reductive ami-
nation conditions, the reaction between diprotected
LL-glutamic acid 7b and aldehyde 6 did not afford the cor-
responding secondary amine but instead the pyrrolidi-
none 9 in 38% yield (Fig. 1). This result is explained
by nucleophilic attack of the generated secondary amine
on the adjacent benzyl ester side chain as observed
for similar derivatives.11 So as to avoid cyclization,
several protected derivatives of LL-glutamic acid such as
the 2,4-dimethyl-3-pentyl (Dmp)12a and cyclohexyl
(cHex)12b esters 7c and 7d12c known to prevent asparti-
mide formation were used to obtain, respectively, ana-
logs 8b and 8c. Moreover by using an excess of
aldehyde 6 a double addition product 10 was obtained
in 47% yield in the case of reductive amination of LL-glu-

Scheme 2. Reagents and conditions: (a) N-hydroxysuccinimide, DMAP, DC


quant yield; (c) OsO4 2.5% in t-BuOH, NMO, THF, H2O, rt, 24 h, 86%; (d) N


1–2 h.

tamic acid derivative 7c (Fig. 1).13 Undescribed deriva-
tives 1b and 1c along with compound 2b were also
synthesized by standard procedures for sake of
comparison.


We thought it would be worthwhile to test the intro-
duction of a spacer between the Asp and Lys residue
of reversin 121 1. Thus, we chose to synthesize the
protected Asp-w(CO–CH2)Gly-Lys ketomethylene ana-
log 16 as outlined in Scheme 3. The synthesis started
from LL-homoserine which was protected on the side
chain as a tert-butyl dimethyl silyl ether followed by
protection of the free a-amine as tert-butyloxycarbon-
yl derivative and finally transformed in Weinreb amide
11 in 40% overall yield over three steps. The alkene 12
was then obtained from Weinreb amide 11 by alkyl-
ation with butenyl magnesium bromide as described14


in 55% yield. Transformation of the protected hydrox-
yl of 12 in benzyl ester 13 was carried out by oxida-
tion of the deprotected hydroxyl with PDC and then
esterification of the cesium salt in 53% overall yield
as described.15a,15b Oxidation of alkene 13 with Ru-
Cl3ÆxH2O/NaIO4 afforded free acid 14 in 96% yield.
The ketomethylene analog 16 was finally obtained by
coupling the succinimidyl derivative 15 and diprotect-
ed LL-lysine hydrochloride in 94% yield.


The efficiency of reversin analogs to inhibit Pgp-medi-
ated daunorubicin efflux was investigated by monitoring
the intracellular accumulation of this drug in K562/R7
human leukemic cells overexpressing Pgp in the presence
of daunorubicin.16a Cyclosporin A was used as a posi-
tive control (Table 1). These analogs showed strong
inhibitory activity comparable to that of reversin 121
1a except in the case of the tertiary amine 10 which
caused an important decrease in activity. It was note-
worthy that the replacement of the amide bond with

C, THF, 0 �C, 10 min then rt, 48 h, 94%; (b) DIEA, DMF, rt, 24 h,


aIO4, THF, H2O, 3 h, quant yield; (e) NaBH3CN, MeOH, AcOH, rt,







Scheme 3. Reagents and conditions: (a) TBDMSCl, DBU, CH3CN, 0 �C then rt, 24 h, 82%; (b) (Boc)2O, Et3N, acetone, H2O, rt, 24 h, 80%; (c) N,O-


dimethylhydroxylamine hydrochloride, TBTU, HOBt, DIEA, CH2Cl2, rt, 12 h, 61%; (d) butenyl magnesium bromide, THF, �78 �C then 3.5 h, rt,


30 min, 55%; (e) TBAF, THF, rt, 1 h, 87%; (f) PDC, DMF, rt, 3 h, 71%; (g) i—Cs2CO3, MeOH, H2O then reduced pressure; ii—benzyl bromide,


DMF, rt, 4.5 h, 86%; (h) RuCl3ÆxH2O NaIO4, H2O, CH3CN, rt 1 h, 96%; (i) N-hydroxysuccinimide, DMAP, DCC, THF, 0 �C, 10 min then rt, 48 h,


49%; (j) DIEA, DMF, rt, 24 h, 94%.


Table 1. Mean inhibitory activity (%) of reversins and synthesized


analogs on human leukemic cells K562/R716b


Compounda Mean inhibiting activityb %


1a Reversin 121 72.73 (±5.27)


1b 52.70 (±5.27)


1c 85.43 (±5.69)


2a Reversin 213 93.74 (±2.17)


2b 94.45 (±1.36)


3a 74.14 (±4.06)


3b 79.08 (±5.13)


8a 82.22 (±4.57)


8b 54.71 (±3.63)


8c 98.33 (±1.35)


10 3.35 (±3.44)


16 86.62 (±4.86)


a Compounds were tested at a 10 lM concentration.
b Cyclosporin A was used as positive control (mean inhibitory activity


of 100%) at a final concentration of 2 lM. Standard deviation is


given in parentheses.
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an amino methylene isostere did not impair the capacity
to inhibit Pgp-mediated drug efflux (1a vs 3a and 2b vs
8c). Analogs with cyclohexyl ester presented an in-
creased inhibitory activity when compared to 2,4-di-
methyl-3-pentyl ester analogs (1b vs 1c and 8b vs 8c).
Moreover, exchanging benzyl ester by cyclohexyl ester
was tolerated as shown in Table 1 by comparing activity
for compounds 2a and 2b. Finally, the inhibitory activ-
ity of ketomethylene analog 16 was conserved indicating
that inserting a succinyl moiety into reversin 121 1a was
not detrimental to the Pgp-mediated drug efflux inhibi-
tory activity.


We have designed aminomethylene and ketomethylene
analogs with inhibitory activity of Pgp-mediated drug
efflux comparable to that of reversins 121 1a and 213
2a. We envisage now the synthesis of ketomethylene
analogs of reversin 121 and modified side chain analogs
to confirm and refine our first results.
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3. Szakács, G.; Paterson, J. K.; Ludwig, J. A.; Booth-
Genthe, C.; Gottesman, M. M. Nat. Rev. Drug Disc. 2006,
5, 219.


4. Teodori, E.; Dei, S.; Scapecchi, S.; Gualtieri, F. Il Farmaco
2002, 57, 385.


5. (a) Sharom, F. J.; DiDiodato, G.; Yu, X.; Ashbourne, K.
J. D. J. Biol. Chem. 1995, 270, 10334; (b) Seprödi, J.;
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Abstract—Three asymmetrical AChE reactivators with cyano-moiety and propane linker were synthesized using modification of
currently known synthetic pathways. Their potency to reactivate AChE inhibited by nerve agent tabun and insecticide paraoxon
was tested in vitro and compared to pralidoxime, HI-6, obidoxime, K027, and K048. According to the results, three compounds
seem to be promising against paraoxon-inhibited AChE. Better results were obtained for bisquaternary substances at least with
one oxime group in position four. None of tested substances was able to satisfactorily reactivate tabun-inhibited AChE at concen-
tration applicable for in vivo experiments.
� 2006 Elsevier Ltd. All rights reserved.

C2H5O ONC O

Enzyme acetylcholinesterase (AChE, EC 3.1.1.7) plays a
very important role in human body. It controls choliner-
gic transmission by decomposition of neuromediator
acetylcholine. The blockade of its physiological function
by various inhibitors could be used for treatment of Alz-
heimer disease (competitive inhibitors) or misused for
military or terrorist activity (irreversible inhibitors).1–5


The well-known irreversible inhibitors are organophos-
phorus compounds (OC).6 They are thio- or oxo-deri-
vates of phosphonic and phosphoric acid.6 They are
used massively in agriculture as pesticides (e.g., parathi-
on, chlorpyrifos, and diazinon), for industrial purposes
(e.g., tributylphosphate), and they were also misused
as nerve agents (e.g., sarin, soman, tabun, and VX) in
wars and by terrorists (Fig. 1).7–10


The mechanism of AChE inhibition by OC depends in
the blockade of serine hydroxyl in the enzyme’s cavity.6


This narrow 20 Å deep gorge was studied in detail by
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ligand binding and crystallographic studies for various
species.11–14 It has one catalytic (acylation, A) site on
the bottom and one peripheral site (P) at the lip of the
cavity.15,16 The A-site contains the catalytic triad (for
human AChE, S203, E334, and H447) which together
with W86 is responsible for binding of trimethylammo-
nium group of acetylcholine as acyl transfer to Ser203 is
initiated.14 The P-site involves other residues including
W286.11 The ligands bound to the P-site can affect the
A-site by steric blockade or allosteric activation. More-
over, some ligands can span the 12–15 Å distance be-
tween these two sites.16


Besides, the enzyme’s gorge changes during the OC-inhi-
bition.14 After inhibition, the conjugate OC-AChE may
undergo further intramolecular modifications called

tabun paraoxon


P
OC2H5O NO2


P
N(CH3)2C2H5O


Figure 1. Examples of organophosphorus compounds.
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‘aging’ that involves dealkylation or deamidation.17 The
aged enzyme is truly irreversibly inhibited and it cannot
be reactivated. Nerve agent tabun (GA) causes one of the
most resistant inhibitions.18,19 The structural basis for
resistance of tabun conjugates is unknown. Nevertheless,
the crystal structures of murine AChE showed that non-
aged tabun conjugate induces structural changes in H447
and its hydrogen bonds.14 Moreover, the conformational
change of P338 position partially closes the narrow
AChE gorge.14 After aging reaction, the tabun molecule
is coordinated in the AChE gorge and phosphoroami-
doyl group is replaced by a water molecule.14 Therefore,
GA belongs to the worst reactivated nerve agents.


The AChE reactivator in its dissociated form is able to
cleave the covalent bond OC-enzyme by nucleophilic
reactive group (oximate anion) and to restore the activ-
ity of AChE. Nevertheless, every type of OC needs a
specific structure of AChE reactivator and there is none
broad-spectrum reactivator after more than 50 years of
investigations.1,17–19 Therefore, the development and
selection of new effective reactivators of AChE-like anti-
dotes of OC are very important.


For these reasons, we decided to develop new potent
structure relative to promising reactivators K027 (1)
and K048 (2) (Fig. 2) against GA-inhibited AChE.20,21
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Figure 2. Promising oximes tested on tabun-inhibited AChE.
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Scheme 1. Two-step synthesis of asymmetrical bisquaternary compounds.

The asymmetrical model with one oxime group and
three carbon spacer was chosen according to similarity
both with promising reactivators (K027) and reactiva-
tors currently used (obidoxime). The cyano group was
used as more rigid variant of carbamoyl group (K027
and K048). Three compounds (6–8) were prepared using
conventional synthetic procedures; two of them (6–7)
were not previously described in the literature (Fig. 3).
First, monoquaternary salts (9–10) were synthesized
using excess of five equivalent of 1,3-dibromopropane
in acetone, where by-products occurs only in minor
yields (Scheme 1). The mono-salts were purified by
recrystallization from acetonitrile (MeCN), where bis-
salts were almost insoluble.22 Second, the bisquaternary
substances were completed in DMF using excess of cor-
responding hydroxyiminomethylpyridine (Scheme 1).23


The yields and reaction conditions described in the liter-
ature were exceeded and purity of the compounds was
also estimated using NMR and MS analysis, where fore-
going literature data were not available.24–26,37 After-
wards, the compounds were tested in vitro on tabun-
(GA) and paraoxon-inhibited AChE Figure 4.


In vitro testing of synthesized oximes involved a stan-
dard collection of experimental procedures. The 10%
rat brain homogenate (source of AChE) in water
was inhibited by GA or paraoxon. After 30 min of
incubation with OC to achieve 95% inhibition of
AChE, the reactivator was added to the solution for
the next 10 min. Activities of intact AChE (a0), inhib-
ited AChE (ai), and reactivated AChE (ar) were de-
duced from the influence of consumption of NaOH
solution (0.01 M) on time. The percentage of reactiva-
tion (%) was calculated from the measured data
according to the formula:


x ¼ 1� a0 � ar


a0 � ai


� �
� 100½%�


The whole method is in detail described in the work of
Kuca and Cabal.27 Pralidoxime, HI-6, and obidoxime
(3–5, Fig. 3) of HPLC purity previously synthesized in
our laboratory were used as references. Obtained data
are summarized in Table 1.


First of all, the reactivation potency suitable for in vivo
experiments should exceed 10% ability in vitro.1 No
newly prepared reactivator is able to fulfill this rule for
tabun at both concentrations. Only three compounds
(1, 2, and 5) showed some applicable results at concen-
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Table 1. Reactivation potencies of tested oximes (%, mean value of three independent determinations)—time of inhibition—30 min; time of


reactivation by AChE reactivators—10 min; pH 7.6; temperature 25 �C


Inhibitor Reactivation (%)


Tabun Paraoxon


Concentration (M)


10�3 10�5 10�3 10�5


Reactivator


K027 (1) 11 ± 0 1 ± 0 59 ± 3 21 ± 1


K048 (2) 25 ± 0 0 57 ± 3 5 ± 2


Pralidoxime (3) 4 ± 1 0 42 ± 1 0


HI-6 (4) 2 ± 1 4 ± 1 35 ± 2 0


Obidoxime (5) 11 ± 0 0 76 ± 2 37 ± 2


6 0 0 0 3 ± 1


7 0 0 4 ± 0 0


8 0 0 32 ± 3 25 ± 0
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Figure 4. Oxime reactivators used as reference compounds.


K. Musilek et al. / Bioorg. Med. Chem. Lett. 16 (2006) 5673–5676 5675

tration 10�3 M for tabun-inhibited AChE. Moreover,
concentration 10�3 M is not attainable for in vivo exper-
iments.28 No tested compound showed satisfactory re-
sults at concentration 10�5 M.


Second, pesticides are known as weaker inhibitors of
AChE than nerve agents.29 In the past, the design of
AChE reactivators was focused on preparation of potent
substances against nerve agents. By the time, it was found
out that commonly used ‘nerve agent’s’ reactivators are
not suitable for pesticide intoxications’ treatment.30,31


At concentration 10�3 M, all reference compounds and
one newly prepared compound (8) showed promising re-
sults for paraoxon-inhibited AChE. Nevertheless, the
measured data for concentration 10�5 M marked only
three promising substances (1, 5, and 8). Currently used
substances pralidoxime (3) and HI-6 (4) had no efficacy
at concentration 10�5 M for paraoxon-inhibited AChE.


In addition, the structural factors appropriate for reacti-
vation can be recommended.32 The oxime functional
group breaks down the bond OC inhibitor-enzyme and
is essential for activity of the reactivator.21–23,32 Our re-
sults confirm the hypothesis that one aldoxime group in
position four on heteroaromatic ring is sufficient for
reactivation of tabun- or paraoxon-inhibited AChE (1
and 2). The other substituent at second heteroaromatic
ring also influences the reactivation ability by different
affinity to AChE. Carbamoyl functional group (1 and
2) gave better results for paraoxon-inhibited AChE than
cyano functional group in newly prepared substances
(8). It means that presence of more rigid cyano group
(sp hybridization) compared to carbamoyl group (sp2


hybridization) decreases reactivation potency of tested
compounds. If second oxime group is presented (5),
reactivation potency increases only partially and this

fact can be caused by double plausibility of steric orien-
tation of symmetrical molecule in the cavity of enzyme.
Length and structure of connecting chain is another
important factor for activity of the reactivator.21–23,32–


35 The propane and butane connecting chain (1–2, 5–
8) was earlier found to be promising for tabun-inhibited
AChE.36 Moreover, quaternary nitrogens are important
for affinity to the enzyme.1,18–23,32–36


In conclusion, a series of three reactivators was prepared
in satisfactory yield and purity. Their ability to reacti-
vate GA- and paraoxon-inhibited AChE was measured
in vitro. One compound was found to be promising
against paraoxon-inhibited AChE at physiological con-
centration. Pralidoxime and HI-6 were found to be
improper for pesticide poisonings. The reactivation
potency of these compounds depends on structural fac-
tors such as position of the functional oxime group at
the pyridinium ring, presence of quaternary nitrogen,
and the constitution of the linking chain.
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Abstract—Binding affinities for a range of epibatidine isomers and analogues at the a4b2 and a3b4 nAChR subtypes are reported;
compounds having similar N–N distances to epibatidine show similar, high potencies.
� 2006 Elsevier Ltd. All rights reserved.

The remarkable affinity of epibatidine (1) for the nico-
tinic acetylcholine receptor (nAChR) is now well
known.1 Epibatidine is a potent but non-selective ago-
nist, its pharmacological effects probably being medi-
ated by a variety of nAChR subtypes including a7,
a4b2, a3b4 and the a1b1cd receptor at the neuromuscu-
lar junction.2 The recognition of a wide variety of recep-
tor subtypes has encouraged the exploration of
epibatidine analogues in the hope of developing sub-
type-selective therapeutic compounds.2 These com-
pounds could then be employed as treatments for
several neurological and psychiatric disorders including
Parkinson’s and Alzheimer’s diseases, schizophrenia,
chronic pain and tobacco dependence.2 Greater subtype
selectivity is likely to be associated with lower toxicity
and fewer undesirable side effects.2 The a4b2 nAChR
is absent from the periphery but widely expressed within
the CNS and may be a useful therapeutic target in sev-
eral of the disorders described above. In contrast, activ-
ity at either the neuromuscular junction or the a3b4
ganglionic nAChR might be expected to lead to undesir-
able side effects. Work on defining the full role of each of
the nAChR subtypes is highly dependent on the avail-
ability of subtype-specific ligands.2


We designed our target compounds to include: a bicyclic
secondary nitrogen centre (the source of the quaternary
nitrogen which is essential for binding); a freely rotating
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heterocyclic substituent; a rigid bicyclic framework
which is capable of providing an appropriate N–N dis-
tance in one or both of the minimum-energy conforma-
tions (based on rotation about the C-pyridyl bond).3


Our earlier work with tropanes (8-azabicyclo[3.2.1]oc-
tanes) and with 2- and 7-azabicyclo[2.2.1]heptanes (2-
and 7-azanorbornanes)4 has led us to synthesize a range
of analogues and isomers based on these azabicyclic
frameworks (Fig. 1). These include homoepibatidine
(2),5 dihomoepibatidine (3)5 and isoepibatidine (4)6 in
which the positions of the bicyclic nitrogen and the het-
erocycle have been reversed. The epibatidine isomers 5
and 6,7 in which the bicyclic nitrogen is now in the 2-po-
sition and the 5- (or 6-)heterocyclic substituents are
endo-, produce a calculated N–N distance in the appro-
priate range (Table 3).


The exo-isomers 7 and 8,7 having greater N–N distanc-
es, were included in these studies for comparison and
contrast. In addition, the syn- and anti-isoepiboxidines
10 and 11,8 in which the chloropyridyl substituent of 4
has been replaced by a methylisoxazole ring, were syn-
thesized in the hope of retaining potency but with lower
toxicity (as reported for epiboxidine (9)).9


The synthesis and spectroscopic properties of these com-
pounds have been published but full experimental de-
tails for syn-isoepibatidine (4) are recorded at the end
of this letter since our very recent report6 gave only a
general procedure.


Activity data at the a4b2 and a3b4 receptors are listed in
Table 1. Some previously published a4b2 and a7 bind-
ing data for selected compounds7a are included for
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Figure 1. Epibatidine isomers and analogues.


Table 1. Inhibition of binding at human recombinant nicotinic receptors for compounds 1,2, 4–7,10 and 11


Compound Ki
a (nM) a3b4/a4b2


a4b2 a3b4


(±)-1 0.0558 (±0.0056) 0.191 (±0.0075) 3.42


(+)-2 0.127 (±0.011) 0.925 (±0.032) 7.28


(�)-2 0.343 (±0.026) 0.527 (±0.053) 1.54


(±)-4 0.0785 (±0.00617) 0.16 (±0.00189) 2.05


(+)-5 0.182 (±0.33) 0.944 (±0.058) 5.19


(�)-5 1.23 (±0.025) 8.73 (±0.179) 7.1


(±)-6 0.771 (±0.067) 2.35 (±0.122) 3.05


(±)-7 ne at 1000 nM ne at 1000 nM


(±)-10 0.763 (±0.092) 9.51 (±0.428) 12.5


(±)-11 ne at 1000 nM ne at 1000 nM


Cytisine 2.59 (±0.202) 525 (±6.32) 203


Preliminary data have been reported earlier.10


a Values are geometric means of at least three experiments, standard error is given in parentheses (ne = no effect).
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comparison (Table 2). Differences between the Ki bind-
ing constants in Tables 1 and 2 (and early data recorded
in Ref. 5) may be due to the fact that in Table 1, binding
was at human recombinant nAChR, whereas the
nAChR used to generate the values in Table 2 were from
native rat tissue. These native receptors may be subtly
different from the human recombinant nAChR in terms

Table 2. Inhibition of binding at native rat nicotinic receptors for


compounds 1, 2 and 5–87a


Compound a4b2 Ki
a (nM) a7 Ki


b (nM) a7/a4b2


1 (+)0.019 4.9 (±0.7) (n = 3) 258


(�)0.020 7.0 (±1.8) (n = 4) 350


(±)-2 0.23 13 (n = 2) 56.5


(±)-5 0.056 6.3 112.5


(±)-6 0.045 3.9 86.7


(±)-7 ca. 40 3300 <87


(±)-8 ca. 40 1600 <42


a [3H]Nicotine binding to rat cortical membranes.
b [125I-a]Bungarotoxin binding to rat hippocampal membranes.

of their unit stoichiometry (ratio of a4 and b2 subunits)
and composition (inclusion of other subunits, for exam-
ple, a5).11


The most significant result is that isoepibatidine (4) is al-
most as potent as epibatidine ((±)-1). It shows similar
activity to (±)-1 at both the a4b2 and a3b4 receptors.
This confirms earlier indications5 that the unusual chem-
ical properties4b of the nitrogen atom in the 7-azanor-
bornane ring system are not an essential factor in the
unusual biological properties of 1. Earlier results for
homoepibatidine (2) have shown that incorporation of
an extra methylene group into the 2-carbon bridge has
little effect on binding affinity5,12 (see also Table 2); thus
the 7-azanorbornane system is not a pre-requisite for
high activity although we have demonstrated that inser-
tion of a second additional methylene group in dihomo-
epibatidine (3) leads to an order of magnitude reduction
in activity, presumably because of the substantially
greater bulk of the tetramethylene portion.5 The new
data for the enantiomers of 2 (Table 1) confirm the high
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potency; the two enantiomers shows similar a4b2
selectivity.


Of the other 2-azanorbornane isomers, the endo-5-
substituted compound 5 shows an almost 10-fold differ-
ence in the binding ability of the two enantiomers at
both the a4b2 and a3b4 subtypes (Table 1), with the val-
ues for the (+)-enantiomer at the a4b2 being only 3-fold
more than those for epibatidine ((±)-1). The enantio-
mers of 5 show little subtype selectivity. The Ki values
for the racemic endo-6-substituted compound 6 are close
to the average values for the enantiomers of 5 despite the
difference in position of the heterocycle.


The previously accepted ‘ideal’ N–N distance of ca.
5.5 Å has been revised; recent X-ray studies suggest a
value of 4.4–4.5 Å for the active conformation.3b This
is in agreement with calculations for the compounds in
Table 3. Interestingly, the methylisoxazole-substituted
10 is the only isomer which shows N–N distances close
to the ‘ideal’ in both minimum energy conformations.
Whatever the minor structural differences between the
epibatidine isomers 1, 4, 5 and 6, they all retain the
key pre-requisites, including a broadly similar N–N dis-
tance, and show high potency. Significant changes are
only observed when the two nitrogen centres are widely
separated, as in the exo-isomers 7 and 8. The exo-com-
pounds are essentially inactive; the a4b2 and a3b4 data
for 7 in Table 1 augment the earlier a4b2 and a7 results
(Table 2).7a


Variation of the heterocyclic substituent has been widely
investigated as a means of modifying the properties of
nicotinic agonists.2b One of the more successful bioisos-
teric replacements for the chloropyridyl ring is the
methylisoxazole ring, introduced by Daly in epiboxidine
(9)9 and, more recently, in the higher homologue homo-
epiboxidine.13 We have recently reported the synthesis
of the isoepiboxidine isomers 10 and 11 based on the
2-azanorbornane framework.8 The syn-isomer (10) has
approximately 13-fold weaker affinity than epibatidine
at the a4b2 receptor (Table 1); this modest reduction
mirrors that reported for epiboxidine (9).9 The potency
of 10 at the a3b4 receptor is lower but the discrimination
is modest. The inactivity of the anti-isomer 11, even at
1000 nM, is not surprising given the distance between
the secondary nitrogen and the heterocycle (Table 3).

Table 3. Calculated N–N distances for aminesa


Compound


(unprotonated)


Minimum energy


conformation (Å)


After 180� rotation about


the C-heterocycle bond (Å)


1 4.5 5.5


2 4.6 5.6


4 4.5 5.2


5 4.8 5.9


6 4.3 5.3


7 6.4 6.6


8 5.7 6.1


10 4.4 4.8


11 5.6 5.8


a Calculated using Spartan Pro; equilibrium geometry by Hartree–


Fock, 6-31G*.

We recognise that calculated minimum energy N–N dis-
tances are a crude, indirect measure of the efficiency of
interaction between the ligand and receptor and that
many other factors are involved which are not yet fully
understood.3 Nevertheless, our work shows good corre-
lations between calculated N–N distances and binding
affinities for a homologue (2) of epibatidine, for epibati-
dine isomers (4–6) and for a variant (10) in which
methylisoxazole replaces chloropyridine. Whilst the
new compounds show similar high potency to epibati-
dine, there is no increase in selectivity between the
a4b2 and a3b4 receptor subtypes.


Membrane preparation. Cell pastes from large-scale pro-
duction of HEK-293 cells expressing cloned human
a4b2 or a3b4 nAChR were homogenized in 4 volumes
of buffer (50 mM Tris–HCl, 150 mM NaCl and 5 mM
KCl, pH 7.4). The homogenate was centrifuged twice
(40,000g, 10 min, 4 �C) and the pellets re-suspended in
4 volumes of Tris–HCl buffer after the first spin and 8
volumes after the second spin. The re-suspended homog-
enate was centrifuged (100g, 10 min, 4 �C) and the
supernatant kept and re-centrifuged (40,000g, 20 min,
4 �C). The pellet was re-suspended in Tris–HCl buffer
supplemented with 10% w/v sucrose. The membrane
preparation was stored in 1 ml aliquots at �80 �C until
required. The protein concentration of the membrane
preparation was determined using a BCA protein assay
reagent kit.


Nicotinic receptor radioligand binding scintillation prox-
imity assay (SPA). SPA radioligand binding assays
were performed in 96-well plates in a final volume of
250 ll Tris–HCl buffer (50 mM Tris–HCl, 150 mM
NaCl, 5 mM KCl, pH 7.4) using the following condi-
tions: [3H]epibatidine (53 Ci/mmol; Amersham)-
a4b2 = 1 nM, a3b4 = 2 nM; WGA-coated PVT SPA
beads (Amersham)-a4b2 = 1 mg/well, a3b4 = 1.5 mg/
well; membrane protein = 30 lg/well for both assay
types. Non-specific binding (<10% for both assay types)
was determined using 10 lM epibatidine. Reactions
were allowed to equilibrate for 2–4 h at room tempera-
ture prior to reading on a Trilux Scintillation counter
(Perkin Elmer). Data were analyzed using a standard
4-parameter logistic equation (Multicalc, Perkin Elmer)
to provide IC50 values that were converted to Ki values
using the Cheng–Prusoff equation.15


Synthesis of isoepibatidine 4
anti-7-Bromo-2-azabicyclo[2.2.1]heptane (13). anti-7-
Bromo-2-benzyl-2-azabicyclo[2.2.1]heptane 126 (2.80 g,
0.012 mol) in dry MeOH (60 ml) was hydrogenolyzed
using a standard procedure;8 flash chromatography
(Et2O/MeOH; 9:1) gave 13 as a white crystalline solid
(32%). dH (300 MHz, CDCl3) 1.42–1.63 (m, 2H, H5n,
H6n), 1.97–2.17 (m, 2H, H5x, H6x), 2.40 (dd, 3.8,
3.8 Hz, 1H, H4), 2.68 (d, 9.7 Hz, 1H, H3n), 3.00 (ddd,
J � 9.7, 3.4, 3.4 Hz, 1H, H3x), 3.37 (dd, J = 3.1,
3.1 Hz, 1H, H1), 4.04 (dd, 1.5, 1.5 Hz, 1H, H7). dC


(75.5 MHz, CDCl3) 26.5, 29.3 (C5, C6), 42.3 (C4), 49.9
(C3), 55.0 (C7), 60.2 (C1). mmax 2976s, 2524 m, 1636 s,
1522m, 1421s cm�1. m/z 176/178 (MH+). C6H11NBr
[MH+] requires 176.00749; observed 176.00751.







NR NR NR


N Cl


Br
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13  R = H
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+


N


B(OH)2
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anti-2-Boc-7-bromo-2-azabicyclo[2.2.1]heptane (14).
The procedure described for compounds 19 and 23 in
Ref. 8 was followed using the anti-isomer 13 (344 mg,
1.95 mmol), Boc2O (694 mg, 3.18 mmol), NaHCO3


(595 mg, 6.77 mmol), THF (4 ml) and H2O (12 ml).
After reaction at rt for 72 h, 14 was obtained as a white
crystalline solid (448 mg, 1.62 mmol, 83%) Rf (Et2O/pet-
rol; 1:1) 0.57. dH [300 MHz, CDCl3; where there is signal
duplication because of slow N–CO rotation
(ratio � 45:55), the minor rotamer signal is shown in
italics.] 1.45 (br s, 9H, Boc), 1.04–1.88, 2.02–2.23 (2·
m, 4H, H5, H6), 2.57 (br s, 1H, H4), 3.05, 3.10 (2· d,
J = 9.6 Hz, 1H, H3n), 3.34 (ddd, J � 9.6, 3.1, 3.1 Hz,
1H, H3x), 4.05 (br s, 1H, H7), 4.05, 4.25 (2· br s, 1H,
H1). dC (75.5 MHz, CDCl3) 25.6, 28.1 (C5, C6), 28.4
(Boc CH3), 43.0, 43.5 (C4), 51.9 (C7), 51.3, 52.1 (C3),
59.7, 60.8 (C1), 79.7 (Boc C), 153.9 (Boc CO). mmax


2977s, 1692s, 1398s, 1331m, 1304m, 1246m, 1155s,
1111s cm�1. m/z 276/278 (MH+). C11H19NO2Br [MH+]
requires 276.05992; observed 276.05987.


anti- and syn-2-Boc-7-(6-chloro-pyridin-3-yl)-2-azabicy-
clo[2.2.1]heptane (15 and 16). Procedure adapted from
Ref. 14. In a glove box, Ni(cod)2 (95 mg, 0.35 mmol)
was placed in a two-necked flask. Bathophenanthroline
(228 mg, 0.69 mmol), 4-chloro-3-pyridyl boronic acid
(148 mg, 0.94 mmol) and tBuOK (136 mg, 1.22 mmol)
were added, the reaction vessel was evacuated and refilled
with N2 thrice. Dry s-BuOH (10 ml) was added and the
mixture stirred for 10 min at rt under N2; the colour chan-
ged to deep-purple, indicating the formation of the active
complex. A solution of anti-14 (210 mg, 0.76 mmol) in s-
BuOH (2 ml) was added and the resulting mixture stirred
under N2 at 40 �C for 24 h, then cooled and passed
through a short pad of silica. Solvents were removed in
vacuo. Flash chromatography (Et2O) of the crude residue
gave a mixture of 15 and 16 as a pale yellow oil (�25:75;
anti-:syn-) (69 mg, 0.22 mmol, 30%) Rf 0.49. dH


[300 MHz, CDCl3; signals corresponding to the minor
(anti-) epimer are underlined; where there is signal dupli-
cation because of slow N–CO rotation (ratio � 45:55), the
minor rotamer signal is shown in italics.] 1.39, 1.48, 1.50
(3· br s, 9H, Boc), 1.44–2.04 (m, 4H, H5, H6), 2.69, 2.91
(2· br s, 1H, H4), 2.95, 3.02, 3.13–3.25, 3.44–3.53 (br s,
br s, m, m, 3H, H3x, H3n), 4.45, 4.48, 4.61 (4· br s, 1H,
H1), 7.22–7.33 (m, 1H, H5 0), 7.47–7.60 (m, 1H, H4 0),
8.23–8.32 (m, 1H, H2 0). dC (75.5 MHz, CDCl3) 28.1,
28.2, 30.6, 31.0 (C5, C6), 28.3, 28.5 (Boc CH3), 39.0,
39.4, 41.5, 42.4 (C4), 49.1, 49.5 (C7), 53.3, 53.8, 49.4,
50.0 (C3), 57.2, 58.0, 58.4, 59.0 (C1), 79.3, 79.5 (Boc C),
123.8, 123.9, 124.0 (C5), 132.5, 132.8, 132.9 (C3 0), 138.0,

138.2 (C4 0), 148.8 (C6 0), 149.3, 149.4 (C2 0), 154.2, 154.3
(Boc CO). Further chromatographic separation (Et2O)
allowed the isolation of a sample of the major (syn-) epi-
mer 16 as a yellow oil: dH [300 MHz, CDCl3; signal
descriptors as described above (rotamer ratio � 45:55).]
1.41, 1.50 (2· br s, 9H, Boc), 1.61–2.04 (m, 4H, H5, H6),
2.69 (br s 1H, H4), 2.95, 3.02 (br s, m, 3H, H3x, H3n,
H7), 4.48, 4.61 (2· br s, 1H, H1), 7.25 (m, 1H, H5 0), 7.54
(m, 1H, H4 0), 8.31 (m, 1H, H2 0). dC (75.5 MHz, CDCl3)
28.1, 28.2, 30.6, 31.0 (C5, C6), 28.3, 28.5 (Boc CH3),
41.6, 42.4 (C4), 49.1, 49.5 (C7), 49.4, 50.0 (C3), 57.3, 58.4
(C1), 79.3, 79.5 (Boc C), 123.8, 123.9 (C5 0), 138.0, 138.2
(C5 0), 149.3, 149.4 (C2 0), 132.9, 133.0 (C3 0), 154.2 (Boc
CO). mmax 2970s, 2934s, 1696s, 1606m, 1488s, 1406s,
1284s cm�1. m/z 309 (MH+). C16H22N2O2 [MH+] requires
309.13698; observed 309.13692.


syn-7-(6-Chloro-pyridin-3-yl)-2-azabicyclo[2.2.1]heptane
(syn-isoepibatidine) (4). A 75:25 mixture of epimers 15
and 16 (476 mg, 1.54 mmol) was dissolved in EtOAc
(50 ml); EtOH (10.4 ml) and CH3COCl (8.6 ml) were
added with cooling in ice and the reaction mixture was
allowed to reach rt and stirred for 4 h before being evap-
orated to dryness. The crude mixture of epimers of iso-
epibatidine–HCl salts was triturated with CH2Cl2 to
give a sample of pure 4 (94 mg) and a sample containing
17 and 4 (2:1, 107 mg) (53% total yield). Data for free
amine 4: dH (300 MHz, CDCl3) 1.24–1.50, 1.50–1.72,
1.72–1.93 (3· m, 4H, H5, H6), 2.63 (br s, 1H, H4), 2.68
(d, J = 10.1 Hz, 1H, H3n), 2.76 (ddd, J � 10.1, 2.9,
2.9 Hz, 1H, H3x), 3.71 (br s, 1H, H1), 2.89 (br s, 1H,
H7), 7.26 (s, 1H, H2 0), 7.69 (dd, J = 3.1, 0.5 Hz, 1H,
H4 0), 8.36 (d, J = 2.4 Hz, 1H, H5 0). dC (75.5 MHz,
CDCl3) 29.1, 32.9 (C5, C6), 40.7 (C4), 48.9 (C3), 49.8
(C7), 58.4 (C1), 124.0, 138.5, 149.4 (pyridyl). m/z 209/
211 (MH+). mmax 2970s, 2750w, 2706w, 1622m, 1588w,
1561w cm�1. m/z 209 (MH+). C11H14N2Cl [MH+] re-
quires 209.08455; observed 209.08454. Tosic acid salt
of 4: mp 186–190 �C. Analysis: C18H21N2O3SCl re-
quires: C, 56.76; H, 5.56; N, 7.35; observed: C, 56.82;
H, 5.46; N, 7.26.
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Abstract—The synthesis and biological evaluation of a series of benzimidazolone b3 adrenergic receptor agonists are described.
A trend toward the reduction of rat atrial tachycardia upon increasing steric bulk at the 3-position of the benzimidazolone moiety
was observed.
� 2006 Elsevier Ltd. All rights reserved.

The b3 adrenergic receptor plays an important role in
mediating lipolysis in white adipose tissue1 and thermo-
genesis in brown adipose tissue.2 It has been reported
that stimulation of this receptor induces a variety of
pharmacological effects such as an increase in fat oxida-
tion, enhancement of energy expenditure, and improve-
ment of glucose uptake in rodent models of obesity and
diabetes.3 It may not, however, play as dominant a role
in humans4 and despite the interest in this target, there
have only been mixed reports of clinical efficacy in hu-
mans.5 Recent reports suggest the use of b3 agonists as
therapeutics for gastrointestinal6 and urinary disease.7


Although activation of b1 receptors is known to increase
heart rate, evidence has accumulated to suggest that
some b3 agonists may produce a chronotropic effect in
rat atria,8 and there has been considerable debate in
the literature as to the underlying mechanism of the ef-
fect.9 The presence of a fourth b adrenoceptor was pos-
tulated,10 though this is now widely believed to be a low-
affinity state of the b1 receptor.11 One of the goals of this
SAR was to minimize this in vitro atrial tachycardia.
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As part of our b3 agonist program, we utilized parallel
synthesis to quickly synthesize and screen a number
of compounds. We identified compound 1 (Fig. 1) as a
agonist at the human b3 adrenergic receptor and
were interested in understanding the SAR around the
benzimidazolone ring.


2-Amino-3-nitrophenol (2, Scheme 1) was reacted with
(2S)-glycidyl 3-nitrobenzenesulfonate to provide the
epoxide (3) which was opened using dibenzylamine.
The aromatic nitro group was reduced to provide the
dianiline which was treated with triphosgene in a
biphasic solvent mixture (toluene/aqueous acid) to form
the benzimidazolone (5). The alcohol was protected as
the TBS ether. This material was deprotonated with
sodium hydride and treated with 1.5 equivalents of
iodomethane. Three methylated products (6–8) were iso-
lated by flash chromatography and the structures of the
monomethyl regioisomers assigned by NOESY and
ROESY NMR experiments. These compounds were
desilylated and debenzylated to give the desired amines

Figure 1. Initial hit.
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Scheme 1. Reagents and conditions: (a) (2S)-glycidyl 3-nitrobenzenesulfonate, K2CO3, acetone, reflux, 18 h, 99%; (b) Bn2NH, MeOH, reflux, 10 h,


78%; (c) Na2S2O4, NaHCO3, EtOH/H2O (2:1), rt, 16 h, 81%; (d) triphosgene, toluene/2 N HCl (3:5), rt, 14 h, 93%; (e) TBSCl, imidazole, DMF, rt,


18 h, 96%; (f) NaH, MeI, THF, 0 �C, rt, 18 h, see yields above; (g) TBAF, THF, 0 �C, 3–5 h, 60–96%; (h) 10% Pd/C, ammonium formate, MeOH,


1 h, 75–85%.


Scheme 3. Reagents and conditions: (a) NaCNBH3, acetic acid, MeOH, rt, 24 h.


Scheme 2. Reagents and conditions: (a) Cs2CO3, DMF, rt, 18 h, 79%; (b) NaClO2, Me2SO, rt, 18 h, 31%; (c) NaH, DMF, 90 �C, 3 h, 32%;


(d) K2CO3, DMAC, 130 �C, 2.5 h, 44%.


Scheme 4. Reagents and conditions: (a) ROCl or (RCO)2O, Et3N, CH2Cl2, 0 �C, rt, 18 h; (b) K2CO3, MeOH, rt, 2 h, 56–94%(two steps);


(c) BH3-Me2S, THF, 0 �C, rt, 2 h, 54–57%; (d) NaBH(OAc)3, HOAc, 1,2 dichloroethane, 18 h, 11–49%; (e) (2S)-glycidyl 3-nitrobenzenesulfonate,


K2CO3, acetone, reflux, 18 h, 60–73%; (f) EtOH, reflux, 18 h, 42–58%; (g) Na2S2O4, NaHCO3, EtOH/H2O (2:1), rt, 2 h; (h) triphosgene, toluene/2 N


HCl (3:5), rt, 18–72 h, 33–58% (two steps).


Scheme 5. Reagents and conditions: (a) 2-nitropropane, potassium tert-butoxide, diglyme, 130–150 �C, 4 h, 71%; (b) H2 (50 psi), 5% Pd/C, HOAc,


MeOH, 50 �C, 16 h, 86%; (c) 6-chloronicotinamide, K2CO3, DMAC/iso-octane (5:1), 140 �C, 6 h, 93%.
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(9–11). Debenzylation of the protected amine (5) provid-
ed 4-(3-amino-2-hydroxy-propoxy)-1,3-dihydro-ben-
zoimidazol-2-one (12) as a comparator.


The ketones were synthesized as described in Scheme 2.
1-(4-Hydroxy-phenyl)-propan-2-one (13) was treated
with cesium carbonate and 4-fluorobenzaldehyde, and
the resulting aldehyde was then oxidized to give acid
(A). Similarly, nucleophilic aromatic substitution reac-
tions of the phenol (13) with 6-chloro-nicotinonitrile
and 6-chloro-nicotinamide provided ketones B and C,
respectively. A standard reductive amination protocol
between these amines and ketones was conducted in a
parallel fashion in combination with ion exchange puri-
fication as illustrated for fragments 12 and A in Scheme
3.12 An excess of the ketone (2 equiv) was utilized to en-
sure complete consumption of the starting amine
(1 equiv), so that the resulting product amine could be
obtained in >85% purity after ion exchange
chromatography.


A general synthetic route to allow for variation of the
substituent on the nitrogen is described in Scheme 4.
2-Amino-3-nitrophenol (2) was treated with excess acid
chloride or anhydride,13 and then the ester was selective-
ly hydrolyzed to provide the amide, which was reduced
with borane-dimethylsulfide complex to yield the substi-
tuted aniline (14). Alternatively, a reductive amination
of 2-amino-3-nitrophenol (2) with the corresponding
aldehyde yielded the aniline (14) in one chemical opera-
tion. This phenol was further elaborated to the epoxide
(15) as previously described, and this epoxide was
opened using amine 16. The benzimidazolone ring was
formed in an identical manner to that described in
Scheme 1 to yield the desired compounds (18).


The synthesis of the amine (16) is detailed in Scheme 5.
4-hydroxybenzyl alcohol (19) was treated with potassi-
um tert-butoxide and 2-nitropropane to afford 4-(2-
methyl-2-nitropropyl)phenol (20). The nitro group was
reduced by hydrogenation to provide the amine (21).
This phenol was then further elaborated via nucleophilic
aromatic substitution to the desired amine (16).


The biological results of the compounds prepared in this
parallel synthesis effort are reported in Table 1. The
compounds derived from amine 9 (i.e., 4-hydroxy-1,3-
dimethyl-1,3-dihydro-benzoimidazol-2-one), as well as
from amine 11 (i.e., 4-hydroxy-1-methyl-1,3-dihydro-
benzoimidazol-2-one) lose most of the b3 agonist activi-
ty of the parent unsubstituted compounds derived from

Table 1. Agonist activity of compounds at a concentration of 100 nM


expressed as % of the maximal response to isoproterenola


Amine % of the maximal response to isoproterenol


Ketone


A B C


12 99 88 97


9 28 11 25


10 84 83 87


11 30 29 33


a Values are means of three experiments. T
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Table 3. Acute in vivo studies in diet-induced obese Long Evans rats


Compound Dose (mg/kg po) Respiratory quotient %


reduction over vehicle (20 h)


Energy expenditure %


increase over vehicle (20 h)


Exposureb


AUC(0–6h) (ng-h/mL)


18d 10 22%a 9%a 342c


18f 10 29%a 18%a 112


a p < 0.05.
b Area under the plasma concentration curve determined over the duration 0–6 h in obese Long Evans rats following a 10 mg/kg po dose.
c Rat oral bioavailability (F344 rats) was found to be 8%.
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amine 12. In contrast, the compounds derived from the
other monomethyl regioisomer (i.e., from amine 10) re-
tain most of the b3 agonist activity of the unsubstituted
benzimidazolone.


Further exploration of the substitution on this nitrogen
of this regioisomer yielded some interesting results. The
b adrenergic agonist data of these compounds are shown
in Table 2. These compounds are still potent agonists of
the b3 receptor with little or no agonist activity at the b1


or b2 receptors. However, these compounds showed dif-
ferential activity in their propensity to cause atrial
tachycardia in vitro.14 This effect is dependent on the
size of the substituent on the nitrogen with larger groups
showing a reduced propensity to cause tachycardia.


The pharmacological profiles of compounds 18d and 18f
were further assessed by measuring carbohydrate and
fat utilization in diet-induced obese Long Evans rats
by indirect calorimetry, measuring respiratory quotient
over a 24-h period.15 A single oral dose of these com-
pounds induced a decrease in respiratory quotient as
well as an increase in energy expenditure (Table 3). De-
spite this encouraging data, these compounds were
shown to have poor oral exposure (Table 3) and further
optimization to improve the in vivo properties of these
molecules will be reported in due course.
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Abstract—Salvinorin A, a compound isolated from the plant Salvia divinorum, is a potent and highly selective agonist for the j opi-
oid receptor. For exploration of its structure and activity relationships, further modifications, such as reduction at the C(4) position,
have been studied and a series of salvinorin A derivatives were prepared. These C(4) modified salvinorin A analogues were screened
for binding and functional activities at the human j-opioid receptor and several new full agonists have been identified.
� 2006 Elsevier Ltd. All rights reserved.

Activation of the j-opioid receptor (KOR) produces
many effects including analgesia, dysphoria, anti-prurit-
ic effect, corticosteroid elevations, water diuresis, and
immunomodulation.1 The KOR also participates in
the expression of chronic morphine-induced withdrawal
syndromes and mediate the aversive effects of D-9-tetra-
hydrocannabinol.2,3 Synthetic arylacetamides, including
U50,488H, U69,593, spiradoline, enadoline, ICI-
204,448 and asimadoline, have been demonstrated to
be selective KOR agonists.4,5 Interestingly, the j-agonist
U69,593 produces depressive-like effects and j-antago-
nists, such as norBNI (nor-binaltorphimine) and ANTI
(5 0-acetamidinoethylnaltrindole), produce antidepres-
sant-like effects in animal models.6,7 Furthermore,
j-agonists appear to affect mood in humans.8 Nalfura-
fine (TRK-820), a potent j-agonist, is used as an anti-
pruritic drug.9–11


Recently, salvinorin A, a neoclerodane diterpene isolat-
ed from a mint, Salvia divinorum native to Oaxaca,
Mexico, was identified as one of the most potent natu-
rally occurring opioid agonists with a high selectivity
and affinity for KOR.12–16 Salvinorin A represents a

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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promising lead for the development of more potent
and selective KOR agonists and antagonists.17 Howev-
er, it was short acting. We initiated a comprehensive
drug synthesis and screening program in an attempt to
find new KOR agonists or antagonists with higher
chemical stability.18–21 As part of our ongoing investiga-
tion, a series of salvinorin A analogues have been syn-
thesized and tested. So far, several potent human
KOR (hKOR) full agonists have been found. For in-
stance, the 2-MOM salvinorin-A analog is seven times
more potent than salvinorin A.20 According to our find-
ings as well as those reported by several other laborato-
ries, a limited understanding of SAR has been
established which suggests that C(2) and C(4) positions
are sensitive and critical sites for binding to KOR with
very limited tolerance in terms of size and electronega-
tivity of the substituent group.


As reported previously, salvinorin A can be demethylat-
ed to form compound 1a in pyridine media, accompa-
nied with C-8 epimerization (Scheme 1).19,22 The
analogues with natural configurations at C(2) and C(8)
usually show higher affinities and efficacies at hKOR.
To further explore the SAR at the C(4) position, the
corresponding C(4) alcohol 2 was obtained with 50%
yield by using borane–THF complex as the reducing
reagent.22a The corresponding C(8) epimer of
compound 2 can be synthesized following the same
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procedure. Compound 2 was then converted to aldehyde
3 by Swern Oxidation in 15 min at �60 �C.23 Based on
Cache� molecular modeling, the C(4) position was more
tolerant in terms of the space occupied by its attached
groups. Our previous approach was to keep the C(4)
carbonyl intact and we synthesized a series of corre-
sponding ester and amide derivatives.19


To continue to explore the SAR at the C(4) position,
compound C(4)-alcohol 2 was chosen as the key inter-
mediate. Although removal of the C(4) adjacent carbon-
yl might affect the affinity and selectivity at hKOR, these
C(4) ether type derivatives can provide definite answers
to the influence of a C(4) adjacent carbonyl group. Fol-
lowing the published standard procedure,24 compound 2
was treated with silver oxide at 40 �C with various alkyl
halides (X = Br or I) (Scheme 2). Both simple alkyl and
allylic type ethers were synthesized with moderate to
good yield.


Since carbonyl functional groups play a key role in
H-bonding to amino acid residues of macromolecules,
the C(4) ester derivatives will allow us to investigate
the SAR of a carbonyl group which is located two atoms
away from the C(4) position. Compound 2 was treated
with dicyclohexylcarbo-diimide (DCC) and 4-(dimeth-
yl-amino)pyridine (DMAP) in the presence of various
acids or acid chlorides (Scheme 3). To examine the role
of different substituent patterns, several 3- or 4-substi-
tuted benzoic acyl chlorides were coupled to the C(4)
primary alcohol. Simple unsaturated (14 and 15) and
propyl acyl chloride were also used.
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Scheme 2. Synthesis of C(4) ether derivatives 4–7.

Nitrogen containing building blocks often play impor-
tant roles in drug design and provide enhanced interac-
tion between pharmacophore and receptor sites. In a
previous report, C(4) amide derivatives showed
enhanced interaction and resulted in potent full agonists
at hKOR.19 Similarly, a number of Fmoc-protected
amino acid derivatives 16–18 (Scheme 4) and methylated
nitrogen compound 19 were synthesized.


Additional ester derivatives from acid 1 were synthe-
sized and subjected to binding studies (Scheme 5). An es-
ter 20 with a short alkynyl chain was also synthesized.25
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As reported previously, a methoxymethyl protected
salvinorin B at the C(2) position has very high affinity
and efficacy at hKOR18 suggesting that a short straight
chain with several oxygen atoms appears to better fit the
binding site. The C(4) position could share a similar

Table 1. Affinities (Ki), potencies (EC50) and efficacies of C(4)-modified salv


Compound 4-Substituents Ki
a


Sal-A C(O)OMe 1.3


1af C(O)OH >1


1b C(O)OH 48.


2 CH2OH 43.


3 C(O)H >1


23 Tetrazole >1


Ethers CH2O–R


4 Me >1


5 Et >1


6 CH2CH@CH2 >1


7 Bn >1


Esters CH2OC(O)–R


8 Me >1


9 m-F–Ph >1


10 p-F–Ph >1


11 p-Me–Ph >1


12 p-Br–Ph >1


13 CH2Ph >1


14 CH@CHCH3 >1


15 Cyclopropyl 221


C(O)O–R


20 CH2C„CH >1


21af CH2OCH2CH2OMe 613


21b CH2OCH2CH2OMe >1


Amino acids CH2–R


16 Fmoc-Phe >1


17 Fmoc-Gly >1


18 Fmoc-Ala >1


19 Fmoc-N-Me-Ala >1


U50,488H 1.4


a Ki values of salvinorin A and analogs in inhibiting [3H]diprenorphine bind
b Each value represents the mean ± SEM of at least three independent exper
c EC50 values in activating the human j-opioid receptor to enhance [35S]GT
d Efficacy determined as the % of maximal response of U50,488H.
e Not determined.
f a refers to the compounds with the natural configuration at C(8) whereas b

trend for ligand–receptor interaction. Therefore, com-
pound 21 with MEM side chain was synthesized by
using MEMCl, iPr2NEt in methylene chloride at room
temperature.26


Compound 23 was synthesized according to published
procedure (Scheme 6).27 Compound 1 was treated with
1-(3-dimethylaminopropyl)-3-ethylcarbo-diimide hydro-
chloride (EDCI) and amine in DMF, and 1-hydroxy-
benzotriazole hydrate (HOBt) as the catalyst and
base.28 The resulting compound 22 was then further
converted to compound 23 via a series of rearrangement
reactions. This compound introduced tetrazole, a new
type of N-containing cycle to salvinorin, which is a dra-
matic change in terms of steric and electronic factors.


Binding affinities of the target compounds to the hKOR
were determined by competitive inhibition of [3H]dipre-
norphine binding to the receptor in membranes of Chi-
nese hamster ovary cells stably transfected with the
hKOR (CHO-hKOR).29 Compounds were evaluated
first at 1 lM in radioligand binding assays. For those
producing more than 50% inhibition of [3H]diprenor-
phine binding, competitive inhibition binding curves

inorin A analogs at human j-opioid receptor


,b (nM) EC50
b,c (nM) Efficacyd


± 0.5 4.5 ± 1.2 106


000 —e —


6 ± 4.4 74.1 ± 2.2 94


4 ± 4.93 20.7 ± 1.0 107


000 —e —


000 — —


000 — —


000 — —


000 — —


000 — —


000 — —


000 — —


000 — —


000 — —


000 — —


000 — —


000 — —


± 19.1 358 ± 72 92


000 — —


± 54.1 210 ± 47 98


000 — —


000 — —


000 — —


000 — —


000 — —


(±0.3) 3.4 (±0.7) 100


ing to the human j-opioid receptor.


iments performed in duplicate.


PcS binding.


refers to the compounds with the unnatural configuration at C(8).
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were generated and Ki values were determined. In addi-
tion, the potencies (EC50) and efficacies of the com-
pounds at the j-receptor were determined by their
abilities to enhance [35S]GTPcS binding to membranes
of CHO-hKOR cells. The selective j-full agonist,
U50,488H, served as the reference compound with its
relative efficacy defined as 100. The in vitro pharmaco-
logical data for C(4) derivatives are listed in Table 1.


In previous reports, three of the a-amino acid deriva-
tives bearing a carbonyl functional group at C(4) posi-
tion had Ki values <1 lM.19 After reversing the
connection of carbonyl to the salvinorin skeleton, only
one derivative 15 with cyclopropyl side chain exhibited
moderate affinity and potency for the j-receptor
(Ki = 221 ± 19 nM, EC50 = 358 ± 72 nM), which are
100-fold lower than salvinorin A and U50,488H. The
normal ester derivative 21a also showed moderate affin-
ity and potency for hKOR, which indicates that a poly-
oxygenated side chain improves affinity compared to a
saturated carbon side chain. Interestingly, full reduction
of salvinorin acid 1 to alcohol 2 increased the potency
and exhibited enhanced efficacy (EC50 = 20.7 ± 1 nM
with efficacy 107%). However, the efforts to mask the
primary alcohol were unsuccessful, because none of
the ether derivatives showed sub-micromolar affinities.
This also supports the observation that a carbonyl func-
tional group adjacent to C(4) is essential for binding to
hKOR.


In summary, a series of new C(4) derivatives of salvino-
rin A were synthesized. The C(4) primary alcohol and
corresponding aldehyde were prepared by selective
reduction and oxidation of the C(4) functional group
in the presence of C(2) acetyl group. These C(4) ana-
logues of salvinorin A were characterized by radioligand
binding assays on hKOR in vitro. Several full agonists
with moderate affinities and potencies have been identi-
fied which provide a better understanding of the SAR of
salvinorin A analogues.30
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�78 �C, then warmed up to 0 �C. Carefully add 2 mL 1 N
HCl aq solution to quench the reaction, then stir another
5 min. The solution was dilute and extracted into CH2Cl2
(3· 20 mL). Combining organic phase and washed with
satd NaHCO3 soln. and brine. Standard drying and FCC
(10–25% EtOAc/hexane gradient) monitored by TLC gave
2 as a white solid (15 mg, 75%); mp 162–164 �C.
NMR data for compound 3.1H NMR (CDCl3): 9.91 (1H,
s), 7.45 (1H, d, J = 0.9 Hz), 7.39 (1H, t, J = 1.8 Hz), 6.39

(1H, br s), 5.28 (1H, d, J = 11.7 Hz), 5.11 (1H, dd,
J = 12.6, 7.0 Hz), 2.78 (1H, dd, J = 13.0, 3.3 Hz), 2.51
(1H, d, J = 3.9 Hz), 2.40–2.30 (3H, m), 2.26 (1H, m),
2.09 (1H, 1H, d, J = 13.2 Hz), 2.17 (3H, s), 2.03–1.96
(1H, m), 1.64 (3H, s), 1.55 (1H, dd, J = 9.0, Hz), 1.30–
1.23 (2H, m), 1.01 (3H, s); 13C NMR (CDCl3): 202.0,
199.8, 173.7, 169.9, 144.1, 140.0, 123.3, 108.5, 75.8, 70.3,
64.1, 59.2, 48.3, 45.7, 42.9, 35.0, 34.2, 28.6, 24.7, 20.9,
18.0, 16.9.
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Abstract—We report the identification of the sesquiterpene lactones cnicin and cynaropicrin as potent, irreversible inhibitors of the
bacterial enzyme MurA. They covalently bind to the thiol group of Cys115. Judging from the structure–activity relationships, we
conclude that the unsaturated ester side chain of cynaropicrin and cnicin is of particular importance for the inhibition of MurA.
These results provide evidence that MurA is a target protein of SLs with a probably high relevance for their known antibacterial
effect.
� 2006 Elsevier Ltd. All rights reserved.

The bacterial enzyme MurA (EC 2.5.1.7) is responsible
for the first step in the cytoplasmatic biosynthesis of
peptidoglycan precursor molecules. It catalyzes the
transfer of phosphoenolpyruvate (PEP) to the 3 0


hydroxyl group of UDP-N-acetylglucosamine (UNAG)
yielding enolpyruvyl-UDP-N-acetylglucosamine (EP-
UNAG) and inorganic phosphate (Pi). The enzyme con-
sists of two globular domains with a flexible, superficial
loop of ten amino acids from Pro112 to Pro121 (num-
bering is for the Escherichia coli enzyme) that hosts a
cysteine residue (Cys115 in E. coli, Cys117 in Pseudomo-
nas aeruginosa MurA) which is essential for catalysis.1


The broad-spectrum antibiotic fosfomycin, an epoxide,
acts as an analogue of the substrate PEP and irreversibly
alkylates the thiol group of Cys115.2 The MurA-depen-
dent metabolites are of vital importance for bacteria,
and the enzyme is therefore in the focus of several drug
development projects in academic and industrial groups
(Fig. 1).3–5


Our own efforts in this field have been in the area of
rational drug design (Klein and Bachelier, accepted),
assay development and inhibitor screening. We per-
formed a screening project on synthetic compounds
and natural products which were pre-selected under
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the aspects of similarity to the MurA substrates and
the presence of potentially reactive functional groups.
A few sesquiterpene lactones (SLs) of natural origin
(Fig. 2) were included in the screening because this
class of compounds can potentially alkylate thiol
groups (Cys115 side chain of MurA).6 We observed a
pronounced inhibitory activity for the compound cni-
cin, a SL isolated from the plant Cnicus benedictus L.
This observation prompted us to evaluate other SLs
with diverse structural elements in order to elucidate
the structural requirements for MurA inhibition (cf.
Supplementary data). The antibiotic activity of SLs is
a well-known effect and has been shown for various
SLs and numerous bacterial strains.7–9 SL-containing
plants are, for example, used in traditional African
medicine as chewing sticks for oral hygiene due to their
antimicrobial properties.10 Since many SLs contain
electrophilic functional groups, it appears likely that
they react with cellular nucleophiles in DNA or en-
zymes. Up to now, however, no definite target struc-
ture relevant for the antibiotic activity of SLs has
been reported.


The MurA enzymes of E. coli K12 and P. aeruginosa
PAO1293 were overexpressed as His-tag fusion proteins
with a thrombin cleavage site.11,20 Site-directed muta-
genesis was performed on the E. coli murA gene using
the megaprimer PCR mutagenesis procedure.12 The
mutagenic oligonucleotide contained the base substitu-
tion ‘tgt‘cys115! ‘gat‘asp115 at position 343–345.13



mailto:cdpk@mx.uni-saarland.de





NH


N


O


O


NH
COCH3


OH
OH


OH


O P O P O


OH OH


O


O


O O


OH OH


O
P


O


OH


OH


HOOC


CH2


O


NH
COCH3


O
OH


OH


O UDP


COOH


- Pi


UDP


UNAG (UDP-NAG) 


EP-UNAG


PEP


NAG


Figure 1. MurA catalyzes the formation of enolpyruvyl-UNAG (EP-UNAG) from phosphoenolpyruvate (PEP) and UDP-N-acetylglucosamine


(UNAG).
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Figure 2. Structural formulas of the tested SLs and fosfomycin.
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Assays were performed in 96-well plates using the
method described by Lanzetta.14,21


SLs from different skeleton classes (germacranolide,
guaianolide, eudesmanolide and melampolide) were test-
ed for their activity against P. aeruginosa and E. coli
MurA. The enzyme derived from E. coli has a signifi-
cantly higher turn-over number and was used in the bio-
logical assay at 12 nM compared to 150 nM for P.
aeruginosa MurA.

For P. aeruginosa MurA, we found that cnicin and cyna-
ropicrin displayed IC50 values of 10.3 and 12.1 lM,
respectively, compared to 10.5 lM for the known MurA
inhibitor fosfomycin. In contrast, the germacranolide
eupatoriopicrin, which possesses an ester side chain at
the C8-position, but no further a,b-unsaturated carbon-
yl function in the side chain, exhibited a lower inhibitory
effect on P. aeruginosa MurA (19.8 lM). Interestingly,
the SLs parthenolide, helenine, costunolide, a-cycloco-
stunolide, dehydrocostuslactone and melampolide







Table 1. Inhibition of MurA by fosfomycin and SLs in the presence of


UNAG


Compound IC50 (lM)


E. coli MurA,


12 nM


IC50 (lM)


P. aeruginosa


MurA, 150 nM


Inhibition at


50 lM


E. coli-MurA


C115D, 12 nM


1 0.118 10.5 n.i.a


2 16.7 10.3 n.i.


3 19.5 12.1 n.i.


4 >50 27.8 n.i.


5 32.7 19.8 n.i.


6 >50 >50 n.i.


7 >50 >50 n.i.


8 >50 >50 n.i.


9 >50 >50 n.i.


10 >50 >50 n.i.


The pre-incubation time of the inhibitors with the enzyme and UNAG


was 10 min.
a No inhibition.
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which lack the ester function in the molecule showed
marginal inhibition. At the E. coli MurA, cnicin
(16.7 lM) and cynaropicrin (19.5 lM) were also more
potent than the other SLs.


Two assays were employed to characterize the binding
mode of SLs to MurA. First, we performed a standard
MurA assay with variable pre-incubation periods. As
shown in Figure 3, the inhibitory activity of the tested
SLs (and fosfomycin as a control) is time-dependent
which is characteristic for an irreversible binding mode.


Evidence for the formation of a covalent adduct was
also obtained from the dilution assay. After a pre-incu-
bation period of 2 h at RT containing P. aeruginosa
MurA (50 lM), cnicin (900 lM) and UNAG
(400 lM), the enzyme–inhibitor complex was diluted in
a ratio of 1:500 resulting in a nanomolar concentration
of cnicin. Assuming a reversible binding mode, one
could not expect to see a significant inhibition of MurA
in this concentration range. However, nearly 64% inhibi-
tion was observed after the dilution indicating that a
covalent adduct of cnicin and P. aeruginosa MurA had
been formed during the pre-incubation period.


The IC50 values given in Table 1 were determined in the
presence of the substrate UNAG during the pre-incuba-
tion period. As shown in Figure 4, the presence of the
substrate UNAG facilitates the binding of fosfomycin
and the SL cnicin to MurA.15


In order to determine the role of Cys115 in the inhibi-
tion of MurA by SLs, we cloned the Cys115Asp mutant
protein of E. coli. The Cys115Asp substitution occurs
naturally in Mycobacteria, Chlamydia and Nocardia spe-
cies.16–18 While catalytic activity is maintained, the
Cys115Asp mutant is not reactive towards electrophilic
attack by epoxides (fosfomycin). None of the tested
SLs displayed any inhibitory effect on the Cys115Asp
mutant of E. coli MurA at the highest tested concentra-
tion (50 lM) (see Table 1). Therefore, it is very likely
that SLs with an a,b-unsaturated carbonyl function
act through Michael addition at the thiol group of
Cys115.
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Figure 3. Time-dependent and irreversible inhibition of MurA by SLs.


The inhibitory effect of SLs increases with pre-incubation period.

Considering the inhibition data at the native and mu-
tant MurA enzymes, we conclude that the reactive ester
side chain in the C8-position of cynaropicrin and cnicin
is essential for the inhibition of MurA. In contrast, the
a-methylene butyrolactone moiety and the exocyclic
methylene groups in the macrocyclic part of the mole-
cules are less relevant. Concerning the binding mode,
the side chains of cnicin and cynaropicrin—and, to a
lesser extent, that of eupatoriopicrin—mimic the sub-
strate PEP, whereas the macrocyclic part of the mole-
cules is of minor importance. It may, however, be
involved in ‘ancillary’ processes that precede the even-
tual irreversible binding to Cys115, for example, the
closure of the Cys115 surface loop. The macrocyclic
part of eupatoriopicrin is nearly identical to that of
cnicin. However, the compound is considerably less po-
tent against MurA. This is very probably due to the
fact that the reactive methylene carbon in the ester side
chain is less exposed and therefore not as accessible for
nucleophilic attack than in cnicin and cynaropicrin
(Fig. 5).







Figure 5. Electrophilic sites of the cnicin, cynaropicrin and eupator-


iopicrin side chains. The reactive site in the eupatoriopicrin side chain


(right) is less exposed and thus less accessible towards nucleophilic


attack by Cys115.


Figure 6. Reaction of the Cys115 side chain of MurA with sesquiter-


pene lactones.


5608 A. Bachelier et al. / Bioorg. Med. Chem. Lett. 16 (2006) 5605–5609

The proposed Michael addition of SLs with the thiol
group of Cys115 results in a stable binding and the
alkylation of this important residue (Fig. 6). The crystal
structure of the E. coli MurA complexed with the sub-
strate UNAG and the inhibitor fosfomycin (PDB code
1UAE) shows that, upon the alkylating of Cys115 by
fosfomycin, the loop from Pro112 to121 closes the active
site completely.2 In case of the inhibition of MurA by
the SLs, it is likely that the macrocyclic isoprenoid skel-
eton prevents the closure of the active site.


Parthenolide contains an epoxide functionality at the
macrocylic part of the molecule and could therefore, in
theory, bind to MurA in a way that would resemble
the binding of fosfomycin. However, the inhibitory
potency of parthenolide is relatively low and we there-
fore conclude that it is the steric location, and not the
chemical functionality of the reactive group, which is
of prime relevance for MurA inhibition.


We cannot assume that the antibacterial effect of all SLs
is exclusively due to inhibition of MurA, because there
are numerous other nucleophilic binding sites within
the cell that may be attacked by the exocyclic methylene
groups on the macrocycle or the side chain electrophiles.
However, the data presented here provide clear evidence
that SLs are potent and irreversible inhibitors of a met-
abolic process that is of vital importance for bacterial
cells. It offers the first explanation of the antibacterial
mode of action of SLs on a molecular basis.


The a,b-unsaturated carbonyl function of the presented
SLs has a similar reactivity towards biological nucleo-
philes as the epoxides such as fosfomycin, and it is
questionable whether the other structural features of
cnicin or cynaropicrin are able to impart a sufficient
selectivity for the desired target MurA. In fact, many
SLs have a known allergenic potential because of their
unselective binding to various (unknown) biological
macromolecules.19 It is therefore not sensible to pro-

mote the SLs per se as antibacterial drugs, but rather
to employ the structural scaffolds of the ester side
chains as reactive core structures for the design of com-
pounds that have an increased selectivity for MurA. To
this end, it may be necessary to modulate the reactivity
of the a,b-unsaturated carbonyl function by introduc-
ing electron-donating substituents. One aspect, howev-
er, will—as in the case of fosfomycin—remain critical
for this class of compounds: they will require the pres-
ence of the nucleophilic Cys115 in the target enzyme,
which is a priori not present in some species and can
be substituted by aspartate, thus yielding a resistant
enzyme.


In summary, these results shed light on the ‘antibiotic’
mechanism of action of the sesquiterpene lactones and
present SLs as in vitro potent MurA inhibitors. The
structure–activity relationships presented here may have
relevance for the design of more potent and selective
MurA inhibitors.

Acknowledgments


We are grateful to Dr. R. Levesque (Quebec, Canada)
for providing the plasmid pMON3005. We thank Dr.
W. Schild for the initial gift of cnicin and his advice
on the isolation of other SLs. We thank the ‘Deutsche
Forschungsgemeinschaft’ (KL 1356) and the ‘Fonds
der Chemischen Industrie’ for their financial support.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bmcl.
2006.08.021.

References and notes


1. Schonbrunn, E.; Sack, S.; Eschenburg, S.; Perrakis, A.;
Krekel, F.; Amrhein, N.; Mandelkow, E. Structure 1996,
4, 1065.


2. Skarzynski, T.; Mistry, A.; Wonacott, A.; Hutchinson, S.
E.; Kelly, V. A.; Duncun, K. Structure 1996, 4, 1465.


3. Barbosa, M. D.; Yang, G.; Fang, J.; Kurilla, M. G.;
Pompliano, D. L. Antimicrob. Agents Chemother. 2002, 46,
943.


4. Eschenburg, S.; Priestman, M. A.; Abdul-Latif, F. A.;
Delachaume, C.; Fassy, F.; Schonbrunn, E. J. Biol. Chem.
2005, 280, 14070.


5. Dai, H. J.; Parker, C. N.; Bao, J. J. J. Chromatogr., B
2002, 766, 123.


6. Schroder, H.; Losche, W.; Strobach, H.; Leven, W.;
Willuhn, G.; Till, U.; Schror, K. Thromb. Res. 1990, 57,
839.


7. Bruno, M.; Rosselli, S.; Maggio, A.; Raccuglia, R. A.;
Napolitano, F.; Senatore, F. Planta Med. 2003, 69, 277.


8. Vanhaelen-Fastre, R.; Vanhaelen, M. Planta Med. 1976,
29, 179.


9. Karioti, A.; Skaltsa, H.; Lazari, D.; Sokovic, M.; Garcia,
B.; Harvala, C. Z. Naturforsch., C 2002, 57, 75.


10. Taiwo, O.; Xu, H. X.; Lee, S. F. Phytother. Res. 1999, 13,
675.



http://dx.doi.org/10.1016/j.bmcl.2006.08.021

http://dx.doi.org/10.1016/j.bmcl.2006.08.021





A. Bachelier et al. / Bioorg. Med. Chem. Lett. 16 (2006) 5605–5609 5609

11. ElZoeiby, A.; Sanschagrin, F.; Havugimana, P. C.; Gar-
nier, A.; Levesque, R. C. FEMS Microbiol. Lett. 2001,
201, 229.


12. Sambrock, J.; Russell, D. W. Molecular Cloning; CSHL
Press: New York, 2001, Chapter 13.


13. Kim, D. H.; Lee, W. J.; Kempsell, K. F.; Lane, W. S.;
Duncun, K.; Walsh, C. T. Biochemistry 1996, 35, 4923.


14. Lanzetta, P. A.; Alvarez, L. J.; Reinach, P. S.; Candia, O.
A. Anal. Biochem. 1979, 100, 95.


15. Baum, E. Z.; Montenegro, D. A.; Licata, L.; Turchi, I.;
Webb, G. C.; Foleno, B. D.; Bush, K. Antimicrob. Agents
Chemother. 2001, 45, 3182.


16. DeSmet, K. A.; Kempsell, K. E.; Gallagher, A.; Duncan,
K.; Young, D. B. Microbiology 1999, 145, 3177.


17. Ishikawa, J.; Yamashita, A.; Mikami, Y.; Hoshino, Y.;
Kurita, H.; Hotta, K.; Shiba, T.; Hattori, M. Proc. Natl.
Acad. Sci. U.S.A. 2004, 101, 14925.


18. McCoy, A. J.; Sandlin, R. C.; Maurelli, A. T. J. Bacteriol.
2003, 185, 1218.


19. Rucker, G.; Schenkel, E. P.; Manns, D.; Mayer, R.;
Hausen, B. M.; Heiden, K. Nat. Toxins 1997, 5, 223.


20. The murA genes of E. coli K12 and P. aeruginosa PAO
1293 were cloned into the pET30a expression vector
(Novagen, Madison, USA) using the NdeI and SacI
restriction sites as indicated in supplemental data. The
resulting plasmids were introduced into E. coli cells of a
BL21 (kDE3) strain. Protein overexpression was per-
formed in LB broth (50 lg/ml kanamycin) and started at a
cell density (OD600 nm) of 0.5 by the addition of isopropyl-
DD-thiogalactopyranoside (IPTG, 1 mM) for 5 h. The

proteins were expressed as fusion proteins carrying a C-
terminal thrombin cleavage site and a 6· His-tag and were
purified by affinity chromatography on Ni2+–NTA-aga-
rose resin. The eluted fractions were analyzed by SDS–
PAGE. Following the affinity chromatography step, the
proteins were incubated with thrombin (0.5 U/mg pro-
tein), 2.5 mM Ca2+, 50 mM Tris, pH 8.0, and 5 mM DTT
at 15 �C for 18–20 h to remove the His-tag. Passage of the
enzyme through a second Ni2+–NTA-agarose column
resulted in His-tag-free protein.


21. In a typical assay, MurA (15 nM WT and mutant E.
coli MurA, 187.5 nM P. aeruginosa MurA) was pre-
incubated with 31.25 lM Tris, pH 7.8, 312.5 lM
UNAG, 0.125% BSA and inhibitor (10 ll, aqueous
solution containing 10% DMSO) or without inhibitor
(10 ll, water with 10% DMSO) for 10 min at 37 �C. To
determine the influence of the substrate UNAG on the
binding process of SLs, we also performed experiments
in which UNAG was not present during pre-incubation.
The reaction was started by the addition of the second
substrate PEP (20 ll, 625 lM) resulting in a total
volume of 100 ll with the following concentrations: E.
coli WT and mutant MurA 12 nM (P. aeruginosa MurA
150 nM), BSA 0.1%, UNAG 250 lM, PEP 125 lM, Tris
25 mM, pH 7.8, and DMSO 1%. The reaction was
stopped after 60 min at 37 �C by adding 100 ll of
Lanzetta reagent. The absorbance at 620 nm was mea-
sured using a Wallac Victor2 multiplate reader to
quantify the released inorganic phosphate. KH2PO4


was utilized as a standard.





		Sesquiterpene lactones are potent and irreversible inhibitors of the antibacterial target enzyme MurA

		Acknowledgments

		Supplementary data

		References and notes








Bioorganic & Medicinal Chemistry Letters 16 (2006) 5513–5516

N,N 0-Diarylcyanoguanidines as antagonists of the CXCR2
and CXCR1 chemokine receptors


Hong Nie,* Katherine L. Widdowson, Michael R. Palovich, Wei Fu,
John D. Elliott, Deborah L. Bryan, Miriam Burman, Dulcie B. Schmidt,


James J. Foley, Henry M. Sarau and Jakob Busch-Petersen*


GlaxoSmithKline, 709 Swedeland Road, King of Prussia, PA 19406, USA


Received 17 July 2006; revised 7 August 2006; accepted 8 August 2006


Available online 24 August 2006

Abstract—A series of N-(2-hydroxy-3-sulfonamidobenzene)-N 0-arylcyanoguanidines was prepared. In general, these compounds
proved to be potent antagonists of CXCR2 while the selectivity versus CXCR1 ranged from non-selective to >200-fold.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Examples of urea- and guanidine-type CXCR2 antagonists.

Interleukin-8 (IL-8, CXCL8) and related CXC chemo-
kines (ENA-78 (CXCL5), GCP-2 (CXCL6), GROa
(CXCL1), GROb (CXCL2), and GROc (CXCL3)) play
an important role in the trafficking of immune cells to
sites of inflammation which is consistent with their po-
tential involvement in pathophysiological processes such
as arthritis, reperfusion injury, and asthma. Indeed, ele-
vated plasma levels of IL-8 and GROa have been asso-
ciated with these conditions in humans.1 Thus far, two
seven-transmembrane G-protein coupled receptors have
been identified, which are activated by IL-8 (CXCR1
and CXCR2). CXCR1 binds IL-8 and GCP-2 with high
affinity, while CXCR2 binds several ELR+ chemokines
including IL-8, GCP-2, ENA-78, GROa, GROb, and
GROc with high affinity.2 The potential therapeutic val-
ue for small-molecule antagonists of the IL-8 receptors
is further supported by studies done with CXCR2
mouse gene knockouts which show elevated leukocytes
and lymphocytes without apparent pathogenic conse-
quences indicating that these receptors are not required
for normal physiology.3


As previously disclosed,4–6 a series of N,N 0-diarylureas
has been identified as potent, selective CXCR2 antago-
nists. This series was later expanded to include N,N 0-
diarylguanidines7 (Fig. 1).
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As a natural extension of the work with N,N 0-diarylgua-
nidines, it was decided to examine guanidine-like urea
isosters. A series of N,N 0-diarylcyanoguanidines was
prepared as part of this study. The syntheses started
from the sulfonyl chlorides 1 which were prepared in
high yields according to a previously published proce-
dure.4,8 These were reacted with a variety of amines
yielding the sulfonamides 2 which upon hydrolysis of
the oxazole moiety gave the aminophenols 3. Treatment
with thioisocyanates resulted in the formation of the thi-
oureas 4. Protection of the phenolic function as the TBS
ether followed by exposure to methanesulfonyl chloride
in the presence of triethylamine yielded the carbodii-
mides 5.9 Addition of cyanamide followed by TBS ether
cleavage produced the target compounds 6 (Scheme 1).
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Scheme 1. Preparation of N,N 0-diarylcyanoguanidines. Reagents and conditions: (a) R 0R00NH, Et3N, CH2Cl2, rt; (b) 10% H2SO4, reflux; (c)


ArN@C@S, DMF, rt; (d) TBSCl, imidazole, CH2Cl2, rt; (e) MsCl, Et3N, rt; (f) NH2CN, (i-Pr)2NEt, rt; (g) CsF, MeOH, 0 �C.


Figure 2. X-ray crystal structure of 6c (CCDC 616833).
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Single crystal X-ray crystallographic analysis of 6c
showed that the cyano group was situated trans to the
phenol-bearing aniline moiety (Fig. 2).10


The compounds 6 were prepared under the assumption
that the structure activity relationships (SAR) which
had been observed in the urea series relative to CXCR2
would translate into the cyanoguanidine series. There-
fore, the acidic phenol function at the 2-position was re-
tained because it had been found to be essential for high
receptor affinity and the 5-, 6-, 4 0-, 5 0-, and 6 0-positions
as well as the cyanoguanidine nitrogens were left unsub-
stituted since substitution at these positions had been
found to reduce receptor affinity.5,11 Also, the 3-sulfon-
amido group was incorporated as it has been demon-
strated to enhance bioavailability by reducing the rate
of glucuronidation of the adjacent phenol.6 This
assumption largely held true and allowed us to focus
on examining the SAR related to the 4-, 1- 0, 2 0-, and
3 0-positions as well as the substitution on the sulfon-
amide. One surprising finding was that a number of
these compounds displayed substantially lower selectiv-
ity versus the CXCR1 receptor relative to what had been

observed with previous compound series. This allowed
us to gather important pharmacophore information on
this receptor as well and determine similarities and dif-
ferences between the binding sites of two receptors.
Our findings indicate that a range of small substituents
are tolerated at the 4-position: Neither receptor shows
a great deal of discrimination between chloro, fluoro,
methyl, trifluoromethyl or hydrogen. It appears that
the electronic nature of the substituent has little effect
on the binding affinity for either receptor. In the urea
series, the degree of phenol-ionization at neutral pH
has been found to significantly influence the affinity
for the CXCR2 receptor.11 That may be the case in this
series as well since it appears that in the presence of the
sulfonamide, the substituent at the 4-position has sur-
prisingly little influence on the pKa of the phenol. Thus,
the 4-chloro compound 6l has a pKa of 6.41, while the
similar 4-hydro compound 6r has a pKa of 6.48. As
for the substitution on the sulfonamide, a clear differ-
ence between the receptors was observed: While the
introduction of a carboxylic acid moiety had little influ-
ence on the CXCR2 affinity, the CXCR1 affinity was in-
creased considerably, thus yielding a potent dual
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receptor antagonist (6j). The presence of other types of
hydrogen bond donors or acceptors as well as steric bulk
did not seem to affect either receptor greatly. The other
clear difference between the receptors was observed at
the 2 0-position. Here, CXCR1 displayed different steric
and perhaps electronic requirements than CXCR2.
The CXCR2 receptor tolerated quite large aromatic
substituents (such as 6d and 6e), while the bulkier iso-
propyl substituent (6g) substantially reduced the activi-
ty. The electronic nature of the 2 0-substituent seemed
to be inconsequential to CXCR2, while the requirements
for CXCR1 were less obvious. Bromine appeared to be
optimal for CXCR1, while larger substituents as well as
fluorine resulted in sharply reduced affinities. Substitu-
tion at the 3 0- and especially the 4 0-position negatively
affected the affinity for both receptors. These findings
suggest that the yet to be identified small molecule bind-

Table 1. Affinities of N,N 0-diarylcyanoguanidines for CXCR1 and CXCR2a
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a Binding assays were performed on Chinese hamster ovary (CHO) cell lines


CXCR2 membranes were prepared according to Kraft and Anderson.12 Al


[125I]IL-8 (human recombinant, concn: 0.23 nM). The binding results are e
b The functional activities of compounds 6c, 6d, and 6l were tested in a calcium


the ligand. The resulting IC50s were within 5-fold of the binding IC50s rep

ing regions13 of the CXCR2 and CXCR1 receptors are
relatively similar in structure, but that the CXCR1
receptor is relatively restrictive, whereas the CXCR2
receptor can accommodate a wider range of pharmaco-
phors (Table 1). This is further illustrated by the fact
that no CXCR1 selective and IL-8 competitive antago-
nist has been described to date, while a substantial num-
ber of structurally distinct, selective CXCR2 antagonists
have been reported.14


In conclusion, a series of N,N 0-diarylcyanoguanidines
were prepared and evaluated as antagonists of CXCR1
and CXCR2. The majority of the prepared compounds
were potent CXCR2 antagonists while the selectivity rel-
ative to CXCR1 ranged from non-selective (6j) to >200-
fold (6i). The discovery of potent dual antagonists is a
promising development which may lead to novel
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therapeutic agents that effectively block all aspects of
ELR+ chemokine induced inflammatory responses. In
addition, these compounds may be useful for the further
elucidation of CXCR1 pharmacology.15
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Abstract—Drug-induced QT prolongation arising from drugs’ blocking of hERG channel activity presents significant challenges in
drug development. Many, but not all, of our benzamidine-containing factor Xa inhibitors were found to have high hERG binding
propensity. However, incorporation of a carboxylic acid group into these benzamidine molecules generally leads to hERG inactive
compounds regardless where the carboxyl group is tethered within the molecules. The inhibitory effect of a carboxylic acid group on
hERG binding has also been observed in many series of diverse structural scaffolds (including non-amidines). These findings suggest
that the negatively charged carboxylate group causes unfavorable interaction within hERG channel binding cavity by electrostatic
interaction.
� 2006 Elsevier Ltd. All rights reserved.

The human ether-a-go-go-related gene (hERG) potassi-
um channel is expressed in the human heart, is a key
effector of cardiac repolarization, and contributes to
the QT interval measured by ECG. Drug-induced QT
prolongation has been recently recognized to cause ad-
verse and fatal side-effects in many clinical settings.1


Several drugs have been withdrawn from the market
due to their hERG binding and attending QT interval
prolongation. For example, Terfenadine (Seldane�),
Cisapride (Propulsid�), and astemizole (Hismanal�)
have been victims of hERG binding.2 It has been shown
that inhibition of hERG potassium channel can lead to
a prolongation of the QT interval, widely considered a
critical risk factor for torsades de pointes (TdP)
arrhythmia. Thus, hERG binding has become a major
hurdle in current drug development. To overcome the
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hurdle, the high throughput in vitro assays that measure
a compound’s ability to inhibit hERG channels have
become powerful screening tools for medicinal chemists
to gain first hand SAR information, and to evaluate
their potential for side-effects in early stage of drug
discovery.3


Significant progress has been made during the last few
years, in the understanding of electrophysiology of
hERG channels,4 mechanisms of drug-induced QT pro-
longation,5 the structural understanding of drugs bind-
ing to hERG channel,6 and the relationship of hERG
binding potency with preclinical in vivo QT prolonga-
tion studies.7 Recently, researchers have begun to report
hERG binding properties of their compounds along
with their activities against the desired drug targets, thus
providing valuable hERG SAR for a particular series of
compounds.8 Pharmacophore modeling and QSAR
analysis have also helped to gain insights into under-
standing the SAR data.9,2 However, it is still highly
desirable to identify the structural determinants (or ele-
ments) that contribute to hERG binding, thus providing
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Table 2. Anthranilamide benzamidine series II


HN


X
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O
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N
Cl


R1


R2
R3


X R1 R2 R3 Compound Ki (hERG, lM)
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medicinal chemists with strategies on how to overcome
hERG binding problems.


During the discovery and investigation of potential oral
factor Xa inhibitors, we found that the majority, but not
all, of the benzamidine-containing factor Xa inhibitor
molecules inhibit hERG activity with high potency
(the anti-hERG activity of our factor Xa compounds
was measured by an in vitro binding assay described
in Ref. 10). The hERG binding SAR analysis of in house
compounds and the literature compounds indicates that
various basic groups such as amidines and amines are
likely to be principally responsible for the hERG bind-
ing activity. However, we discovered that incorporation
of a carboxyl group into the hERG active inhibitors
generally leads to hERG inactive compounds. In this
paper, we will present examples of compounds within
several distinct structural scaffolds, which inhibit hERG
with sub-lM affinity. Furthermore, we have found that
placing a carboxyl group or carboxyl-containing moiety
into potent hERG molecules at various locations results
in molecules devoid of hERG binding property. These
results indicate that a carboxylate group has a strong
inhibitory effect on hERG binding of these compounds.


In the anthranilamide benzamidine series (Table 1), the
biphenyl thioether 1 has hERG Ki of 0.089 lM.
Appendage of an ester group on the thiophenyl ring
gives compound 2 with similar hERG binding activity
(Ki = 0.071 lM), and the dimethylamide analogue 3 also
shows sub-micromolar activity (Ki = 0.37 lM). Howev-
er, the corresponding acid 4 has Ki of 4.6 lM, a 50-fold
decrease in hERG binding affinity relative to compound

Table 1. Anthranilamide benzamidine series I


HN


N


O


HN


O
HN


N
Cl


X


X Compound Ki (hERG, lM)


S 1 0.089


S CO2CH3 2 0.071


S CONMe2 3 0.37


S CO2H 4 4.6


O CO2CH3 5 0.57


O CO2H 6 >10


–CH2CH2CO2CH3 7 0.79


–CH2CH2CO2H 8 >10


–OCH2CO2C2H5 9 0.97


–OCH2CO2H 10 >10


The Ki values of the carboxylic acid-containing compounds are high-


lighted in bold for easy reading and comparison. The carboxylic acid


groups in the structures are also highlighted in bold.

1. The same trend is also observed with the biphenyl
ether acid 6, which is inactive against hERG
(Ki > 10 lM), while the ester counterpart 5 has hERG
Ki of 0.57 lM. The same observation also holds true
for the analogues with straight chains (compounds
7–10). The esters 7 and 9 have Ki of 0.79 and 0.97 lM,
respectively, while the corresponding acids 8 and 10
are all hERG inactive (Ki > 10 lM).


To test the generality of the observed inhibitory effect
of a carboxyl group on hERG binding, we purposely
performed the modification at different sites of the
molecules. First, we carried out the modification at
the amidine functional group of the anthranilamides.
The results are shown in Table 2. The nipecotic ami-
dine ester 11 is a strong hERG inhibitor with Ki of
0.016 lM. However, the corresponding acid 12
(Ki > 10 lM) is strikingly inactive against hERG
(>625-fold decrease in binding affinity). The isonipe-
cotic analogues 13 (ester, Ki = 0.017 lM) and 14 (acid,
Ki > 10 lM) also showed the same striking difference
in hERG activity. The difference in hERG binding is

N


EtO2C
Cl H H 11 0.016


N


HO2C
Cl H H 12 >10


NEtO2C Cl H H 13 0.017


NHO2C Cl H H 14 >10


NEtO2C Cl OMe F 15 0.051


NHO2C Cl OMe F 16 >10


N Cl H H 17 0.10


N
HO2C


Cl H H 18 1.4


N
HO2C Cl H H 19 1.4


The Ki values of the carboxylic acid-containing compounds are high-


lighted in bold for easy reading and comparison. The carboxylic acid


groups in the structures are also highlighted in bold.
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globally observed when other parts of the molecule
have been modified (ester 15, Ki = 0.051 lM vs acid
16, Ki > 10 lM). For the open chain analogues, such
as the dimethylamidine 17, potent hERG inhibition
is observed (Ki = 0.10 lM). However, adding a
carboxylate group to the amidine moiety reduces
hERG binding by 14-fold (18, 19).


Encouraged by the general inhibitory effect of a carbox-
yl group on hERG binding activity, we designed and
synthesized additional analogues at the position X of
P3 phenyl ring. The detrimental effect of a carboxyl
group on hERG binding is further supported and evi-
denced by these substitutions (Table 3). Attachment of
piperidine at the site gives the compound 20 with com-
parable hERG activity (Ki = 0.14 lM) as the parent
compound 17 (Ki = 0.10 lM). However, tethering car-
boxylate-containing moieties at the P3 site results in
greatly reduced hERG activity or virtually inactivity
against hERG, regardless of the positions of the carbox-
ylate on the piperidine ring (21–23, 27), or whether they
are cyclic (21–23, 27) or open chain form (24).

Table 3. Anthranilamide benzamidine series III


HN O


HN


O
HN


N
Cl


R1


X


N


X R1 Compound Ki (hERG, lM)


H Cl 17 0.10


N Cl 20 0.14


N


CO2H
Cl 21 >2.0


N


HO2C
Cl 22 1.6


NHO2C Cl 23 >10


N
H3C


HO2C
Cl 24 >6.6


N OMe 25 0.20


NEtO2C OMe 26 0.60


NHO2C OMe 27 >10


The Ki values of the carboxylic acid-containing compounds are high-


lighted in bold for easy reading and comparison. The carboxylic acid


groups in the structures are also highlighted in bold.

Motivated by the observation that a carboxyl group
inhibits hERG binding in the anthranilamide series, we
set out to design, synthesize, and examine if the same
phenomena can be translated into other structurally dis-
tinct series of factor Xa inhibitors. Very interestingly,
the carboxylate’s effect on hERG binding has been
found to be ubiquitous. For example, in the piperazinea-
mide series as shown in Table 4, the morpholinamide
compound 28 shows sub-micromolar hERG activity
(Ki = 0.60 lM). However, the carboxylate-containing
analogues 29 and 30 are all hERG inactive
(Ki > 10 lM).


In the piperizinone series as shown in Table 5, the inac-
tivity of the acid 32 (Ki > 10 lM) is in a stark contrast to
the exhibited high potency of the corresponding ester 31
against hERG (Ki = 0.071 lM).


The effect of a carboxyl group on suppressing hERG
binding is also evident in the pyrazole series as shown

Table 4. Piperazine series


S


SO2


N
N


O


N


N


Cl


O


X


X Compound Ki (hERG, lM)


O N 28 0.60


N


HO2C
29 >10


NHO2C 30 >10


The Ki values of the carboxylic acid-containing compounds are high-


lighted in bold for easy reading and comparison. The carboxylic acid


groups in the structures are also highlighted in bold.


Table 5. Piperizinone series


HN


SO2


N
N


N


NH


Cl


O


X


X Compound Ki (hERG, lM)


–CO2Et 31 0.071


–CO2H 32 >10


The Ki values of the carboxylic acid-containing compounds are high-


lighted in bold for easy reading and comparison. The carboxylic acid


groups in the structures are also highlighted in bold.







Table 9. Pyrazole series II


N
N


FO


H
N


N


X


F


X Compound Ki (hERG, lM)


H 39 1.0


CO2H 40 >10


The Ki values of the carboxylic acid-containing compounds are high-
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in Table 6, where the acid 34 is hERG inactive
(Ki > 10 lM), while the nitrile 33 has hERG Ki of
0.88 lM. In the acrylamide series11 as shown in Table
7; and in the anilinesulfonamide series12 as shown in Ta-
ble 8, the detrimental effect of the carboxylate on hERG
binding is also evident.


Having concluded that a carboxyl group is almost uni-
versally detrimental to hERG binding of the benzami-
dine-containing molecules, we were intrigued to
investigate if the effect could be utilized and extrapolated
to other non-amidine compounds such as amine-based
and neutral molecules. In our tertiary amine-based pyr-
azole FXa inhibitor series (Table 9), compound 39
shows hERG binding with Ki of 1.0 lM. However, when

Table 7. Acrylamide series


HN NH2


CH3F


O


N


SO2NH2 X


X Compound Ki (hERG, lM)


H 35 0.53


–CH2CO2H 36 >10


The Ki values of the carboxylic acid-containing compounds are high-


lighted in bold for easy reading and comparison. The carboxylic acid


groups in the structures are also highlighted in bold.


Table 8. Anilinesulfonamide series


HN NH2


N


S


O


N


NH O
O


X


X Compound Ki (hERG, lM)


–CH3 37 3.9


–CH2CO2H 38 >10


The Ki values of the carboxylic acid-containing compounds are high-


lighted in bold for easy reading and comparison. The carboxylic acid


groups in the structures are also highlighted in bold.


Table 6. Pyrazole series I


N
N


XO


H
N


HN


N


X Compound Ki (hERG, lM)


–CN 33 0.88


–CO2H 34 >10


The Ki values of the carboxylic acid-containing compounds are high-


lighted in bold for easy reading and comparison. The carboxylic acid


groups in the structures are also highlighted in bold.


lighted in bold for easy reading and comparison. The carboxylic acid


groups in the structures are also highlighted in bold.

we tethered a carboxylic acid to the molecule, the com-
pound 40 becomes hERG inactive.


In the literature, there are also some scattered informa-
tion showing that a carboxyl group reduces hERG bind-
ing of amine-based compounds.13,9b,8a,2 Terfenadine 41
(Fig. 1), an antihistamine drug, has been shown to be
able to induce QT prolongation in patients due to its
ability to block the hERG potassium channel (hERG
IC50 = 56 nM, from patch clamp assay). Furthermore,
terfenadine is metabolized extensively by a hepatic en-
zyme (CYP3A4) to a metabolite, fexofenadine 42, which
contains a carboxylate. Interestingly, the terfenadine
carboxylate 42, the deemed active antihistamine compo-
nent, has been shown to be hERG inactive (hERG
IC50 = 23 lM, from patch clamp assay), and it does
not cause QT prolongation. Since terfenadine is normal-
ly metabolized to the hERG inactive metabolite, its sys-
temic exposure is usually below toxic level at a normal
dose. However, its cardiotoxicity will emerge when it is
overdosed or its metabolism is blocked by other drug
interactions. The finding that a hERG active drug is
transformed to a hERG-negative metabolite by intro-
duction of a carboxyl group to the molecule is in agree-
ment with the effect of a carboxyl group on suppressing
hERG binding of the parent compound.

HO


N
OH


HO


N
OH


COOH


Terfenadine 41
hERG IC50 = 56 nM


Fexofenadine 42
hERG IC50 = 23uM


Figure 1. Terfenadine and terfenadine carboxylate.


S S


OHHO


S S


OHO CO2H


O


Probucol 43 AGI-1067


Figure 2. Probucol and AGI-1067.







N


N O


Cetirizine 44
hERG IC50 > 30 uM


CO2H


N


CO2H
OCH3
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N
HN


Grepa-floxacin 45
hERG IC50 > 50 uM


Cl


Figure 3. Cetirizine and Grepa-floxacin.
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Another example is Probucol (Sinlestal�) (a neutral
molecule) 43 as compared to its metabolically stable
analogue AGI-1067 that contains a tethered carboxyl
group (Fig. 2). In contrast to Probucol, which is a pow-
erful antioxidant with properties of inducing prolonga-
tion of QT interval, AGI-1067 does not inhibit hERG
channel and does not induce prolongation of QT inter-
val as evidenced in Phase II clinical trial.14


Examination of literature data as well as our in house
data suggests that basic amine compounds, similar to
benzamidines, have a high tendency for hERG bind-
ing.9b,17 However, the amine compounds that contain
a carboxylic acid group are generally hERG inactive,
as exemplified by Cetirizine 44 (hERG IC50 > 30 lM,
from patch clamp assay) and Grepa-floxacin 45
(hERG IC50 > 50 lM, from patch clamp assay)
(Fig. 3).9b,17


The data we presented in this communication have
shown that our benzamidine-containing molecules of di-
verse structural origins often found themselves possess-
ing strong hERG binding property. However, it is
remarkable that by simply tethering a carboxyl group
on the molecules regardless of where it is tethered, it
generally suppresses their hERG binding affinity by
more than two orders of magnitude. Furthermore, this
effect has been shown to be ubiquitous in structurally di-
verse series (including non-amidines).


Considering that hERG is a potassium cation channel,
it is not surprising that monovalent cations are stabi-
lized within the pore of the KcsA potassium chan-
nel,15 and many potassium channels including hERG
are blocked by positively charged amines,16,2 such as
terfenadine. We have now found that the positively
charged benzamidine molecules also have pronounced
tendency for hERG binding, suggesting that the elec-
tric charge of the ligands plays an important role in
the receptor binding by electrostatic interaction. Fur-
thermore, we have also demonstrated that the li-
gand-binding affinity can be almost universally
suppressed by introducing a negatively charged car-
boxylate group into the ligand, an effect not exhibited
by the corresponding neutral ester groups (for exam-
ple, ester 11 vs acid 12). The findings suggest that
the ligand’s electric charge is an important factor for
hERG binding, in addition to other factors such as
hydrophobicity, structural complementarity, and steric
and conformational effects.2 It would also be interest-
ing to examine whether this effect could be exerted by
other acidic functionalities such as sulfonic acids, tet-
razoles, acyl sulfonamides, and sulfonylureas.

Although the data presented here are empirical observa-
tion, we are also in the process of rationalizing the ob-
served SAR from the perspectives of structure-based
ligand–receptor interactions. These results will be pub-
lished in due course. Nevertheless, this piece of SAR infor-
mation should prove to be useful to medicinal chemists in
their efforts to overcome potential hERG binding prob-
lems. Although adding a carboxylic acid group into a mol-
ecule could modify the compound’s physiochemical
property in some undesirable ways, for example, a zwit-
ter-ionic property of an amine compound containing a
carboxylic acid in some cases might cause problems in
compound’s oral absorption, the ease of tethering a car-
boxylic acid into a molecule as well as the freedom of
choosing the tethering positions and lengths as demon-
strated in this article should provide a convenient exercise
to battle hERG binding liability in drug discovery.
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Abstract—The catecholic xanthones and flavonoids 1–13 were isolated from the root bark of Cudrania tricuspidata. Compounds 1
and 3–8 exhibited significant antioxidant activity against low-density lipoprotein (LDL) oxidation in the thiobarbituric acid-reactive
substance (TBARS) assay. Among them, prenylated flavonoids 10–12 showed an inhibitory effect on the NO production and iNOS
expression in RAW264.7 cells. Also, compounds 1, 2, 5, 7, 9, and 11 preferentially inhibited hACAT-2 than hACAT-1, whereas
compounds 3, 4, 6, and 8 showed a similar specificity against hACAT-1 and -2. However, flavonoids 10, 12, and 13 dominantly
inhibited hACAT-2, not hACAT-1.
� 2006 Elsevier Ltd. All rights reserved.

Low-density lipoprotein (LDL) and acyl CoA: choles-
terol acyltransferase (ACAT) have been known to play
a crucial role in the development of atherosclerosis
and hypercholesterolemia.1 Therefore, antioxidant
against LDL oxidation and ACAT inhibitor are useful
strategies for treating and/or preventing atherosclerosis
and hypercholesterolemia. Antioxidants have exhibited
antiatherogenic activities by inhibiting foam cell forma-
tion in animal models.2 Among them, probucol and
vitamin E are well-known as lipid-lowering agents and
can lower coronary heart disease (CHD) risk.3 However,
both antioxidants of probucol and vitamin E showed the
lowering effect of serum high-density lipoprotein (HDL)
levels. On the other hand, many studies have been
devoted to search rat liver microsomal ACAT inhibi-
tor,4 whereas the specific inhibitor against hACAT-1
or -2 has been studied rarely.5 Recently, we reported
that antioxidant, lignan or neolignan, against LDL
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oxidation and the specific inhibitor, saucerneol B,
manassantin A and B, against hACAT-1 and -2 which
were produced by Hi5 cells,6 were isolated from the
methanol extracts of S. chinensis root.7 However, most
studies have focused on developing antioxidant or
ACAT inhibitor independently. Thus, we are interested
in developing dual inhibitor against LDL oxidation and
hACAT-1 or -2, from various plants.


Cudrania tricuspidata (Carr.) Bureau is one of the
important traditional herbal remedies for anti-tumor,
anti-inflammation, gastritis, and live damage in East
Asian Countries such as Korea, China, and Japan.8 Pre-
vious workers reported that root bark of this species
contains biologically active isoprenylated xanthones9


and flavonoids,10 and also reported that extracts of root
bark have been to be shown effective on high blood pres-
sure,11 inflammation, and cytotoxic to human tumor cell
lines.9g Isoprenylated xanthones are known to have a
variety of biological activities, such as hypertensive ef-
fect, anti-rhinoviral activity, inhibition of the formation
of some prostanoids, and anti-tumor promoting activi-
ty.9d Recently, we reported that new or known catechol-
ic xanthones 1–8 were isolated from root bark of
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C. tricuspidata, as shown in Figure 1. Some of them
exhibited radical scavenging activities (e.g., DPPH,
superoxide, and hydroxyl) and cytotoxic activities
against human cancer cell lines such as HT-29, HL-60,
SK-OV3, AGS, and A549.12 Also, prenylated flavonoids
were isolated from C. tricuspidata and exhibited antibac-
terial activity.13 However, these catecholic xanthones 1–
8 and prenylated falvonoids 9–13 were not evaluated for
the antioxidant activity against LDL oxidation, NO
production which was induced by an iNOS expression
in RAW264.7 cells, and hACAT-1 or -2 inhibitory activ-
ities. In this study, we describe in vitro antioxidant activ-
ity against LDL oxidation, inhibition of NO production
and iNOS expression in RAW264.7 cells, and human
microsomal ACAT-1 or -2 inhibitory activities for cate-
cholic xanthones 1–8 and prenylated flavonoids 9–13.


Compounds 1–13 were isolated and evaluated in vitro
for their potential to protect human LDL against
Cu2+-induced peroxidation.14 The ability of compounds
1–13 to attenuate LDL oxidation was measured by mea-
suring the amount of TBARS.15 Effects of compounds
1–13 on production of TBARS were examined by incu-
bating human LDL (120 lg/mL) in the presence of
10 lM CuSO4 as an oxidation initiator. Compounds 1
and 3–8 exhibited potent antioxidant activities against
LDL oxidation, as shown in Table 1. Then probucol
was employed as a positive control. Among them, com-
pound 4 bearing 5,6-dihydroxy group has shown the
highest antioxidant activity against LDL oxidation,
whereas compound 2 substituted with methoxy group
at position 7 is not active. Compound 1 bearing 2,2-dim-
ethylpyran ring was less effective than other compounds
3–8 which show relatively similar efficacy with probucol
to be a positive control. Antioxidant activity for each
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Figure 1. Chemical structures of 1–13 isolated from C. tricuspidata.

compound is different more or less and it may be ex-
plained as due to their lipophilicity. Goto and his
coworkers16 have reported that a-tocopherol reduces
the LDL oxidation 10- to 100-fold more potently than
BHT or probucol in organic solution, but the difference
in antioxidant activities against lipid peroxidation is
smaller in the membranes due to their different lipophil-
icity. Also, compound 2 was not active as an antioxidant
due to protection of C-7 hydroxyl group which acts as a
reducing agent. In addition, prenylated flavonoids 9–13
were less effective than catecholic xanthones 1 and 3–8,
as shown in Table 1. Therefore, in order to act as an
antioxidant, it can be rationalized that vicinal dihydroxy
group could be converted to quinine easily by releasing
two electrons as described in previous results.12


Also, the large amount of NO production produced by
iNOS has been closely correlated with pathophysiology
in atherosclerosis.17 So, to determine the effects of com-
pounds 9–13 on NO production in RAW 264.7 cells, the
cells were treated with LPS (10 lg/mL) in the presence
or absence of compounds 9–13 for 18 h. Then, the pro-
duction of NO was measured by employing the method
of Griess. LPS (10 lg/mL) increased the level of NO2


�


in culture medium by 10-fold as compared to control
(LPS absence), whereas, among them, treatment of com-
pounds 10 and 11 reduced NO production in 50 lM,
whereas 12 inhibited NO production in a dose-depen-
dent manner (Fig. 2A). Treatment of 10 and 12 at
80 lM and 11 at 50 lM did not affect cell viability as
measured by the MTT method (data not shown). In or-
der to measure the levels of iNOS protein which relates
to produce inflammatory mediator NO, we examined
iNOS protein expression levels by Western blot analysis.
In contrast to control, treatment of compounds 10–12 at
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Table 1. Antioxidant activity against LDL oxidation and ACAT


inhibitory activities of compounds 1–13


Compound LDL


(IC50, lM)a


hACAT-1


(IC50, lM)b


hACAT-2


(IC50, lM)b


1 12.6 40 28.8


2 NA 20 19.2


3 6.2 57.6 75.2


4 0.8 148 132.8


5 2.6 89.6 41.6


6 3.8 68.0 74.4


7 2.2 56.8 23.2


8 4.5 96.0 112.0


9 43.2 82.4 24.8


10 65.6 NA 89.6


11 27.2 59.2 44.8


12 46.4 NA 41.6


13 62.4 NA 77.6


Probucolc 3.6


Oleic acid anilided 0.14 0.17


a In vitro antioxidant activity was measured using human plasma LDL


(120 lg/mL). Data are shown as mean values of two independent


experiments performed in duplicate.
b In vitro ACAT inhibitory activity was measured using the expressed


hACAT-1 or hACAT-2. Data are shown as mean values of two


independent experiments performed in duplicate.
c Probucol was used as a positive control.
d Oleic acid anilide was used as a positive control.
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5, 10, 20, and 50 lM, respectively, suppressed markedly
the induction levels of iNOS protein (Fig. 2B).18 As a
result, NO production in RAW 264.7 cells was also
inhibited by 10–12 at a similar order of activity to that
obtained in copper-induced LDL-oxidation.


The potential of compounds 1–13 was first evaluated as
inhibitor of hACAT-1 or -2 that was expressed and
characterized from infected Hi5 cells by recombinant
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Figure 2. Effects of 10–12 on the induction of iNOS by LPS. (A) Inhibition


treated with various concentrations of 10–12 dissolved in dimethylsulfoxide fo


incubated for 18 h. (B) Inhibition of LPS-inducible iNOS protein expression b


of cells with LPS (10 lg/mL). Values are means ± SEM (n = 2). *P < 0.01 ve

baculoviruses.6 Then, the rate of incorporation of
[1-14C]oleoyl-CoA into cholesteryl ester was determined
using the expressed hACAT-1 or -2. With expecting to
show different inhibitor specificity against hACAT-1
and -2, compounds 1–13 were applied to the enzyme as-
say employing each human ACAT isoform. Compounds
1, 2, 5, 7, 9, and 11 preferentially inhibited hACAT-2
than hACAT-1, whereas compounds 3, 4, 6, and 8
showed a similar specificity against hACAT-1 and -2.
However, flavonoids 10, 12, and 13 dominantly inhibit-
ed hACAT-2, not hACAT-1. Then, the ACAT inhibito-
ry activities of the compounds 1–13 were confirmed by
the positive control with oleic acid anilide, which inhib-
ited hACAT-1 and hACAT-2 with IC50 values of
0.14 lM and 0.17 lM, respectively (Table 1).6 Accord-
ing to recent results, manassantin A showed more specif-
ic inhibitory activity against hACAT-2 compared to
hACAT-1, whereas manassantin B dominantly inhibited
hACAT-1. On the other hand, pyripyropene A inhibited
only hACAT-2.7b Previously, Lada et al. described that
some regions of either enzyme were on opposite sides of
the membrane, suggesting uniqueness of function for
ACAT-1 and ACAT-2.5 The cellular localization of
ACAT-1 and ACAT-2 also was unique. The results in
the present study again suggest uniqueness of function
for ACAT-1 and ACAT-2.


In conclusion, the catecholic xanthones 1–8 and flavo-
noids 9–13 were isolated from the chloroform extracts
of the root bark of C. tricuspidata. Compounds 1 and
3–8 exhibited significant antioxidant activity against
LDL oxidation in TBARS assay. Among them, 10–12
showed an inhibitory effect on the NO production and
iNOS expression in RAW264.7 cells. Also, compounds
1, 2, 5, 7, 9, and 11 preferentially inhibited hACAT-2
than hACAT-1, whereas compounds 3, 4, 6, and 8
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showed a similar specificity against hACAT-1 and -2.
However, flavonoids 10, 12, and 13 dominantly inhibit-
ed hACAT-2, not hACAT-1.
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Abstract—A series of metabolically stable butyrolactam 11b-HSD1 inhibitors have been synthesized and biologically evaluated.
These compounds exhibit excellent HSD1 potency and HSD2 selectivity, pharmacokinetic, and pharmacodynamic profiles.
� 2006 Elsevier Ltd. All rights reserved.
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Metabolic syndrome is a cluster of factors associated
with an increased risk of atherosclerotic cardiovascular
disease and diabetes. The characteristics of the meta-
bolic syndrome include abdominal obesity, impaired
glucose tolerance, dyslipidemia, and hypertension.1


11b-Hydroxysteroid dehydrogenase type 1 (11b-HSD1)
has attracted significant attention from the pharmaceu-
tical research community as a target for the treatment of
metabolic syndrome.2 This enzyme converts the
glucocorticoid receptor (GR) inactive cortisone
(dehydrocorticosterone in rodents) into the GR active
hormone cortisol (corticosterone in rodents).3 In the
liver, cortisol stimulates gluconeogenesis through up-
regulation of the enzymes phosphoenolpyruvate car-
boxykinase and glucose 6-phosphatase, and in adipose
tissue, cortisol promotes adipogenesis and lipolysis. A
related enzyme, 11b-HSD2, catalyzes the reverse reac-
tion which, in tissues like kidney, protects the mineralo-
corticoid receptor (MR) from activation by cortisol.4


11b-HSD1 is mainly expressed in the liver, adipose,
and brain, whereas 11b-HSD2 is expressed in kidney
and other tissues where MR signaling is important.
The current hypothesis presumes a small molecule that
selectively targets 11b-HSD1 over 11b-HSD2 can be a
viable therapeutic strategy for the treatment of metabol-
ic syndrome.
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Multiple structural classes of 11b-HSD1 inhibitors have
been disclosed by us5 and others.2 High-throughput
screening identified lactam 1 (Fig. 1) as a viable hit. Lac-
tam 1 has a 11b-HSD1 inhibition IC50 of 107 nM
(728 nM for mouse) and about 100-fold selectivity over
11b-HSD2 for both species.


In this communication, we describe our medicinal chem-
istry efforts based on lactam 1 and the structural evolu-
tions that took place which led us to discover a series of
butyrolactams that are orally efficacious in rodent mod-
els of metabolic syndrome.


Figure 1 shows the structure–activity relationship of our
initial analogs based on 1. The synthetic route that we
used to obtain these lactams is shown in Scheme 1.

N Ph
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h-HSD2  IC50: > 30 uM
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Figure 1. First-generation butyrolactam 11b-HSD1 inhibitors.
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Alkylation of oxazolidinone imide 5 followed by ozonol-
ysis of the terminal olefin gave aldehyde 7. Tandem
reductive amination/cyclization of aldehyde 7 with vari-
ous amines gave lactam products with different N-sub-
stitutions. We found that the in vitro potency can be
significantly improved when the nitrogen of the lactam
is substituted with a large hydrophobic group such as
an adamantane, as seen in lactam 2. Based on our expe-
rience with adamantane-based inhibitors,5 unsubstituted
adamantanes are rapidly metabolized in vivo, and the
placement of a polar group such as a carboxamide on
the adamantane (e.g., lactam 4) significantly improves
metabolic stability. Lactam 4, however, lacked the desir-
able potency in our cellular 11b-HSD1 assay and accept-
able pharmacokinetic (PK) properties. Modifications on
the benzyl group did not improve the properties signifi-
cantly. In addition, most of the analogs from this struc-
tural series were much weaker in potency against the
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mouse 11b-HSD1 which precluded us from studying
these compounds in mouse models.


Faced with these drawbacks of our first-generation lac-
tam inhibitor, we decided to explore the SAR of lactams
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N


O


O
R2


R1


*


* = All compounds 
  are chiral racemic mixtures


Compound R1 R2 IC50
a (nM) Microsomal stability


(% remaining)b


h-HSD1/h-HSD2 m-HSD1/m-HSD2 h-HSD1 HEK


28 EtO2C


H


H


H N
CN 50*/>30,000 260*/>100,000 518 NDc


29d
NH2N


O
N


CN 190*/ND 250*/ND ND ND


30
H2NOC


H


H


N
CN 29*/>100,000 17*/>100,000 510 12


31
H2NOC


H
H N


CN 7/15,000 3/>50,000 39 88


32 H2NOC


H


H


N
CN 5/22,000 9/100,000 46 92


33


H2NOC N
CN 15/17,000 10/100,000 500 91


25


H2NOC N
CN 3/23,000 2/10,000 45 97


34


H2NOC
N


N


N
41/1,600 32/8,000 43 ND


27


H2NOC


N N 76/1,800 41/14,000 28 28


35 H2N
N


HO


N
CF3


19/14,000 14/60,000 260 67


36
H2N


NH
N


CF3
51/90,000 110/>100,000 >10,000 100


37


N
N


N
HN


N
CF3


310/630 430/1,600 230 ND


a Values are means of two experiments. *Kivalues.
b % remaining after a 30-min incubation with mouse liver microsome.
c ND, not determined.
d mixture of diastereomers.
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with substituents on position 4 of the ring. The first-gen-
eration synthesis of these lactams is shown in Scheme 2.


Tandem Michael addition and cyclization between
cycloheptylamine and ester 9 gave lactam 106 which
was reduced and protected as silylether 11. Position 3
of the lactam was then sequentially alkylated, and after
removal of silyl group, a pyridyl group was appended on
the hydroxymethylene of 13 to give inhibitor 14. A brief
summary of the SAR is shown in Figure 2. Substitution
on the 4 position of lactam gave an inhibitor (15) with
good potency against the human enzyme, but no activity
for the mouse enzyme. A dramatic increase in potency
for the mouse enzyme was observed when position 3
of the lactam is alkylated with a methyl group (15 to
16). Additional a-alkylation gave lactam 14 which
showed good potency and excellent selectivity for the

22


N NHO
N


O


O


R


N
N


R = CO2Me


R = CONH2 (27)


a


b


26


Scheme 4. Reagents and conditions: (a) DIAD, Ph3P, THF rt to


60 �C, 5 h, 90%; (b) i—KOTMS, THF, rt, 10 h; ii—EDCI, HOBT,


i-Pr2NEt, CH2Cl2, 2 h; NH3 in i-PrOH, 3 h, 85%.


Table 2. Ex vivo pharmacodynamic dataa


Compound % inhibition in


liver 1 h/7 h/16 h


% inhibition in


fat 1 h/7 h/16 h


31 73/33/14 68/30/17


25 99/94/67 NDb/71/46


a See Ref. 5b for a description of the assay.
b Not determined.


Table 3. Mouse PK dataa


Compound po nAUC (lg h/ml) CLp (L/h/kg) t1/2 (h) F (%)


31 4.4 1.4 1.3 63.9


25 3.7 2.0 1.3 76.6


a Calculated from 5 mg/kg iv and 10 mg/kg oral po dosing.


Table 4. In vivo efficacy of compound 25, RU-486, and rosiglitazone in a 2


Compound Body weightb (g) Plasma insulinb,c (ng/ml)


LFd 29.4(0.7) 0.53(0.04)


HFe 41.9(0.7) 1.93(0.06)


RU-486 39.5(0.75) 1.5(0.25)


rosiglitazone 41.6(0.7) 0.97(0.1)


25 40.7(0.7) 1.31(0.18)


a Lactam 25 and RU-486 were dosed at 30 mg/kg and rosiglitazone was dos
b p value <0.05 by Dunnett’s test.
c Measured after 4 h fasting.
d Low-fat diet control group.
e High-fat diet control group.

target enzyme in both species. Since lactam 14 is stereo-
chemically simpler than 16, the core structure of 14 was
selected for further SAR optimization.


An efficient synthetic route was developed to allow mod-
ifications on the nitrogen and oxygen substituents7 and a
representative synthesis is shown in Scheme 3. Acylation
of alcohol 17 with isobutyryl chloride gave ester 18. Ire-
land–Claisen rearrangement of 18 gave acid 19 which
has both the required a-gem dimethyl group, and the
b-alkoxymethylene group of the lactam core.


Acid 19 was then converted into aldehyde 20 by ester
formation followed by ozonolysis of the olefin. The lac-
tam ring was formed by a tandem reductive amination
and ring cyclization sequence between aldehyde 20 and
adamantane amine 21 which, after the removal of the
silyl-protecting group, gave lactam alcohol 22 in good
yields. The pyridyl group was attached via nucelophilic
aromatic substitution reaction between alcohol 22 and
a chloropyridine such as 23 to give 24. Final ester to
amide functional group conversion completed the
synthesis of a representative butyrolactam lactam
inhibitor 25.


This reaction sequence allowed us to build lactams with
various groups on the nitrogen by reacting aldehyde 20
with a series of structurally diverse functionalized
bridged bicyclic amines5c to give inhibitors such as 31
and 33 as shown in Table 1.


Alcohol 22 served as a common intermediate for the
exploration of the O-aryl appendage SAR. For example,
Mitsunobu reaction between alcohol 22 and imidazole-
substituted phenol 26 gave an ester intermediate which
was converted into inhibitor 27 (Scheme 4).


These compounds were tested against both human and
mouse 11b-HSD1 and 11b-HSD2 enzymes, as well as
a cell-based assay with 11b-HSD1 overexpressed in hu-
man embryonic kidney cells (HEK).5 In addition, meta-
bolic stability of these compounds was determined using
mouse liver microsomal incubation studies. The results
are summarized in Table 1.


Several of the compounds in Table 1 exhibited excellent
potency and selectivity for both human and mouse 11b-
HSD1. For example, lactams 25, 31, and 32 all reached
single digit nM range in terms of potency and greater

-week DIO mouse studya


Plasma glucoseb,c (mg/dL) Plasma triglycerideb,c (mg/dL)


133.9(3.1) 32.8(2.6)


174.0(5.8) 64.9(5.3)


147.5(4.2) 43.2(3.7)


143.4(4.3) 50.8(3.4)


164.7(6.4) 33.3(2.5)


ed at 5 mg/kg po, bid.







V. S. C. Yeh et al. / Bioorg. Med. Chem. Lett. 16 (2006) 5555–5560 5559

than 7000-fold selectivity over 11b-HSD2. These three
inhibitors also showed excellent metabolic stability in
the microsome assay. Most of the lactams with non-ada-
mantane N-substituents (28–33) are potent inhibitors.
Lactams 30–32 are stereoisomers that differ in the orien-
tations of the substituents on the bicyclo[3.3.1]nonane
group.5c Although they are similar in their IC50 values,
compounds 30 and 31 differ dramatically in their meta-
bolic stability. The bicyclo[2.2.2]octane-substituted lac-
tam 33 is particularly interesting. This rigid bicycle has
been utilized by us in a different series of 11b-HSD1
inhibitors with good potency, selectivity, and metabolic
stability.5c In addition, it has also been incorporated in a
triazole class of inhibitors for the same enzyme with
good success.2d Lactams with non-bridged structures
such as 28 and 29 showed less potency, particularly for
the mouse enzyme. We found that the SAR of the O-aryl
portion of the molecule is quite flexible. A number of
aromatic heterocycles, or carbocycles, could be used to
obtain potent inhibitors (structures not shown) which
allowed us to fine-tune PK properties of these molecules.
Two examples (34 and 27) are shown. These lactams fea-
ture more polar aromatic substituents which can lead to
improved water solubility (calculated clogP for 27 is
2.46 vs 2.67 for lactam 25). Likewise, the polar substit-
uents on the bridged bicycle head group can also be var-
ied albeit with less flexibility. The primary caboxamide
can be replaced with a hydroxyamidine group as in 35
with good potency and stability. However, replacement
with a basic amidine group (36) abolished cellular activ-
ity and conversion to an acidic tetrazole (37) led to a loss
in selectivity.


Selected compounds from Table 1 were examined in
mouse ex vivo pharmacodynamic (PD)5 and PK studies.
The results for lactams 31 and 25 are summarized in
Tables 2 and 3. For the PD experiments, the compounds
were dosed in diet-induced obese (DIO) mice at 30 mpk
and the inhibitions of 11b-HSD1 were measured ex vivo
at 1, 7, and 16 h post-dose.


Overall, both compounds exhibited good PD profiles.
The adamantane lactam 25 showed greater inhibition
of the target enzyme at later time points in both liver
and fat than the related bicyclo[3.3.1]nonane lactam
31. The mouse PK profiles of these two compounds
are very similar. Both lactams showed good systemic
exposure and oral bioavailability with acceptable clear-
ance and half-life.


Based on the favorable results shown above, lactam
25 was selected for in vivo efficacy evaluation in diet-
induced obesity (DIO) mice as a metabolic syndrome
animal model.8


Lactam 25 was dosed orally at 30 mg/kg BID for 14 days.
Several metabolic parameters were measured including
body weight, plasma insulin, plasma glucose, and plasma
triglyceride levels. RU-4869 and rosiglitazone10 were used
as positive controls. As shown in Table 4, lactam 25 in-
duced significant efficacy in weight loss and lowering of
plasma insulin levels. Blood glucose levels were also low-
ered, albeit not to the same level as the other two agents.

Remarkably, plasma triglyceride levels were normalized
after treatment with this 11b-HSD1 inhibitor.


In summary, a series of potent, selective, and metaboli-
cally stable butyrolactam 11b-HSD1 inhibitors have
been identified. Based on its in vitro and pharmacoki-
netic profiles, adamantane-based lactam 25 was evaluat-
ed in DIO mice and showed efficacy in a number of
metabolic parameters.
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Abstract—The development of potent, orally bioavailable, and selective series of 5-amino-3-hydroxy-N(1-hydroxypropane-2-yl)iso-
thiazole-4-carboxamidine inhibitors of MEK1 and MEK-2 kinase is described. Optimization of the carboxamidine and the phenox-
yaniline group led to the identification of 55 which gave good potency as in vitro MEK1 inhibitors, and good oral exposure in rat.
� 2006 Elsevier Ltd. All rights reserved.

There are three mitogen-activated protein (MAP) kinase
pathways that control a variety of cellular regulation.
The c-jun kinase pathway (JNK) is important in the reg-
ulation of many transcription factors particularly in
response to cellular stress. The p-38 pathway plays a
critical role in the activation of inflammatory responses.
The third and, by far, the most important and well-un-
derstood signal transduction pathway is the Ras/Raf/
MEK/ERK pathway that controls fundamental cellular
processes such as proliferation, differentiation, survival,
and apoptosis.1,2 The MAPK pathway represents a cas-
cade of phosphorylation events including three pivotal
kinases: Raf, MEK (MAP kinase/ERK kinase), and
ERK (extracellular signal-regulated kinase). The Ras–
Raf–MEK–ERK pathway is activated by a range of
growth factor receptors. When Raf is activated, it phos-
phorylates MEK at two serine residues. The activated
MEK, in turn, phosphorylates the threonine and tyro-
sine residues of MAPK3 or ERK. ERK regulates down-
stream signaling complexes of transcription factors that
affect gene expression.4 Constitutive activation of the
Ras–Raf–MEK–ERK pathway has been demonstrated
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in several cancer types, including pancreatic, colon,
lung, and melanoma. Inhibition of this pathway via
MEK1/2 is an attractive strategy for therapeutic inter-
vention in cancer because it has the potential to block
inappropriate signal transduction regardless of the up-
stream position of the oncogenic aberration. Further-
more, ERK1/2 are the only known substrates for
MEK1/2.5–13 These kinases present new opportunities
for the development of novel anti-cancer drugs designed
to be target-specific and probably less toxic than con-
ventional chemotherapeutic agents. A number of drugs
inhibiting Ras, Raf or MEK are currently under clinical
investigation.14,15 Several highly specific MEK1/2 inhib-
itors such as PD98059, U0126, and CI-1040 have been
identified in recent years. These compounds inhibit the
activation of MEK1/2 non-competitively with respect
to ATP. The crystal structure of human MEK-1/2 com-
plexed with an analog of PD184352 demonstrated that
these biaryl amine-based compounds are bound to an
allosteric site adjacent to ATP binding pocket.14,16,17


Previously, we reported the initial results of SAR study
of the cyanoisothiazole scaffold as a MEK-1/2 inhibi-
tor.18 We disclosed the discovery of the potent and selec-
tive MEK-1 and MEK-2 inhibitor (1), which exhibits an
IC50 value of 38 nM and EC50 value of 375 nM. The
optimization of 1 led to a series of potent MEK-1/2 ki-
nase inhibitors, and culminated in the idenfication of the
compound 5-(4-(2,5-dichlorophenoxy)phenylamino)-3-
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hydroxy-N-(2- hydroxypropyl)isothiazole-4-carboximi-
damide (55), that showed excellent oral exposure in
the rat. Several derivatives were synthesized in order
to optimize their drug-like properties, that is, their bio-
logical, physicochemical, and pharmacokinetics profile
(PK). This paper describes the structure-guided design
and structure–activity relationships (SAR) of this series.
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SAR of the 5-aminoaryl-3-hydroxy-N-alkylisothiazole-


A series of compounds were generated to investigate the


4-carboximidamide scaffold. Their inhibitory activities
against both MEK1 and MEK2 were evaluated and
IC50 values were determined using an enzymatic assay
as described elsewhere.18,19 In most cases, the IC50 val-
ues for MEK1 and MEK2 are similar. For simplicity,
we only report the IC50 values against MEK1 here. A
straightforward five-step synthetic approach is detailed
in Scheme 1. Displacement of the fluorine atom in 4-flu-
oronitrobenzenes 3 by a variety of phenols 2 provided a
series of 4-phenoxynitrobenzene intermediates that were
reduced by Fe in the presence of ammonium chloride to
afford anilines 4. Isothiazoles 7 were prepared from the
corresponding isothiocyanates 5, which were either com-
mercially available or freshly prepared from the corre-
sponding anilines 4. The isothiocyanates 5 were
reacted with cyanoacetamide in the presence of pow-
dered KOH in DMF to provide the corresponding 2-
cyano-3-(4-phenoxyphenylamino)-3-thioxopropanamides
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Scheme 1. General synthesis of 3-hydroxy-5-(4-phenylamino)isothiazole-4-c


16 h; Fe, MeOH, NH4Cl, reflux, 16 h; (b) CSCl2, aq K2CO3, CHCl3, rt, 2 h; (


R3-NH2, EtOH, reflux, 16 h.

6, which were cyclized in the presence of bromine to give
the corresponding isothiazoles 7. The carboxamidines 8
were prepared by refluxing 7 in the presence of excess of
amines.18


Optimization of 8 led to a number of potent, orally
active MEK-1/2 kinase inhibitors. The SAR was focused
on changes at three positions: substitutions at either ring
of the phenoxyaniline (R1 and R2) and substitutions at
the carboxamidine (R3).


With regard to SAR of 8 we first examined the optimi-
zation of the linker connecting rings B and C in the para
position of phenylamino isothiazoe carboxamidine ser-
ies. We explored a variety of the linkers as we have high-
lighted in Table 1. Except for the gem-dimethyl-linked
15, which showed a reduction in both MEK enzymatic
activity and cell proliferation, activity was retained for
a variety of linkers.19 Interestingly, this series showed
poor to modest rat PK properties, characterized by high
clearance and low oral bioavailability (see Table 1).


The selectivity profiles of MEK-1 inhibitors 9 and 10
were examined. They were assessed against a panel of
85 protein kinases.19] The data confirmed the generally
good selectivity profile of 9 for MEK-1. The excellent
activity of the compound 10 against CHK-2 was some-
what a surprise (see Table 2). This excellent selectivity
may be a result of non-competitive binding nature of
isothiazole cabroxamidine scaffold.19


To circumvent the low oral bioavailability of the iso-
thiazole cabroxamidine series, HPLC/MS/MS analysis
of 9 incubated with rat liver microsomes indicated more
extensive oxidation of the ring C over ring B. Indeed,
any metabolism in the molecule was suppressed by hal-
ogen substitutions in the rings B and C, and improved
the activities as well as rat PK properties (see Table 3).
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Table 3. MEK-1 activity and oral AUC of 3-hydroxy-N-(2-


hydroxy-1-methyl-ethyl)-5-(4-phenoxy-phenylamino)-isothiazole-4-


carboxamidine
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HO


1
2


3


4 5
6


7


8
9


R1
R2


Compound Ring-C R2 Ring-B R1 IC50


(nM)


EC50


(nM)


Oral AUC


(ng h/ml)


16 6-CF3 H 44 140 28,654


17 6-CF3–5-F H 58 123 13,003


18 6-CF3–5-Cl H 120 95 20,395


19 5-Cl–8-CF3 H 540 350 21,867


20 6-F–8-CF3 H 140 30 15,391


21 6-NMe2 H 160 130 900


22 5-Cl–6-CF3 2-Cl 67 70 5711


23 5-Cl–6-CF3 2-F 52 88 4500


24 5-F–8-CF3 H 60 330 31,270


25 5-Cl–8-Cl H 30 130 47,400


26 5-Cl–8-F H 80 260 900


27 5-Cl–8-Cl 2-F 26 220 22,226


28 5-Cl–8-F 2-Me 280 350 nd


29 5-Cl–8-F 2-Cl 30 >10 nd


30 5-Cl–6-Cl H 75 100 5260


31 5-F–6-F H 20 42 9427


32 5-Cl–6-Cl 2-Cl 27 >10 4275


33 5-F–6-Cl H 145 200 12,567


34 6-Cl–8-Cl H 20 1450 11,700


35 6-F–8-F H 207 128 5135


36 5-Cl–7F H 85 250 6256


37 5-Cl–7F 2Cl 107 37 5687


38 5-Cl–7-Cl H 64 140 26,221


39 5-F–7-F H 207 150 16,500


40 5Cl–6F–8F H 37 78 20,330


41 5Cl–6F–8F 2F 27 332 14,925


42 5-Cl–7-F 1-Me 57 250 12,696


Table 1. The linker between the rings B and C: MEK-1 activity and oral-IV AUC of 3-hydroxy-N-(2-hydroxy-1-methyl-ethyl)-5-phenylamino-


isothiazole-4-carboxamidine


SN


H
N


X
HO


NH
HN


A B C


HO


Compound X IC50 (nM) EC50 (nM) IV AUC (ng h/ml) Oral AUC (ng h/ml)


9 O 33 42 8321 1135


10 NH 240 45 859 1236


11 CH2 58 130 7254 220


12 C(O) 120 100 2897 60


13 S 45 650 6905 265


14 SO2 150 278 8540 4251


15 C(CH3)2 7900 1500 9250 2350


Table 2. Selectivity profile of 9 and 10 (IC50, nM)


Compound MEK1 Aurora Axl CHK2 Flt3 P70S6


9 26 260 455 142 795 2620


10 266 265 389 13 448 1000
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Several analogs of 9 containing halogen substituents on
the ring C were investigated (see Table 3). Initial evalu-
ation of mono-substitution in the para position of the
ring C with chlorine, bromine, methylene, trifluorometh-
yl or any group larger than the methyl group revealed no
improvement in potency, but demonstrated large gains
in oral PK. In contrast, any combination of di-halogen
substitutions in the ring C retains potency, and improves
rat PK properties. However, the substitution by different
halogens in ring B did not contribute to either the poten-
cy or rat PK properties. When substitution of both
phenyl rings B and C was simultaneously attempted,
the PK profile improved considerably, but there was
no improvement in potency. In this series, the com-
pounds 16, 17, 18, 20, 27, 38, and 40 exhibited good oral
AUC exposure in rat and retained most of the activities.
The best compound in this series is the compound 25
that showed an IC50 value of 30 nM, EC50 value of
130 nM, and good oral AUC exposure in rat of
47,400 ng h/ml. Importantly, enzymatic profiling of the
compound 25 shows that it binds also non-competitively
with respect to ATP.19


Additionally, we turned our attention to optimization of
the alkyl substituent at the carboxamidine moiety. Using
(2,5-dichlorophenoxyamino)-3-hydroxyisothiazole as
the starting scaffold, we evaluated the influence of car-
boxamidine substituents containing a water-soluble
moiety. Most of the compounds in this series displayed
double digit nanomolar IC50 values in the MEK-1 enzy-
matic assay and double digit nanomolar EC50 values
against EGF-stimulated pERK MDA-MB-231 cancer
cells.19 However, there was strong variation in the oral
PK values with only compounds 51, 52, and 55 exhibit-
ing good oral AUC exposure in rat and retaining most
of the activities (see Table 4).

The disclosure of the first MEK X-ray crystallographic
structure with (S)-5-bromo-N-(2,3-dihydroxypropoxy)-
3,4-difluoro-2-(2-fluoro-4-iodophenylamino)benzamide
(60)14 (PDB code: 1S9J) revealed an allosteric binding







Table 4. MEK-1 activity and oral AUC of 5-[4-(2,5-dichloro-phenoxy)-phenylamino]-3-hydroxy-isothiazole-4-carboxamidine


SN


H
N


O
HO


NH
HN


A B C


*


Cl


Cl


Compound X IC50 (nM) EC50 (2 M) Oral AUC (ng h/ml)


43


*
N


O 32 47 2876


44 N
O


*
40 35 617


45
N


O
*


147 284 6862


46 N
N


*
34 113 1979


47 N
N


*
137 118 262


48
N


N
*


298 605 2422


49 N
NH


*
58 43 nd


50 N
NH


* O
44 49 87


51 *
OH 46 47 14,557


52


OH


* OH
46 54 12,468


53 *
OH


OH
35 120 5105


54


OH


* OH
34 22 2020


55 *
OH


28 75 23,908


56


OH


O* OH
56 444 nd


57
*


OH 744 564 22,370


58
*


OH 40 694 14,568


59 *
O


34 65 425
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Figure 1. Overlay of the docked model of 61 (gold carbons) with 60


(gray carbons).


Table 5. MEK-1 activity of 3-hydroxy-5-(4-iodophenylamino)-N-iso-


propylisothiazole-4-carboximidamide


SN


H
N


HO


NH
HN R1


I


R2


61


Compound R1 R2 IC50 (nM) EC50 (nM)


61 H H 510 8321


62 Me H 62 1480


63 Cl H 42 >10,000


64 H Cl 200 6190
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pocket adjacent to the ATP-binding site, providing a
possible platform for the design of ATP non-competi-
tive, selective inhibitors.


H
N


F
OHN


O


OH
OH


IF
F


Br
A B


60


On the assumption that the isothiazoles bind in the same
pocket as hydroxamate 60, an initial working hypothesis
for the equivalency of the hydroxamate and the isothiaz-
ole series was envisaged. Thus, ring A of 60 was consid-
ered the isosteric equivalent of the isothiazole ring and
ring B of 60 that of the attached aminoaryl moiety. In
the crystallographic structure, the B ring of 60 is found
ensconced in a largely hydrophobic environment, with a
face-to-edge interaction with Phe209 of the DFG motif.
Hydrogen bonds form a critical feature of the interac-
tion of 60 with the protein. One of the F atoms in the
A ring forms a hydrogen bond with the backbone NH
of Ser212, the hydroxamate oxygens form a hydrogen-
bonding network with Lys97 and a structural water,
while the diol oxygens interact with Lys97 and one of
the terminal phosphate oxygens.


The docked structure of 61, derived using GOLD v. 3.0
software, shows the isothiazole ring to be somewhat off-
set compared to ring A of 60 (Fig. 1). In this orientation,
the nitrogen atom in the isothiazole captures the impor-
tant hydrogen-bonding interaction with Ser212. This
mode of overlay disposes the amidinoalkyl sidechain
in a completely different trajectory compared to the
alkylhydroxamate sidechain, obviating any need to ex-
plain the overlap of non-isoelectronic groups, that is,
the amidine and the hydroxamate groups. However,
no evidence of significant interactions for the amidino
group was discovered in this orientation that would
compensate for the hydrogen-bond network associated
with the hydroxamate sidechain of 60. This overlay sug-
gests that 61 may share the same allosteric binding pock-
et as 60 with an overlap of certain pharmacophoric
features only.


Availability of SAR data for a series of 2-anilinobenzo-
ates,14 a precursor series to the hydroxamates represent-
ed by 60, provided an opportunity to test the credibility
of our working hypothesis. In the 2-anilinobenzoate ser-
ies, activity was observed after introducing an iodine
atom in the para position to the nitrogen in ring B. In
a slightly modified series of 2-(4-substituted anilino)-5-
nitrobenzoates, the iodo substitution was associated
with a 15-fold better enzymatic activity than the bromo
substitution. Phenyl, alkyl, alkoxy and thioalkyl substi-
tutions at that position rendered the compounds inac-
tive. In addition, placing a chloro or methyl

substitution meta to the iodo group enhanced activity
10-fold. Encouragingly, very similar SAR patterns were
observed for the corresponding isothiazole series (see
Table 5). The iodo analog 61 showed submicromolar
activity, while over 10-fold increase in activity was ob-
served when the R1 position was occupied by either a
methyl 62 or a chloro 63 group. Moving the chlorine
in 61 to the R2 position 64 resulted in a 5-fold abroga-
tion of activity.


When the iodo group of 61 is replaced with an aryloxy
moiety, the docking model fails to provide an equivalent
binding pose. It could be speculated that either the aryl-
oxy group is accommodated through induced fit, or that
these compounds are binding at an alternate binding
site. The poor EC50 values for 61–64 were difficult to ex-
plain, but may have been caused by differences in the
cellular uptake of this series of the compounds com-
pared to the aryloxy analogs.


In order to obtain more concrete evidence, X-ray crys-
tallographic experiments were attempted on several iso-
thiazoles. A combination of instability and insolubility
of the isothiazoles in the crystallization buffer conditions
prevented further work in this area. These problems
may also help explain the poor cellular activity obtained
for these compounds. Nevertheless, this computer
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modeling and docking study suggests that these isothiaz-
ole compounds could bind to the same allosteric pocket
that a PD184352 analog binds and act as an allosteric
inhibitor for MEK1 and MEK2. The ideas obtained
from this study did, however, provide an excellent plat-
form for the design of alternate, non-labile scaffolds to
be discussed in future publications.


In conclusion, we have identified a series of 3-hydro-
xy-4-carboxyalkylamidino-5-arylamino isothiazole car-
boxamidines as a novel class of allosteric MEK-1/2
inhibitors. The present systematic SAR studies of 5-phe-
nylamino-4-cyano-3-hydroxy-isothiazole led to im-
provement in both enzymatic and cellular assays, and
showed promising oral bioavailability.
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Abstract—A new class of pyrimidine-based Janus tyrosine kinase 3 (JAK3) inhibitors are described. Many of these inhibitors
showed low nanomolar activity against JAK3.
� 2006 Elsevier Ltd. All rights reserved.
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Janus tyrosine kinases (JAKs) are a small family of
structurally and functionally related non-receptor
tyrosine kinases, including JAK1, JAK2, JAK3, and
tyrosine kinase 2 (TYK2).1 JAK-mediated tyrosine
phosphorylations of cytokine receptors and signal trans-
ducers and activators of transcriptions (STATs) are the
important signal transduction pathways used by many
cytokines, growth factors, and interferons.2–4 Unlike
the rest of JAK family members that are widely
expressed in many mammalian tissues, JAK3 is predom-
inantly located in endoplasmic membranes of hemato-
poietic cells, and specifically associates with the
common cytokine receptor c chain (cc) which is a shared
component of the receptors for IL-2, IL-4, IL-7, IL-9,
and IL-15.5 The pivotal roles in signaling through cc-
containing cytokine receptors and unique tissue distri-
bution make JAK3 an ideal biological target to manage
the abnormal cytokine activities implicated in many can-
cer cells and inflammatory lymphocytes.5


In comparison to patent claims, the chemistry publica-
tions pertaining to JAK3 inhibition are relatively scarce.
Stepkowski et al. reported that PNU156804,6 an analog
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of antibiotic undecylprodigiosin, effectively blocked
JAK3-dependent T-cell proliferation with an IC50 of
7.5 lM. This compound showed 2-fold greater specifici-
ty versus JAK2-dependent cell proliferation. CP-690,550
is a JAK3-inhibitory small molecule progressed to phase
II clinic trials for treatment of acute rejection following
kidney transplant surgeries.7 The oxindole 1 was devel-
oped by Aventis from a series designed originally for
CDK kinase.8 In spite of its inherited activities toward
CDK kinases, this compound is so far the only reported
molecule showing both low nanomolar potency and
near 20-fold JAK3/JAK2 selectivity in enzymatic assays
(see Fig. 1).
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Figure 1. JAK3 inhibitors.
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Our interest in JAK3 aroused from pursuing small
molecular therapeutics for autoimmune diseases.
Screening the internal kinase compound collections
and hit follow-up resulted in 1,4-disubstituted pyrimi-
dines, represented by structure 2. Further chemistry ef-
forts pursuing this lead produced a novel class of
potent and selective JAK3 inhibitors.


Compound 2 and its analogs were easily synthesized
with the sequences outlined in Scheme 1, starting from
commercially available 4-chloro-2-thiomethyl-pyrimi-
dine 3. The ‘flipped’ version (8) of 2 was prepared in a
similar manner (Scheme 2).


The inhibitory activity of this series against JAK3
and JAK2 was assessed by the kinase-Glo lumines-
cent assay (Table 1) with both CP-690,550 and the
oxindole 1 compound as benchmark references.9


The results suggested that both enzymes prefer the
benzimidazole moiety at the 2-position of the pyrim-
idine core. Switching sequence alignment of amine
and benzimidazole usually results in at least sevenfold
potency loss (e.g., 8). The presence of 2-nitrogen
atom in the benzimidazole moiety is crucial since its
removal resulted in complete loss of activity (e.g.,
15). And 6-azabenzoimidazole regioisomers (e.g., 2)
are usually 20- to 30-fold more potent than the 5-
aza regioisomers (e.g., 5). Methylation on the 2-posi-
tion of the benzimidazole (e.g., 16) or the nitrogen of
the amine moieties (e.g., 12) resulted in great reduc-
tion of activity. The a-methyl group on the amine
side seems also critical since both its removal and
restraint caused almost complete loss of potency

N
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N


N
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N
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N


3 4
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Scheme 1. Reagents and conditions: (a) (S)-1-phenylethanamine, iPr2NEt,


DCM, 0 �C, 10 min; (c) 5-azabenzimidazole, K2CO3, DMF, 140 �C, 76%.
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Scheme 2. Reagents and conditions: (a) 5-azabenzimidazole, NaH, Bu4NI, D


benzylamine, iPr2NEt, DMA, MW, 100 �C, 30 min, 70%.

(e.g., 13 and 14). In spite of low nanomolar IC50


against JAK3, this series in general is more potent
toward JAK2. In our hand, the benchmark CP-
690,550 showed no selectivity in favor of JAK2
although it has been reported to be 20-fold more
selective toward JAK3.10 And the oxindole 1 is
around 16-fold more selective toward JAK3.


Compound 17 was prepared in search for alterna-
tive benzimidazole moieties using the sequences
outlined in Scheme 3. Equipped with a 6-cyano
benzimidazole and a small alkyl amine, this com-
pound maintains the potency of the azabenzimidaz-
ole analogs and is 3-fold more selective in favor of
JAK3.


To further augment the JAK3/JAK2 selectivity,
structural extension was added to the 6-positions
of the pyrimidine core via the sequences outlined
in Scheme 4, furnishing the tri-substituted pyrimdine
series.


The results (Table 2) unfortunately suggested that nei-
ther JAK3 nor JAK2 seems sensitive toward the changes
at the 6-position, the modifications nevertheless provide
the opportunities for improving the pharmacokinetic
profile of this class in future.


To further investigate the in vivo behaviors of the
pyrimidine class, selected compounds were tested in
TF-1 cell proliferation assays that assess their inhibitory
activities toward JAK3 or JAK2-dependent signaling
transductions (Table 3).11 In this measurement,
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Table 1. JAK3 and JAK2 kinase data for di-substituted pyrimidine analogs


N


NR1 R2


Compound R1 R2 JAK3 IC50
a (nM) JAK2 IC50


a (nM)


CP-690550 — — 13b 11b


1 — — 38 600


2


N N


N


H
N 21 4


10
H
N F


92 8


11
H
N Cl


1928 51


12 N 860 153


13
H
N >104 >104


14


H
N


9097 7218


5
N


N


N H
N 700 51


8
H
N


N N


N


145 49


15 N N


H
N >104 >104


16 N N


N H
N >104 >104


17
N


N


NC


H
N


O
45 124


a SD for enzyme assays were typically ±25% of the mean or less.
b Mean, n > 10.
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Scheme 3. Reagents and conditions: (a) (S)-1-methoxypropan-2-amine, iPr2NEt, Bu4NI, DMA, MW, 100 �C, 30 min, 88%; (b) mCPBA, DCM, 0 �C,


10 min; (c) 3-amino-4-nitrobenzonitrile, KtOBu, DMF, MW, 100 �C, 15 min, 76%; (d) SnCl2Æ2H2O, DMF, (MeO)3CH, MW, 120 �C, 30 min, 20%.
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CP-690,550 is about 10-fold more selective toward
JAK3, whereas oxindole 1 showed no selectivity. The
pyrimidine compound 17 showed 5-fold JAK3/JAK2
selectivity.

In summary, we have reported a novel series of pyrimi-
dine-based Janus tyrosine kinase 3 inhibitors. Many of
the compounds in this series showed strong potency in
the JAK3 enzymatic assay below the 100 nM level.
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DMF, MW, 100 �C; (g) SnCl2Æ2H2O, DMF, TMOF, MW, 120 �C, 30 min.


Table 2. JAK3 and JAK2 kinase data for tri-substituted pyrimidine analogs


N


N X
R2


R1


R3


X=O, N


Compound R1 X-R2 R3 JAK3 IC50
a (nM) JAK2 IC50


a (nM)


18 N N


N
H
N Ph


N 19b 7b


19
H
N Ph


N


N
61 19


20
O


Cl


N


N
27 17


21
O


F


F N


N
120 68


22
H
N


Cl


N


N
131 113


23
H
N Ph


N


N
331 279


24
H
N Ph


N


OH


180 59


25
H
N Ph


O
60 16


(continued on next page)
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Table 2 (continued)


Compound R1 X-R2 R3 JAK3 IC50
a (nM) JAK2 IC50


a (nM)


26
H
N Ph


N
62 20


27
H
N Ph


N


470 167


28
H
N Ph


OMe


OMe


49 12


29
H
N Ph


N
N 245 77


30
H
N Ph


CN


42 18


31
H
N Ph


CN


167 56


32 O


H
N


O
165 446


33
N


N


NC


H
N Ph


O
31 29


34
H
N F


O
83 28


35 O


H
N


O
51 141


a SD for enzyme assays were typically ±25% of the mean or less.
b Mean, n > 10.


Table 3. Inhibition of proliferation of TF-1 cells, induced by either


IL-3 (for JAK2 activation) or IL-4 (for JAK3 activation), by


pyrimidine analogs


Compound Inhibition of IL-4


induced TF-1 cell


proliferation


IC50
a (nM)


Inhibition of IL-3 induced


TF-1 cell proliferation


IC50
a (nM)


CP-690,550 80b 800b


1 600 500


10 335 635


11 2010 1400


17 90 440


19 370 580


25 400 610


33 170 600


35 20 30


a SD for TF-1 cellular assay were typically ±25% of the mean or less.
b Mean, n > 10.
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And few analogs showed promising selectivity for JAK3
relative to JAK2 in cellular assays.
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(Kinase-Glo� Reagent) directly to a completed kinase
reaction. This addition results in the generation of a
luminescent signal correlated with the amount of ATP
present and inversely proportional to the amount of
kinase activity.


10. CP-690,550, reported to possess 20:1 selectivity favoring
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ate in response to GM-CSF, IL-3 and IL-4. IL-3 (Human
recombinant Sigma #I 1646) or IL-4 (Human recombi-

nant. Sigma #I 4269) at 1 nM was used to stimulate the
cells. Proliferation of the TF-1 cells was used to measure
the responses through JAK2 (IL-3) or JAK3 (IL-4) and
the inhibition of such response by specific compounds.
Five replicates per compound were seeded at a concen-
tration of 5000 cells/well in a 100 ll volume. Five different
concentrations of experimental compounds (5 replicates
each) were used to determine their EC50. After 4 days of
incubation, cell proliferation was measured during the last
18 h of incubation, using an ELISA (BrdU, chemilumi-
nescence) kit (Roche Diagnostics, Indianapolis, IN). The
relative luminescence units (RLU) were measured using a
Packard Fusion instrument (Perkin Elmer). The RLU
were used to calculate EC50s (Prism4 software).
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Abstract—Non-nucleoside inhibitors of HIV-1 reverse transcriptase are being pursued through synthesis and assaying for anti-viral
activity. Following computational analyses, the focus has been on the motif Het–NH–Ph–U, where Het is an aromatic heterocycle
and U is an unsaturated, hydrophobic group. Previous investigations with Het = 2-thiazoyl and 2-pyrimidinyl are extended here to
triazinyl derivatives. The result is several NNRTIs in the 2–20 nM range with negligible cytotoxicity and auspicious predicted phar-
macological properties.
� 2006 Elsevier Ltd. All rights reserved.
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The AIDS crisis and the need for more effective thera-
peutic agents to combat HIV infection continue.1 In re-
cent papers, results were presented on our initial efforts
to design non-nucleoside inhibitors of HIV reverse
transcriptase (NNRTIs).2,3 In particular, diarylamines
have been pursued in a motif, Het–NH–Ph–U, where
Het is a heterocycle and U is an unsaturated, hydropho-
bic group. Computational analyses featuring free energy
perturbation (FEP) calculations directed us toward
Het = 2-thiazolyl and 2-pyrimidinyl derivatives. The
parent compounds 1 and 2 (X = H, R = H) turned out
to be 10–30 lM inhibitors in an MT-2 cell protection as-
say; modest lead optimization provided the chloro,
methoxy derivative of 2 (X = Cl, R = OMe) as a 10-
nM NNRTI.2,3 Subsequent FEP computations indicat-
ed that triazines 3 should also have promising activity,
and further motivation for their pursuit was provided
by possible avoidance of the cytotoxicity that plagued
some of the more active pyrimidines, particularly with
X = CN.3 Low solubility is also a common issue with
NNRTIs, and the triazines could be expected to show
benefits in that regard.4 Key findings from the resultant
investigations are summarized here.

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Chemistry and biology. Syntheses of the 2-thiazole
and 2-pyrimidine derivatives were described previous-
ly and followed the general route in Scheme 1.3 For
the triazene analogs, dichloro and trichlorotriazine
were used as starting materials. They were typically
added to the preformed dimethylallyl (DMA)-deriva-
tized aminophenol, which was prepared by SnCl2
reduction of the corresponding nitrophenol with sub-
sequent substitution of chlorines on the triazine. The
routes for a di- and a tri-substituted triazine are
shown in Scheme 2. The parent triazine 3 (R = H)
was not easily available owing to instability of chlo-
rotriazine. Monochloro triazines such as 5 (R = Cl)
could also be converted to the amino derivatives in
near quantitative yield by treatment with the amine
in methanol. The thiomethoxy analog of 5 (R = H)
was prepared in 77% yield using NaSMe in THF
rather than NaOMe.


A variety of alternatives for the U group was also tested
in the 2-thiazole series, and ODMA emerged as pre-
ferred for potency.3 Further investigations were made
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Table 1. Anti-HIV-1 activity (EC50) and cytotoxicity (CC50), lM, for


triazene and pyrimidine derivatives


X


Y


N
H


NN


NR'


R


X


Y


N
H


N


NR'


R


7 (X=Cl,  Y=ODMA)
8 (X=CN, Y=ODMA)


  9 (X=Cl,  Y=ODMA)
10 (X=CN, Y=ODMA)
11 (X=Cl, R'=H)


Compound X R R 0 EC50
a CC50


b


7a Cl Cl H NA 45.0


7b Cl OMe H 0.031 18.0


7c Cl NH2 H 0.390 48.0


7d Cl NHMe H 0.031 3.1


7e Cl Me Cl 12.0 40.0


7f Cl OMe Cl NA 26.0


7g Cl OMe Me 0.100 12.0


7h Cl OMe OMe 0.290 20.0


8a CN Cl H 0.310 >100


8b CN OMe H 0.011 42.0


8c CN NH2 H 0.015 0.20


8h CN OMe OMe 0.022 >100


8i CN SMe H 0.005 8.4


8j CN OMe NH2 0.009 0.11


9b Cl OMe H 0.010 9.0


9c Cl NH2 H 0.075 0.50


9d Cl NHMe H 0.006 0.69
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for the 2-pyrimidines. Attachment was normally effected
by base-catalyzed substitution (Scheme 1) or by alcohol
coupling under Mitsunobu conditions (Ph3P, DEAD).3


However, phenyl and tolyl ether analogs, Het–NH–
PhX–OPhR 0, were prepared by coupling (R 0Ph)2I+ salts
and the phenol derivative, while preparation of a thioe-
ther analog utilized PhSCu to yield selectively the de-
sired meta relationship with the amino group in 6
(Scheme 3).5
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Scheme 3.

Activities against the IIIB strain of HIV-1 were deter-
mined using MT-2 human T-cells; the EC50 values are
the dose required to achieve 50% protection of the
infected cells using the MTT colorimetric method. The
CC50 for inhibition of MT-2 cell growth by 50% was ob-
tained simultaneously.6,7


Activities and cytotoxicities. Results are listed in Table 1
for the triazene and pyrimidine derivatives 7–10. Some
general patterns for equivalently substituted systems
are: (1) the triazenes are less active than the pyrimidines
by a factor of 3–5; (2) the cyano analogs (X = CN) are
more active than the chloro analogs (X = Cl) by a factor

9h Cl OMe OMe 0.250 28.0


9i Cl SMe H 0.018 2.8


9j Cl OMe NH2 3.0 19.0


9k Cl OEt H 0.041 19.0


9l Cl CH2OMe H NA >25


9m Cl CH2OH H NA 0.22


9n Cl H H 0.200 2.5


9o Cl Me H 0.039 0.15


9p Cl Et H 0.016 0.33


10b CN OMe H 0.002 0.23


10c CN NH2 H NA 0.041


10d CN NHMe H 0.005 0.022


10h CN OMe OMe 0.160 0.810


10n CN H H 0.017 0.036


Nevirapine 0.110 >10


Efavirenz 0.002 >0.10


TMC125 0.002 >1


a For 50% protection in MT-2 cells; antiviral curves used triplicate


samples at each concentration. NA for EC50 > CC50.
b For 50% inhibition of MT-2 cell growth; toxicity curves also used


triplicate samples.







Figure 1. Typical snapshot of 7b bound to HIV-RT from an MC


simulation. Carbon atoms of 7b are gold; from the left, Tyr181,


Tyr188, Phe227, Leu100, Lys101; Trp229 at the top, Val106 at the


bottom. H-bond with Lys101 O on right. Some residues in front


including Glu138 have been removed for clarity. The water on N5 is


also H-bonded to a carboxylate O of Glu138.
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of 3–10; (3) compounds with a single OMe, SMe, or
NHMe substituent on the heterocycle are particularly
potent, that is, 7–10b, 10d, 10i; (4) the triazenes show lit-
tle cytotoxicity with the exception of the amino, cyano
compounds 8c and 8j; (5) the cyano pyrimidines are
both potent and cytotoxic, though 10b has a safety mar-
gin (CC50/EC50) > 100; and (6) many of the compounds
are highly potent with EC50 values below 20 nM, and
three of the potent triazines (8b, 8h, 8i) also have safety
margins >1000. Understanding of the origins and varia-
tions of the cytotoxicity is lacking. Since it was more
pronounced for the 2-pyrimidines than the 2-thiazoles,
a recognition element associated with the heterocycle
in the present NNRTI series appeared to be operative.
Indeed, this notion is further supported by the favorable
results for the triazenes.


Results are also included in Table 1 for three reference
NNRTIs, nevirapine (Viramune�), efavirenz (Sustiva�),
and TMC125 (etravirine). The present compounds are
considerably more effective against WT HIV-1 than
nevirapine, and the most active ones are in the low
nM-range like efavirenz and TMC125. Of course, phar-
macologically important properties of the NNRTIs are
also relevant,2,3 as discussed further below.


The results for the alternative choices for the U group in
the pyrimidine series are listed in Table 2. As with the
2-thiazoles for which various heteroarylmethoxy options
for U were tried,3 no choice has emerged superior to
ODMA. Removal of the Z-methyl group of ODMA
to yield the E-buten-2-yl ethers, 11a and 11c, reduces
potency ca. 10-fold. However, the structural analyses
below, including Figure 1, suggest that this change could
be advantageous for increased resilience to the Y181C
variant of HIV-RT. The phenyl ethers 11b and 11d are
ca. 100-fold less potent than the DMA ethers, and only
the m-tolyl analog 11f showed somewhat improved per-
formance. Among the aryl ethers, the thioether 11h was
the most potent, though its EC50 is still 32-fold higher
than that for the DMA ether 9b.


Molecular modeling. In the previous study,2 structures
were built for complexes of the 2-thiazoyl and 2-pyri-
midinyl NNRTIs, and they were validated by the good
accord between FEP-computed and observed relative
activities for variation of Het and Y in Het–NH–PhY–
ODMA inhibitors. The heterocycles were unsubstituted

Table 2. Anti-HIV-1 activity (EC50) and cytotoxicity (CC50), lM, for


derivatives of pyrimidine 11a


Compound R Y EC50 CC50


9n H ODMA 0.200 2.5


11a H (E)-OCH2CH@CHCH3 2.3 31.0


11b H OPh 13.0 30.0


9b OMe ODMA 0.010 9.0


11c OMe (E)-OCH2CH@CHCH3 0.089 17.0


11d OMe OPh 2.5 38.0


11e OMe O–o-MePh NA 13.0


11f OMe O–m-MePh 0.540 18.0


11g OMe O–p-MePh 10.0 >100


11h OMe SPh 0.320 21.0


a NA for EC50 > CC50.

in the FEP calculations, so the positioning of a substitu-
ent, for example, whether it would correspond to R or
R 0 in 9 in a complex with RT, was not addressed in de-
tail. In fact, by visualization, energy minimizations, and
even Monte Carlo (MC) simulations in explicit water it
was ambiguous which position would be preferred for
the methoxy group in 9b. MC/FEP calculations were
subsequently performed at 25 �C to address this issue;
they followed standard protocols2,8 including the use
of 178 residues of RT, 1250 (complex) and 2000
(unbound) TIP4P water molecules, the OPLS/CM1A
force field,9 and 14 free-energy windows for each
perturbation.


The preferred orientation of a methyl group was ad-
dressed first. To assist in visualization, Figure 1 can be
consulted. The bound inhibitors adopt a right-handed
helical form. The substituent on the heterocycle can
either be directed ‘in’ toward Tyr181 and Tyr188, as
illustrated for 7b, or ‘out’ toward Lys101. During the
simulations, interconversion between ‘in’ and ‘out’ never
occurred. MC/FEP calculations were performed for
the closed cycle: Me2-9!Mein-9! H2-9!Meout-
9!Me2-9. The hysteresis for the free energies of
binding using this cycle was 0.40 ± 0.25 kcal/mol. Then,
additional MC/FEP calculations were performed to
convert OMe, SMe, and other small substituents to
the methyl analogs, which yielded the relative free ener-
gies of binding in Table 3.


There is a very strong preference, 6–10 kcal/mol, for the
Me, OMe, SMe, and OEt groups to be ‘in.’ They project
into the pocket near Ca and Cb of Tyr181 and Tyr188
(Fig. 1). The pocket cannot accommodate substituents
larger than OEt, and there is some reduction in activity
in going from OMe to OEt. Water is not observed in this
region during the MC simulations. Thus, N3 of the
polyazines does not participate in hydrogen bonding in
the complexes. Also, the pocket is formed for the unsub-
stituted cases, so there is no penalty for further cavity







Table 3. MC/FEP results for relative free energies of binding for


analogs of 9 with HIV-RT


Compound Rin R0out DDGa EC50 (lM)


9n H H 0.0 0.200


Me Me �0.78 ± 0.18


H Me 3.00 ± 0.14


9o Me H �3.23 ± 0.41 0.039


9p Et H �4.18 ± 0.15 0.016


9h OMe OMe 0.50 ± 0.40 0.250


OMe Me 0.06 ± 0.31


9b OMe H �2.41 ± 0.26 0.010


H OMe 4.99 ± 0.28


9k OEt H �1.39 ± 0.31 0.041


H OEt 7.49 ± 0.41


9m H CH2OH 0.05 ± 0.32 >0.220


9i SMe H �2.68 ± 0.29 0.018


H SMe 7.21 ± 0.31


Me NH2 �2.51 ± 0.28


NH2 Me 5.63 ± 0.26


Cl NH2 �1.89 ± 0.26


a DDG in kcal/mol, corrected by RT ln2 (+0.41 kcal/mol) for conformer


loss on binding when R 5 R0.


Table 4. Predicted properties for selected NNRTIs


Compound MWa QPlogPb QPlogSc QPPCaco
d


Nevirapine 266.3 2.5 �3.2 2090


Eefavirenz 315.7 3.5 �5.0 1585


Delavirdine 456.6 2.6 �5.7 218


UC781 335.8 5.1 �5.7 6717


Rilpivirine 366.4 3.3 �6.5 150


TMC125 435.3 2.7 �6.7 75


7b 320.8 4.1 �4.8 2911


7d 319.8 3.7 �4.9 1745


8b 311.3 2.9 �5.1 739


8h 341.4 3.4 �5.5 1153


8i 327.4 3.4 �5.7 797


9b 319.8 4.6 �5.1 4512


9k 333.8 5.1 �5.2 4209


10b 310.4 3.5 �5.4 1062


a Molecular weight.
b Predicted octanol/water logP from QikProp, v 3.0.
c Predicted aqueous solubility from QikProp, v 3.0; S in mol/L.
d Predicted Caco-2 cell permeability in nm/s from QikProp, v 3.0.
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growth to accommodate the small substituents. There is
no serious steric problem for the ‘out’ orientation; its
disfavoring appears more associated with interference
with hydration of the side chains of Glu138, Lys101,
and Lys103. The H-bond donating groups NH2 and
CH2OH do favor being ‘out’ since their H-bonding
needs are not satisfied if they are ‘in;’ in both cases they
donate an H-bond to the COO� of Glu138.


The preferences are expected to carry over to the triazines.
Furthermore, as shown in Figure 1, a water molecule is
found to donate an H-bond to N5. This water is also
donating an H-bond to a carboxylate O of Glu138 and
accepting H-bonds from two water molecules; the one
on the left is also donating an H-bond to the O@C of
Tyr181. Thus, N5 is well accommodated in the complexes,
but it is also well accommodated in the unbound state, so
there is no binding boost over the pyrimidines. Also, the
‘in’ alkoxy oxygen is rarely hydrogen-bonded to a water
molecule in any of the MC runs for bound 7b, 9b, 9h,
and 9k. Finally, it is noted that the trends in the free ener-
gy results correlate well with the observed activities (Table
3). The methyl and ethyl analogs are just predicted to be
somewhat better bound than their activities reflect.


Predicted properties. Some predicted properties from
QikProp for a selection of the current compounds and
other NNRTIs are summarized in Table 4; rms errors
for QikProp predictions are 0.5–0.6 log unit.10 When
QikProp is run on 1700 known oral drugs,11 90%
have MW < 470, QPlogP < 5.0, QPlogS > �5.7, and
QPPCaco > 22 nm/s. Many of the potent compounds
reported here compare favorably with all these limits,
so optimism can be expressed for acceptable oral bio-
availability. Predicted solubilities, in particular, show
significant improvement over rilpivirine and TMC125,
which are in clinical trials.

In conclusion, lead optimization in the Het–NH–Ph–U
motif with Het = 2-pyrimidinyl and triazinyl has led to
the discovery of highly potent NNRTIs with low cyto-
toxicity and auspicious predicted properties. Develop-
ment continues including crystallography and assaying
against mutant HIV strains.
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Abstract—We report the discovery and preliminary SAR studies of a series of structurally novel benzotriazine core based small mol-
ecules as inhibitors of Src kinase. To the best of our knowledge, benzotriazine template based compounds have not been reported as
kinase inhibitors. The 3-(2-(1-pyrrolidinyl)ethoxy)phenyl analogue (43) was identified as one of the most potent inhibitors of Src
kinase.
� 2006 Elsevier Ltd. All rights reserved.

Src is the prototype member of the Src-family of tyro-
sine kinases, which comprises eleven highly homologous
proteins including Src, Yes, Fyn, Lyn, Hck, Blk, Brk,
Fgr, Frk, Srm, and Yrk.1 Src is dysregulated in several
types of cancer and involved in metastases and tumor
progression, particularly those of breast, metastatic
colorectal,2 ovarian,3 and pancreatic cancers.4–6 Src
plays a role in myocardial infarction, osteoporosis,
stroke, and neurodegeneration.7 Under basal condi-
tions, Src is tightly regulated by keeping it in an inactive
conformation. However, different physiological stimuli
lead to up-regulation of Src resulting in adhesion and
cytoskeletal changes, altered gene expression, and in-
creased cell proliferation. Due to the involvement of
Src in several diseases, inhibitors of Src have potential
utility in myocardial infarction,8 aggressive forms of
cancer, osteoporosis, and stroke.9,10 Several Src inhibi-
tors have been reported recently.11–17


As part of our drug discovery efforts, we have identi-
fied and developed novel benzotriazine based com-
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pounds as a new class of Src inhibitors. To the best
of our knowledge, benzotriazine template based com-
pounds have not been reported as kinase inhibitors.
Our screening efforts using recombinant human Src
resulted in the identification of novel core template 1
(Table 1).18 Compound 1 displayed low micromolar
activity against Src (IC50 = 3.6 lM). Computational
studies suggested that compound 1 was binding at
the ATP-pocket and the ring nitrogen at the 2-position
is involved as a hydrogen bond acceptor, while the
3-amino group is involved as a hydrogen bond donor
at the hinge region. Compound 1 binds in the ATP
pocket of Src in a manner similar to that seen with
compound 42 depicted in Figure 1. Both compounds
orient the 7-phenyl ring orthogonal to the benzotri-
azine core,19 positioning this ring deep within the
hydrophobic pocket. The pocket has enough space to
accommodate small substituents on the phenyl moiety.
The 3-amino group is oriented toward the solvent
accessible hydrophobic channel. This latter portion of
the binding pocket displays a greater tolerance towards
various groups in the benzotriazine series as we will
demonstrate. Based on this binding mode, we have
designed, synthesized, and tested several analogues of
7-phenyl-3-amino-1,2,4-benzotriazine by substituting
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Scheme 1. Reagents and conditions: (a) NH2CN, 37% aq HCl, 110 �C,


1.5 h; (b) 30% aq NaOH, 110 �C, 0.5 h, 65% over two steps; (c) 10%


Raney Ni, H2, EtOH, rt, 4 h, 80%; (d) R1B(OH)2, Pd(PPh3)4, K2CO3,


DME/EtOH/H2O (4:1:1), D, 3 h, 80%; (e) R4Br, Pd2(dba)3, xantphos,


Cs2CO3, dioxane, D, 12 h, 70%.


Table 1. Inhibition of Src kinase activity by the 3-aminobenzo-


[1,2,4]triazine analogs with R1 through R4 modifications


N


N
NR1


R3


R2
NHR4


1
2


4
5


7


Compound R1 R2 R3 R4 IC50


(lM)


1 2,6-Cl2 Ph Me H H 3.6


6 Ph H H H >50


7 3-OH Ph H H H 12


8 3,4-Methylenedioxy Ph H H H 12


9 2-Naphthyl H H H 5.2


10 2,6-Me2 Ph H H H 2.2


11 2-Cl Ph Me H H >50


12 2,6-Me2 Ph Me H H 7.4


13 2-Cl-5-OH Ph Me H H 1.5


14 2,6-Me2 Ph H H Ph 1.5


15 2,6-Me2 Ph Me H Ph 0.41


16 2,6-Me2 Ph Me Me Ph 0.13


17 2,4,6-Me3 Ph Me H Ph >50


Figure 1. Compound 42 in the ATP binding pocket of Src kinase.
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different groups both on the left side (5-, 6-, and 7-po-
sitions) and the right side (3-position) of this
compound.


The benzotriazines studied were synthesized as shown in
Scheme 1. Appropriately substituted 3-bromo-2-nitro-
anilines (2) were reacted with cyanamide under acidic
conditions to give intermediate guanidines. These guani-

dines were cyclized with sodium hydroxide to give
1-oxobenzotriazines (3).20,21 N-Oxides (3) were reduced
using Raney nickel to give 3-amino-7-bromobenzotria-
zines (4) in good yield. Various aryl substituted
benzotriazines (5) were prepared by treating 3-amino-
7-bromobenzotriazines (4) with aryl boronic acids under
Suzuki coupling conditions.22 The final compounds
(6–56) were prepared from 5 in good yield by Buch-
wald–Hartwig cross-coupling reactions using palladium
and xantphos.23


Tables 1–3 summarize the structure–activity relation-
ships for the inhibition of Src for a series of analogues
with modifications at R1 through R4. These compounds
were evaluated using recombinant human Src, PTK2 (a
tyrosine kinase substrate), and ATP. The initial SAR ef-
forts were focused on the modifications of the 7-phenyl
group. The removal of a methyl group on the benzotri-
azine resulted in a compound with comparable potency
to 1 (data not shown). However, the removal of a chlo-
rine atom (11) or two chlorine atoms (data not shown)
and removal of the two chlorine atoms and the methyl
group on the core (6) from 1 resulted in complete loss
of potency (Table 1). The ortho substitutions on the
phenyl ring orient this group perpendicular to the plane
of the benzotriazine, facilitating the binding of the moi-
ety deep within the hydrophobic pocket. Our observa-
tions in Src are consistent with the previous findings
that showed 2,6-disubstitutions on analogous phenyl
rings play a key role in enhancing the binding within
the hydrophobic pocket of Src24 and Lck.25,26 The intro-
duction of a 3-hydroxyl group (7) or 3,4-methylenedioxy
group (8) on the 7-phenyl ring did not improve the
potency when compared to 1. 2,6-Dimethylphenyl
substituted compounds without a methyl group at the
5-position (10) or with a 5-methyl group (12) resulted
in compounds with comparable potency to 1. The intro-
duction of a third methyl group on the 7-phenyl group
resulted in compound 17 with loss of potency. These
findings are consistent with the homology model that
shows tolerances in hydrophobic pocket are restricted
to small, specifically positioned groups.


A phenyl substitution on the 3-amino group of 10 and
12 resulted in compounds 14 and 15 with improved
potency. Compound 15 was approximately 10-fold
more potent than 1. Methyl groups both at the 5- and







Table 3. Inhibition of Src kinase activity by the 3-aminobenzo-[1,2,4]


triazine analogs with R40 modifications


N


N
N


N
H


R4'


3


4


Compound R40 IC50


(lM)


35 4-(2-Diethyl amino) ethoxy 0.010


36 3-(2-Diethyl amino) ethoxy 0.010


37 4-(4-(2-Ethoxy) morpholino) 0.032


38 4-(1-(2-Ethoxy)-4-methylpiperazino) 0.021


39 4-(1-(2-Propoxy)-4-methylpiperazino) 0.036


40 3-(1-(2-Ethoxy)-4-methylpiperazino) 0.041


41 3-(1-(2-Propoxy)-4-methylpiperazino) 0.040


42 4-(2-(1-Pyrrolidinyl) ethoxy) 0.007


43 3-(2-(1-Pyrrolidinyl) ethoxy) 0.006


44 4-(2-Pyrrolidin-1-yl-ethyl)-sulfonamido 0.009


45 3-(2-Pyrrolidin-1-yl-ethyl)-sulfonamido 0.026


46 4-(N,N-Dimethylamino)ethylcarboxamido 0.008


47 N-(2-Pyrrolidin-1-yl-ethyl)-benzamido 0.018


48 3-(4-Methyl-piperazine-1-sulfonyl) 0.320


49 4-(4-Methyl-piperazine-1-sulfonyl) 0.137


50 3-(Piperazine-1-sulfonyl) 0.480


51 4-(Piperazine-1-sulfonyl) 0.128


52 Piperazin-1-yl-methanone 0.013


53 4-Methylpiperazin-1-yl-methanone 0.019


54 3-(N,N-Dimethylaminoethyl)sulfonamido 0.041


55 3-(N,N-Dimethylaminopropyl)sulfonamido 0.029


56 4-(N,N-Dimethylaminoethyl)sulfonamido 0.015


Table 2. Inhibition of Src kinase activity by the 3-aminobenzo-


[1,2,4]triazine analogs with R4 modifications


N


N
N


NHR4


Compound R4 IC50 (lM)


18 8-Quinolinyl >50


19 4-nBuPh >50


20 3-ClPh 0.13


21 4-N(Me)2Ph 0.24


22 2-MeOPh >50


23 4-MeOPh 0.14


24 4-EtOPh 0.11


25 3-Me Ph 0.18


26 2,3-Me2Ph >50


27 2,4-Me2Ph >50


28 2,5-Me2Ph >50


29 3,4-Me2Ph 0.96


30 3-SO2NH2Ph 0.14


31 2-Pyridyl >50


32 4-Pyridyl 0.04


33 COMe >50


34 COPh 1.8
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6-positions of the benzotriazine ring help to improve the
potency (16). The role of the methyl group on the core is
not readily apparent since it does not seem to be in-
volved in any obvious binding interactions. Potentially

the 5-methyl group more effectively enhances filling
hydrophobic space, or facilitates more optimal hinge
binding interactions by eliminating alternative binding
modes, or tilts the terminal phenyl ring for proper en-
trance into the hydrophobic pocket thus enhancing
potency.


The SAR studies on the left side of the molecule resulted
in the identification of the 2,6-dimethylphenyl group at
the 7-position and a methyl group at the 5-or 6-position
on the benzotriazine ring as preferred for the potency.
While keeping the above groups constant, we explored
several different groups on the 3-amino moiety (R4 in
Table 2). While a phenyl group on the 3-amino group
(15) is beneficial, a quinolinyl group on the 3-amino
(18) results in loss of potency. The 2-methoxyphenyl
(22) substitution results in a loss of potency. The
4-methoxyphenyl substituted compound (23) and 4-eth-
oxy substituted compound (24) result in compounds
with potency comparable to 15, both 10-fold better than
1. Modeling studies suggested that the groups at the 2-
position in the above compounds might create steric
clashes that are also reflected in data from compounds
22 and 26–28. While the substitution of a 2-pyridyl
group (31) results in a complete loss of potency, 4-pyr-
idyl group substitution results in a compound (32) with
10-fold improvement in potency over 15. The substitu-
tion of an acyl group (33) results in severe loss of poten-
cy, while a benzoyl group (34) on the 3-amino moiety
results only in a 4-fold loss in potency. In the pyri-
do[2,3-d]pyrimidin-7(8H)-ones series,27 a large number
of aliphatic and aromatic amino groups on the right side
are tolerated and show low nM potency. However, in
the benzotriazine series, we have discovered that the aro-
matic group proximal to the 3-amino position is essen-
tial for activity. Additionally either 3- or 4-substitution
on the 3-amino N-phenyl group is preferred for potency
thus showing the benzotriazine series displays unique
characteristics that differ significantly from the other
structurally related series in its tolerance toward 3-ami-
no substituents.


Modeling studies indicated that the substitution of large
groups either at the 3- or 4-position of the phenyl ring
would be tolerated since these groups are extended into
a solvent accessible area. We introduced several water-
soluble groups at both the 4- and 3-positions to improve
the aqueous solubility of these compounds. Further
modeling suggested that a positively charged ionizable
group in the solvent accessible area might potentially
interact favorably with Asp-348 and improve the poten-
cy. Several compounds were prepared to address both
the solubility and the interaction of such analogues with
the aspartic acid. The introduction of the 2-(diethylami-
no)ethoxyphenyl group at the 4-position (35) resulted in
a compound with improved potency (IC50 = 0.01 lM).
When the 2-(diethylamino)ethoxyphenyl group was
moved to the 3-position as in compound 36, the potency
did not change. Both of these compounds (35 and 36)
were 40-fold more potent than 15 suggesting the impor-
tance of the Asp-348 interaction. We observed a similar
trend with the 1-(2-ethoxy)-4-methylpiperazino group at
the 3-position (40) and at the 4-position (38) on the







Table 4. In vitro evaluation of 42 in different kinases


Kinase IC50 lM Kinase IC50 lM


Src 0.006 VEGFr2 0.555


Yes 0.001 Raf1-MEK1 0.069


Lck 0.013 Abl 0.020


Lyn 0.021 Abl (T315I) 5.99


Fyn 0.023 EphB4 0.064


Blk 1.32 Raf1 0.068


EGFr 0.965 PDGFrb 0.006


FGFr1 0.96 CSK 0.659


Tie2 0.678 p70S6K 2.71
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3-aminophenyl ring. Similarly, the 2-(1-pyrrolidinyl)eth-
oxy group at the 3-position (43) and at the 4-position
(42) results in compounds with 60-fold improvement in
potency compared to the corresponding phenyl ana-
logue (15). Conformationally, restricted analogues
(48–51) showed weaker potency over the more flexible
analogues (44, 45, and 54–56). Earlier studies in the pyri-
dopyrimidinone series have shown that the water-solu-
ble group on the core does not play a significant role
in improving the potency.27 However, we have shown
in this benzotriazine series that a water-soluble group
plays a significant role in improving the potency of the
molecules.


The binding of 42 at the ATP pocket of Src kinase and
the key amino acid interactions with 42 are shown in
Figure 1. The 2,6-dimethyl phenyl group is positioned
deep inside the hydrophobic pocket. The ring nitrogen
at the 2-position is involved as a hydrogen bond accep-
tor with the NH of Met-341, while the 3-amino group is
involved as a hydrogen bond donor with the carbonyl of
Met-341 at the hinge region of the ATP binding pocket.
The pyrrolidine nitrogen interacts with Asp-348. We
have examined compound 42 for kinase selectivity
(Table 4). Compound 42 is equipotent against other
Src family members (Yes, Lck, Lyn, Fyn, and Blk),
PDGFrb and EphB4 receptor tyrosine kinases but has
greatly reduced activity against VEGFr2, EGFr, and
FGFr1. This benzotriazine series has significantly differ-
ent selectivity than the structurally similar Src focused
pyridopyrimidinone series,27 which has pronounced
activity against FGFr1 and reduced activity versus
PDGFrb.


In summary, we have developed a novel benzotriazine
series as potent Src inhibitors. We have identified
the key structural requirements for improving the
activity in this series, whose SAR is distinct from that
of other structurally analogous Src-inhibitors. Future
studies will focus on further lead optimization of
this series, pharmacokinetic properties, and in vivo
pharmacology.
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Abstract—A new immobilization chemistry for covalent attachment of phosphorylated oligonucleotides on epoxy-activated glass
surface via opening of oxirane ring is described. The proposed strategy results in excellent immobilization efficiency, spot homoge-
neity, and morphology. The constructed microarray was successfully demonstrated for discrimination of nucleotide mismatches.
� 2006 Elsevier Ltd. All rights reserved.

During the last decade, the DNA-microarray technolo-
gy has emerged as a powerful tool for gene discovery,
detection of mutations, and mapping.1,2 Two major
strategies for the preparation of oligonucleotide micro-
arrays have been developed. The first one is based on
in situ synthesis (on-chip synthesis)3 and the second
one involves the immobilization of pre-synthesized
DNA on the selected substrate.4,5 The on-chip synthesis
method represents the most efficient way of preparing
high-density arrays, but it lacks in flexibility and re-
quires expensive robotic instruments. The second meth-
od, that is, immobilization procedure, allows the
immobilization of base modified oligonucleotides as well
as other biomolecules after purification, on a surface of
choice, thus offering flexibility in terms of ligands and
surfaces used. Altogether these features make the depo-
sition or immobilization method attractive to research
laboratories dealing with low- to medium-density micro-
arrays. Besides the chemistry involved in fixing biomol-
ecules on polymer surface, the polymer matrix plays an
important role in influencing the quality of constructed
microarray. Glass has been the most preferred surface
owing to its inherent advantages like low intrinsic fluo-
rescence and superior optical characteristics required
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for fluorescent scanning. Since oligonucleotides bind
poorly to glass, surface derivatization is often required.


Nowadays, a myriad of methods for covalent as well as
non-covalent attachment of oligonucleotides on glass
surface has been reported.6–16 The simplest of them
being the immobilization of probes via electrostatic
adsorption on charged priming layer like aminopropyl
or polylysine coated glass slides,6 but unfortunately, it
results in poor hybridization efficiency. Other attach-
ment methods involve the generation of active function-
al groups on the surface, which, in turn, react covalently
with the specific groups available on probe molecules.
For example, 5 0-amino modified oligonucleotides have
been anchored on aldehyde-functionalized or epoxide-
activated glass surface7–9 and 5 0-thiol modified probes
are immobilized on glass modified with thiol groups
via disulfide bond formation.10 Heterobifunctional re-
agents have also been employed to realize immobiliza-
tion of thiol or amino modified oligonucleotides on
virgin and modified glass slides using NTMTA and
NTPAC reagents,11–13 already reported from authors’
laboratory. In line with the use of covalent linkage
formed between organic moieties, ‘organic–inorganic’
interactions have also been utilized to realize immobili-
zation of oligonucleotides, attachment of thiol modified
probes to metallic gold via sulfur–gold linkage14,15 and
phosphorylated oligonucleotides on zirconylated-
surface.16


Looking to the limitations of the existing methods
with respect to stability of immobilized probes, time-
consuming reaction for effective immobilization, low
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to moderate hybridization efficiency necessitates the
need to develop alternative approaches for construc-
tion of oligonucleotide arrays that fulfill the changing
requirements. For a new system to replace the existing
methods to fulfill the changing requirements, methods
have to be well characterized in relation to chemical
and thermal stability, functional availability of probes
for hybridization, and reproducibility of attachment
chemistry. Keeping these points in mind, we report a
simple, facile, and efficient method to synthesize oligo-
nucleotide microarrays employing immobilization of
3 0- or 5 0-phosphorylated oligonucleotides on to
epoxy-functionalized glass slides (Scheme 1). The high-
lighting feature of our strategy is that it does not in-
volve the use of coupling reagents and other chemical
manipulations to realize immobilization of phosphory-
lated oligomer on epoxylated-surface. The proposed
strategy results in uniform spot morphology and excel-
lent hybridization efficiency (defined as percent of
covalently attached oligonucleotides that participated
in duplex formation). The applicability of the new
immobilization chemistry has further been demonstrat-
ed by utilizing it for discrimination of nucleotide
mismatches.


To analyze the performance of the new approach for
constructing arrays, epoxide function was generated on
glass surface by silanization with commercially available
3-glycidyloxypropyltrimethoxy silane following pub-
lished protocol.17 Oligonucleotides and their modified
analogs, viz., (I) = TET-d (TTT TTT TTT TTT TTT
TTT TT)-OPO3


2�, (II) = TET-d (TTT TTT TTT TTT
TTT TTT TT), (III) = d (ACC GTA ACA GAA TTT
AGA AC)-OPO3


2�, (IV) = d (ACC GTA ACA GAA
TTT AGA AG)-OPO3


2�, (V) = d (ACC GTA ACA
GAA TTT AGC AG)-OPO3


2�, (VI) = d (TTT TTT
TTT TTT TTT TTT TT)-OPO3


2�, (VII) = O3
2� PO-


(CH2)6-O-d (ACC GTA ACA GAA TTT AGA AC),
(VIII) = NH2-(CH2)6-O-d (ACC GTA ACA GAA
TTT AGA AC), and (IX) = TET-d (GTT CTA AAT
TCT GTT ACG GT), were synthesized at 0.2 lmol scale
on a Pharmacia Gene Assembler Plus using the standard
phosphoramidite approach following the manufactur-
er’s protocol (Gene Assembler Plus Manual, Uppsala,
Sweden, 1988).

Oligomer OPO3
2-


Si


PROPOSED METHOD


Si O O3


OH


~ 2 h at 45 oC


P


O


O-
O-oligomer


I


Scheme 1. Covalent attachment of modified oligonucleotides on epoxyl


(II) = aminoalkylated oligonucleotides.

To evaluate the quality of epoxy-functionalized glass
surface, 5 0-labeled-3 0-phosphorylated probe (I) was dis-
solved in a reaction buffer [N-methylimidazole (0.1 M)
containing 10% dimethylsulfoxide (DMSO) (v/v), pH
10.0] and spotted manually at 20 lM concentration in
10 replica. The spotted slide was kept in a humid cham-
ber at 45 �C for overnight, subjected to washings with 1·
SSC buffer, pH 7.0 (4 · 50 ml), and Milli Q water
(2 · 50 ml) each for 20 min followed by drying under
vacuum. Subsequently, the microslide was visualized un-
der a laser scanner (Scan Array Lite Scanner, GSI
Lumonics, USA) fitted with a Cy3 optical filter at
30 lm resolution. The fluorescence of the spots on the
slide was quantified using Quant Array software (Pack-
ard Bioscience, USA). The net intensity (after subtrac-
tion of the background noise) of the spots was found
to be in the range of �54.5–58.2 AU, implying a uni-
form concentration of epoxy groups present throughout
the glass slide. In order to determine the immobilization
and hybridization efficiencies, a calibration curve was
constructed using a labeled oligomer as reported in the
literature.18 Briefly, an oligomer sequence, (I), was seri-
ally diluted in the reaction buffer to various concentra-
tions viz., 1.0, 0.8, 0.4, 0.2, 0.1, 0.05, and 0.025 lM,
and spotted on a virgin glass microslide. After drying,
the slide was scanned under a laser scanner and the spots
were quantified, a standard calibration curve was drawn
by plotting fluorescence intensity (AU) versus concen-
tration (lM), which was then used to quantify all the
microarrays prepared following the present method
(See Fig. 1, supporting information).


In order to determine the optimal time and temperature
required for immobilization of phosphorylated oligonu-
cleotide, briefly, oligomer (I) was diluted in reaction
buffer to 20 lM concentration and spotted onto
epoxy-functionalized glass microslides in quadruplicate
and subjected to thermal condition at 35 �C. Slides were
withdrawn at regular time intervals (120, 240, 360, 480,
and 1200 min) and subjected to washings as described
above. After drying under vacuum, the spots were visu-
alized under a laser scanner and quantified. Similarly,
immobilization reaction was also allowed to proceed
at different temperatures viz., 45, 55, and 65 �C. The re-
sults (Fig. 1) indicate that the reaction between phos-

O
O


Si O NH Oligomer


Oligomer NH2


EPOXIDE-AMINE METHOD


3


OH


~ 6 h at 45 oCII


ated glass surface using (I) = phosphorylated oligonucleotides and
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Figure 1. Graph representing time kinetics to determine optimal time


required to immobilize phosphate ligands onto epoxy-functionalized


glass microslides at different temperatures: (�) 35 �C; (h) 45 �C; (n)


55 �C; (·) 65 �C.
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phate and epoxy groups completes in �120 min at 45
and 55 �C, whereas it takes �240 min at 35 �C. The
immobilization reaction completes in �120 min at
65 �C but the value of net fluorescence intensity slightly
decreases, this may be due to the partial deactivation of
epoxy functionalities of the surface at higher tempera-
ture under basic condition. Therefore, the immobiliza-
tion reaction was performed at 45 �C for �120 min in
rest of the experiments.


To optimize the probe concentration required for visual-
ization of fluorescent oligonucleotide under a laser scan-
ner, 5 0-labeled-3 0-phosphorylated probe (I) was
dissolved in a reaction buffer and spotted manually in
different concentrations on an epoxylated glass slide.
The spotted slide was kept in a humid chamber at
45 �C for �120 min, followed by capping of residual
epoxy functionalities with a capping buffer (0.1 M Tris
containing 50 mM ethanolamine, pH 9.0) for 15 min at
50 �C. The slide was then subjected to washings with
1· SSC buffer (4 · 50 ml), pH 7.0, and Milli Q water
(2 · 50 ml) for 20 min each, dried under vacuum, and
scanned under a laser scanner. Figure 2 shows a repre-
sentative scanned image which clearly indicates that
the detection limit for probe concentration before spot-
ting can be reduced from 20 to 0.20 lM with 20mer oli-
gonucleotides. Comparison of the fluorescence intensity
of the spots confirms that the attachment density
increases with increasing the concentration of the probe,
reaching a plateau with probe concentration of 20 lM.

Figure 2. Fluorescence map of epoxylated glass surface spotted with


TET-d (TTT TTT TTT TTT TTT TTT TT)-OPO3
2� (I) in a


concentration-dependent manner in duplicate. Slide was scanned at


75% of laser power and 70% of photomultiplier gain. The fluorescence


intensities in color image of the slide are color coded, varying from


blue to green, yellow, and then white (saturation).

The extent of binding of oligomer through terminal
phosphate with the epoxylated-surface was evaluated
by realizing the immobilization of a labeled probe con-
taining 3 0-phosphate and the same sequence without
phosphate function on functionalized glass surface.
Figure 3 clearly depicts the greater reactivity of terminal
phosphate over the phosphodiester groups, as the net
fluorescence intensity measured in case of phosphate-
terminated-labeled probe was �8.0-fold higher than
non-phosphorylated one.


The accessibility and specificity of the surface-bound
probe for hybridization have been the major concern
while preparing the oligonucleotide microarrays. To
ascertain the effect of placement of phosphate function
at either of the two termini (3 0 or 5 0) in the probe on
hybridization efficiency, an experiment was conducted
by immobilization of 3 0- and 5 0-phosphorylated oligonu-
cleotides (5 lM), followed by performing the hybridiza-
tion assay with target (complementary oligonucleotide,
40 lM). The results revealed (see Fig. 2, supporting
information) that there was not a significant change in
the hybridization efficiency, therefore, in rest of the
experiments, 3 0-phosphorylated oligomers were em-
ployed as these can be synthesized economically using
a universal support (aminoalkylated-CPG).


The specificity of the system is demonstrated by immo-
bilizing four oligonucleotides, viz., (III), (IV), (V), and
(VI) having zero, single, and double mismatches, and
non-complementary on an epoxy-functionalized glass
microslide each at 5 lM concentration. After treatment
with capping buffer, the microslide was subjected to
hybridization assay with a labeled oligomer (40 lM),
(IX) (complementary to zero mismatch sequence). The
microslide, after usual washings and drying, was subject-
ed to laser scanning. Figure 4a shows the results of the
hybridization experiment, the perfectly matched duplex
gave the maximum intensity (lane 1), while spots having
one (lane 2) and two (lane 3) base mismatches showed
fluorescence intensity in decreasing order. No measur-
able non-specific hybridization signal from the non-
complementary control (lane 4) was detected. The
quantitative result of the scanned image is depicted in
Figure 4b.


The microarray prepared following the present immobi-
lization chemistry was compared with the standard
method, viz., epoxide-amine.8 For comparison purpos-
es, an equal concentration of the appropriate oligonu-
cleotide (each at 10 lM), (VII) and (VIII), dissolved in
the corresponding reaction buffer, N-methylimidazole
(0.1 M) containing 10% dimethylsulfoxide (DMSO) (v/
v), pH 10.0, and sodium phosphate (150 mM), pH 8.5,
was used for immobilization. However, different reac-
tion time as obtained by immobilization kinetics viz.,
�120 min for phosphorylated oligomer and �360 min
for amine modified probe (see Fig. 3, supporting infor-
mation) was employed. After performing hybridization
assay with target molecule (IX, 40 lM), the microslides
were visualized followed by quantification of spots. Fig-
ure 5a and b show scanned images of both the methods,
while Figure 5c depicts the quantitative data in the form
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Figure 4. (a) Fluorescence map showing detection of mismatches and specificity of immobilization on hybridization with complementary labeled


target, viz., TET-d (GTT CTA AAT TCT GTT ACG GT) (complementary to zero mismatch). Lane 1, d (ACC GTA ACA GAA TTT AGA AC)-


OPO3
2�; lane 2, d (ACC GTA ACA GAA TTT AGA AG)-OPO3


2�; lane 3, d (ACC GTA ACA GAA TTT AGC AG)-OPO3
2�; lane 4, d (TTT TTT


TTT TTT TTT TTT TT)-OPO3
2�, slide was scanned at 70% of laser power and 65% of photomultiplier gain, (b) quantitative data of hybridization


experiment observed with perfect, single, and double mismatch in probe after hybridization with target (complementary to zero mismatch).
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Figure 5. Fluorescence map after performing hybridization assay with labeled oligomer (IX), of epoxylated glass slide spotted with, (a) 2�O3PO-


(CH2)6-O-d (ACC GTA ACA GAA TTT AGA AC); (b)NH2-(CH2)6-O-d (ACC GTA ACA GAA TTT AGA AC), slides were scanned at 75% of


laser power and 70% of photomultiplier gain; (c) a histogram showing comparison of the present strategy (I) with epoxide-amine (II) immobilization


chemistry.
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Figure 3. (a) Fluorescence map of epoxy-glass slide spotted with modified (I) (lane 1) and unmodified oligomer (II) (lane 2), each one spotted at


2.5 lM, slide was scanned at 75% of laser power and 70% of photomultiplier gain, (b) comparison of fluorescence intensity obtained by spotting,


modified (I), (A), and unmodified oligomer (II), (B) on epoxylated glass slide each at 2.5 lM probe concentration.


S. Mahajan et al. / Bioorg. Med. Chem. Lett. 16 (2006) 5654–5658 5657

of a histogram. It is clearly evident from these results
that the present strategy is superior in terms of hybrid-
ization efficiency (�36.5%) as well as immobilization
time (�120 min) relative to epoxide-amine approach
(�9.86%, �360 min).


In conclusion, we have demonstrated a new, efficient,
and facile method for fabrication of oligonucleotide ar-
rays. The technique relies on modification of oligonu-
cleotide at the terminus with a free phosphate group,
followed by reaction with epoxy-activated surface. The
utility of the method is demonstrated by probing the

performance and reproducibility of the constructed
microarrays. The proposed strategy results in excellent
immobilization as well as hybridization efficiencies.
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Abstract—A series of PPARd-selective agonists was investigated and optimized for a favorable in vivo pharmacokinetic profile.
Isoxazole LCI765 (17d) was found to be a potent and selective PPARd agonist with good in vivo PK properties in mouse
(Cmax = 5.1 lM, t1/2 = 3.1 h). LCI765 regulated expression of genes involved in energy homeostasis in relevant tissues when dosed
orally in C57BL6 mice. A co-crystal structure of compound LCI765 and the LBD of PPARd is discussed.
� 2006 Elsevier Ltd. All rights reserved.

The peroxisome proliferator-activated receptors are
ligand-activated transcription factors belonging to the
nuclear hormone superfamily.1,2 In recent years, the
three distinct subtypes (PPARa, PPARc, and PPARd)
have received great attention in both academic and
pharmaceutical research due to their involvement in glu-
cose and lipid homeostasis.3–7


In light of the success of the hypolipidemic fibrates and
the TZD class of insulin sensitizers acting through acti-
vation of PPARa1 and PPARc,8 respectively, pharma-
ceutical companies have focused efforts mostly on
developing more potent and selective agonists on these
two PPAR subtypes. More recent reports have raised
the awareness for the third subtype, PPARd, suggesting
a likewise important role in energy homeostasis.9,10 The
synthetic PPARd ligands used in these studies show
significant cross-reactivity to other PPAR subtypes,
which underscores the need for tool compounds with
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an improved PPARd selectivity profile in order to distin-
guish the PPARd-driven effects from those derived from
activation of either PPARc or/and PPARa subtypes.


We have recently described the identification of an isox-
azole scaffold HTS hit and its optimization to the lead
compound 1 (Fig. 1) with exceptional selectivity for
PPARd.11 Unfortunately, all analogs in the series up
to this point had shown rather poor bioavailability in
mouse. Further optimization was necessary to solve
the issue. Since neither replacement of the amide func-
tionality in position 4 nor any change of substituent in
position 5 led to an improvement in bioavailability, we
focused our efforts on changing the core heterocycle
and the head group substituent bearing the carboxylate
in position 3.


Switching the nitrogen and oxygen of the isoxazole gave
an ‘inverted’ isoxazole 2 with similar activities, but also
similarly poor in vivo properties when compared to
compound 1. Changes from isoxazoles to any other het-
erocycles such as pyrazoles 3 and 4, imidazoles 5, and
triazoles 6 were not tolerated and resulted in inactive
analogs (Fig. 1).12
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Figure 1. Changing the isoxazole core heterocycle led to loss of activity


in all compounds except compound 2.
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Next, we directed our attention toward position 3 of the
isoxazole. Most PPAR agonists connect the functional
head group to the lipophilic tail group via a flexible link-
er. In our case, inserting a flexible linker between the
head group and isoxazole core was accomplished by
reacting 3-methyl-5-phenyl-isoxazole-4-carbonyl chlo-
ride 7 with tert-butanol (Scheme 1). The methyl group
was brominated using NBS to give isoxazole 8, followed
by ether formation with the appropriate phenol or thi-
ophenol 9. Removal of the tert-butyl protecting group,
activation of the acid with thionyl chloride, and amide
formation with the amine 10 gave an intermediate ester,
which was saponified to the final products 11. Insertion
of a flexible linker obliterated activity in all cases, which
is exemplified in Table 1 by compound 11a.


Since a direct single bond between head group phenyl
and isoxazole is required for PPAR activation, we

7


ON


O
Cl


a), b)
ON


O
OtBu


Br


MeO2C


R


8
X = O
Y = C
R = H


Scheme 1. Reagents and conditions: (a) t-BuOH, pyridine, DCM, rt, 12 h (70


(d) TFA/DCM 1:5, rt, 7 h (>90%); (e) SOCl2, benzene, 80 �C, 2 h (80–90%); (f


12 h (95%).

investigated changes in the head group phenyl substit-
uents and/or their substitution patterns. Starting from
the appropriate hydroxy-phenylacetic acids, hydroxy-
phenylpropionic acids or hydroxy-phenoxyacetic acids
12 the carboxylate functionality was esterified, then
the hydroxyl was triflated and converted to the cya-
nides 13 using zinc (II) cyanide (Scheme 2). Alterna-
tively, when aromatic halides were available as
starting materials instead of phenols, the triflation step
could be omitted. Raney-nickel alloy reduction in for-
mic acid, oxime formation, and chlorination gave the
reactive chloroxime intermediates 14. The cyclization
partners 16 were synthesized by microwave-assisted
amide formation from the corresponding b-ketoesters
15 with amine 10, followed by deprotonation using
potassium bis(trimethylsilyl)amide. The cyclization of
intermediates 14 and 16 proceeded regioselectively un-
der mild conditions, and saponification with lithium
hydroxide gave the free carboxylates 17 in overall fair
to good yields.


Table 1 shows a list of selected analogs and their in vitro
activities in PPAR transactivation assays. All analogs
presented were metabolically stable after incubation
with mouse, rat, and human liver microsomes, and be-
haved similarly in a standard kinetic solubility assay.
Based on an acceptable in vitro activity profile (EC50-
(PPARd) < 100 nM), selected compounds were dosed
in C57BL6 mice for an assessment of their in vivo phar-
macokinetic properties. The mice were dosed po at
20 mpk in a 0.5% CMC suspension. The maximal con-
centration (Cmax) and half-life (t1/2) were calculated
from a 24 h time course study.


All analogs disclosed in the first publication11 were rap-
idly cleared when dosed iv, regardless of the nature of
the substituents in positions 4 and 5 of the isoxazoles.
This was also reflected in their low Cmax (<0.3 lM)
and short half-lives (<0.5 h) when dosed po, exemplified
by compound 1 in Table 1. Notably, these compounds
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Table 1. In vitro transactivation and in vivo pharmacokinetic properties of selected examples


O
N


R2


O


H
N


O


Cl Cl


R1


Compound R1 R2 Cell-based transactivationa In vivo PK (mouse)


20 mpk po


huPP ARa
EC50 (lM)


huPP ARc
EC50 (lM)


huPP ARd
EC50 (lM)a/% eff


Cmax (lM) t1/2 (h)


1 CO2H
Cl


>10 >10 0.08/66% <0.3 <0.5


11a
O


CO2H
Cl


>10 >10 >10


17a
CO2H


>10 >10 0.72/42%


17b
CO2H


>10 >10 >10


17c
O CO2H


>10 >10 0.20/60% <0.3 <0.5


17d CO2H >10 >10 0.07/83% 5.1 3.1


17e
CO2H


>10 >10 0.97/38%


17f CO2H


MeO


>10 >10 0.56/70%


17g CO2H >10 >10 1.07/52%


17h CO2H


O
>10 >10 0.09/65% <0.3 <0.5


17i CO2H >10 >10 0.05/76% 1.9 1.5


17j CO2H


Cl


>10 >10 0.06/83% 5.6 1.1


a Concentration of test compound that produced 50% of the maximal reporter activity (100% control: GW501516); all data within ±25%.
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shared a para substituted 3-chloro-phenylacetic acid in
position 3 of the isoxazole (R1).


Removing the chloride (compound 17a) led to an
approximately 10-fold reduction in activity. Switching
from phenylacetic acids to benzoic acid analogs obliter-
ated activity, regardless of the carboxylate being in
ortho, meta or para (compound 17b) position. On the
other hand, extending the carboxylate substituent to
phenyl propionic acids or phenoxyacetic acids (exempli-
fied by compound 17c) retained activity, but did not lead
to an improvement of the in vivo PK profile.

A breakthrough was achieved when the para substitution
pattern of the phenylacetic acid (compound 17a) was
changed to meta (compound 17d, LCI765). Compound
LCI765 not only displayed good in vitro activity and
selectivity for the PPARd subtype, but also showed a tre-
mendous improvement in its in vivo PK profile (Cmax =
5.1 lM, t1/2 = 3.1 h). LCI765 was tested in vivo in an acute
dosing study in C57BL6 mice.13 Similar to the PPARd-se-
lective ligand GW501516,14–16 LCI765 regulated expres-
sion of genes involved in glucose and lipid metabolism
(PDK4 and ApoAIV), and energy uncoupling (UCP3)
in skeletal muscle and intestinal tissues (Fig. 2).







Figure 3. Superposition of co-crystal structures of the PPARd LBD


with LCI765 (blue) and GW2433 (yellow). The image was generated


using Maestro GUI (Schrodinger, Inc.).
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Figure 2. Acute dosing-induced gene assay of LCI765. Tissues were


harvested from C57BL/6 mice dosed for 3 days with vehicle,


GW501516 or LCI765. The expression of various genes was analyzed


by real-time PCR analysis. Fold induction is reported relative to


vehicle control. *p value < 0.03, **p value < 0.01.
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Extension of the carboxylate substituent (compound
17e) or additional substituents (cf. compound 17f) did
not lead to improved in vitro activities. Changes of the
amide substituent in position 4 of the isoxazole core
were not well tolerated, following the trend of narrow
SAR described in the earlier communication.11 In gener-
al, alkyl substituents in position 5 (R2) (e.g., compound
17g) had deleterious effects on PPARd in vitro activity.
Small heterocycles as in compound 17h were tolerated,
but lacked favorable PK. The only other active and bio-
available compounds in addition to the plain phenyl
substituted analog LCI765 displayed an ortho substitut-
ed phenyl ring as in compounds 17i and 17j.


LCI765 was co-crystallized with the ligand binding do-
main (LBD) of PPARd (Fig. 3).17 The root mean square

deviation of backbone atoms between residues in the
LBD (29 residues) of our crystal structure and the equiv-
alent residues in the co-crystal structure of PPARd/
GW2433 (pdb code 1GWX18) is �0.7 Å, indicating a
very similar overall conformation. The orientation of
head group and tailgroup is in accordance with the
docking results of the original HTS hit used in the de-
sign of the isoxazole series.11 However, the model would
fail to predict the tolerance of large substituents in posi-
tion 5 of the isoxazole. The most prominent conforma-
tional change from the PPARd/GW2433 structure used
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in the docking study to the co-crystal structure with
LCI765 is observed for the dihedral angle chi-1 of
Leu330, whose value is different by �100�.19 This move-
ment is necessary in order to enlarge a cavity lined by
residues Phe327, Leu330, Val334, Leu339, Ile364, and
Lys367, so that it can accommodate the phenyl ring in
position 5 of the isoxazole. The corresponding cavity
does not exist in PPARa and PPARc where both iso-
forms have the bigger Met residues in place of Val334
and Ile364, respectively. This might explain the observed
PPARd selectivity of 3,4,5-trisubstituted isoxazoles.


In summary, PPARd-selective isoxazoles 17d, 17i, and
17j exhibiting greatly improved mouse in vivo pharma-
cokinetic properties were identified, while the in vitro
activity and selectivity of the three isoxazoles was main-
tained or improved compared to compound 1. This was
achieved by optimization of the head group in position 3
of the isoxazole core of compound 1. Compound
LCI765 (17d) regulates expression of genes involved in
energy homeostasis in relevant tissues when dosed orally
in C57BL6 mice. Additionally, a co-crystal structure of
compound LCI765 with the PPARd ligand binding do-
main revealed the formation and occupancy of a new
hydrophobic cavity. This cavity may be formed exclu-
sively in the PPARd isoform due to the smaller amino
acid side chains lining the pocket as compared to the
other isoforms. Compound LCI765 represents the first
example to occupy this side pocket and underlines the
flexibility of the PPAR ligand binding domain to accom-
modate various diet-derived lipids and their metabolites.
LCI765 should be a useful tool compound to elucidate
the pharmacological consequences of selective PPARd
activation.
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Abstract—Two series of novel thienopyrrole inhibitors of recombinant human liver glycogen phosphorylase a (GPa) which are effec-
tive in reducing glucose output from rat hepatocytes are described. Representative compounds have been shown to bind at the dimer
interface site of the rabbit muscle enzyme by X-ray crystallography.
� 2006 Elsevier Ltd. All rights reserved.
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Type 2 diabetes is a complex disease caused by defects in
both the action and secretion of insulin, leading to fast-
ing hyperglycaemia and vascular complications. It has
become the fourth leading cause of death and affects
150 million people worldwide, with its prevalence
expected to double by the year 2025.1 Current therapies
do not achieve adequate glycaemic control,2 hence there
is a need for new, effective pharmacological agents.


Glycogen phosphorylase (GP) catalyses the breakdown
of glycogen to glucose-1-phosphate. In the liver this is
metabolised further to glucose, which is then secreted
into the bloodstream. One approach to reducing hyper-
glycaemia in Type 2 diabetes is to seek to restore normal
net hepatic glucose balance by inhibition of hepatic GP.3


The more active phosphorylated form (GPa) of the en-
zyme is a homodimer; its activity is modulated by phos-
phorylation status and by a number of endogenous and
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synthetic ligands.4–7 Of particular interest is an inhibito-
ry allosteric binding site8 at the dimer interface for
which a series of synthetic ligands has been identified,4


including ingliforib (CP368296) which has undergone
phase II clinical evaluation. We report here the identifi-
cation of novel thienopyrrole inhibitors, which we have
shown by X-ray crystallography to bind at the allosteric
site situated at the dimer interface.

We prepared a series of inhibitors derived from thie-
no[2,3-b]pyrrole and thieno[3,2-b]pyrrole carboxamides
and compared their activity to the known 5-chloroin-
dole 1 (Table 1). The isolated enzyme and cell assay val-
ues found for 1 match well with those from the
literature.4
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b n = P3 unless otherwise stated.
c Inhibition of glucose output from primary rat hepatocytes following


glucagon challenge9 determined from seven concentration points


unless otherwise stated.
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Replacement of the chloroindole with the unsubstituted
thieno[2,3-b]pyrrole system 2 led to a novel inhibitor,
albeit with a considerably reduced inhibitory activity–
however, this could be restored by introduction of a
2-chloro or 2-bromo (3 and 4) substituent. This is con-
sistent with the halothienopyrrole moiety binding in a
similar manner to that reported for the chloroindole,8


that is, binding deeply into a hydrophobic pocket at
the interface site bounded by Leu 63, Pro 229 and Trp
67. Interestingly, dibromo substitution (5) led to a
marked reduction in inhibition, possibly due to a severe
steric clash between the additional bromine atom and
the protein (possibly Val64, which is 3.92 Å from the
chloroindole).


SAR in the isomeric thieno[3,2-b]pyrrole series is subtly
different, with very little activity seen for the unsubsti-
tuted compound (6), moderate activity restored by
monohalogenation (7 and 8), 2,3-dibromo (9) now toler-
ated and optimal activity found with 2,3-dichloro substi-
tution (10). The alternative inverted orientation of the
thiophene ring in this series appears to result in the sec-
ond halo atom being directed towards a less sterically
demanding region of the protein. Methylation on either
the pyrrole nitrogen (11) or the carboxamide group (12)
leads to loss of activity, consistent with the key H-bonds
the unsubstituted groups make to the backbone carbon-
yl groups of Asn 187 and Thr 38, respectively.


Exploration of a variety of amide N-substituents by
library synthesis led to the discovery of two novel struc-
tural types with promising activity (Table 2). The 3,4-
dihydro-2-quinolone moiety led to potent inhibitor
compounds in both the thieno[3,2-b]pyrrole (14) and
the thieno[2,3-b]pyrrole (15) series, against the enzyme
and also against glucose output from rat hepatocytes.


Other workers have reported the identification of the
corresponding 5-chloroindole (13) derivative,5 which
we found to show enzyme potency comparable to the
thienopyrroles, but apparently reduced potency in rat
hepatocytes.


Indan-2-yl was also identified as a modestly active amide
N-substituent (16) in the chlorothieno[2,3-b]pyrrole
series with a trans 1-hydroxy substituent leading to a
slightly more active inhibitor (17). The dichlorothie-
no[3,2-b]pyrrole analogues 18 and 19 showed an
increase in potency more marked than for the previous
amide N-substituents. Halo substitution in the indan
aromatic ring leads to a general reduction in activity
(compounds 20 and 21), consistent with the restricted
space in the aromatic binding pocket.


In order to understand the binding mode of these new
inhibitors, they were soaked into crystals of rabbit mus-
cle GPb (non-phosphorylated form). The complexes
gave well-defined high-resolution structures.10


The structure of 15 (Fig. 1A) showed similarities to
structures previously reported for 5-chloroindole deriva-
tives, with two molecules of inhibitor per molecule of
GPb dimer, and the thieno[2,3-b]pyrrole group binding
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Figure 1. Inhibitor environment in the crystal structure of rabbit


muscle glycogen phosphorylase complexed with compound 15 (A) or


with compound 17 (B). Residues from one monomer are coloured


pink; residues from the other blue. The figures were prepared using


PyMol (DeLano Scientific).
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in the same hydrophobic binding pocket as the indole.
This pocket is formed from Val40 (from the one mono-
mer) and Val64, Arg60, Leu63, Trp67 and Pro229 (from
the other monomer). In addition, the guanidinium
group of Arg60 makes a favourable electrostatic interac-
tion with the indole p-system. The amide carbonyl
group forms a water-bridged H-bond to Asn187 and
the amide NH interacts with the backbone carbonyl of
Thr38, from the second protein subunit.


The structure of compound 17 (Fig. 1b; R,R-diaste-
reoisomer) bound to the enzyme shows many similar
features to those described above, the binding mode
of the thieno[2,3-b]pyrrole-5-carboxamide system being
essentially identical. The aromatic ring of the indan
system binds in the hydrophobic pocket in a similar
way to that described above for the dihydroquinolone.
Again, H-bonding interaction is seen between the two
inhibitor molecules, but in this case it is direct rather
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than water mediated, presumably with each hydroxy
group acting both as donor and acceptor. The hydro-
xy groups are seen to make a further, water-bridged
H-bond to His57.


The general synthetic routes to thieno[2,3-b]pyrrole and
thieno[3,2-b]pyrrole carboxamide inhibitors are shown
in Schemes 1–3.


The initial literature route we employed is illustrated for
the dichlorothieno[3,2-b]pyrrole.11 This involves the
thermal decomposition of an intermediate vinyl azide
(NOT isolated) to a postulated nitrene which subse-
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coupling conditions.

quently inserts into the thiophene CH bond to afford
the desired ring system. As we became more interested
in the dichlorothieno[3,2-b]pyrrole and chlorothie-
no[2,3-b]pyrrole systems as the basis for a lead optimiza-
tion programme, we chose to develop novel alternative
routes12,13 that did not involve the potential explosive
hazards associated with vinyl azides in general. These
are shown in Schemes 2 and 3, and briefly comprise
key steps of Curtius rearrangement, metallation/formy-
lation and then aldol cyclisation.


In summary, we have identified series of novel inhibitors
of glycogen phosphorylase and have described SAR,
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hepatocyte activity, synthetic routes and demonstrated
binding at the dimer interface of the rabbit muscle en-
zyme. Lead optimization in these series and pharmaco-
logical profiling of leading compounds will be reported
in due course.

Acknowledgments


Thanks to Sue Freeman, Simon Poucher, Gemma Con-
vey, Julie Bartlett and Jenny Thomas for the bioscience
testing. Richard Pauptit is thanked for establishing the
crystallography collaboration with the Oikonomakos
group, who have kindly provided protein and crystals.
Thanks to Claire Minshull for the soaking experiments
and to Jason Breed, Richard Pauptit, Siân Rowsell and
Julie Tucker for synchrotron data collection and analysis.

References and notes


1. Gershell, L. Nat. Rev. Drug Disc. 2005, 4, 367.
2. Krentz, A. J.; Bailey, C. J. Drugs 2005, 65, 385.
3. Treadway, J. L.; Mendys, P.; Hoover, D. J. Exp. Opin.


Invest. Drugs 2001, 10, 439.
4. Hoover, D. J.; Lefkowitz-Snow, S.; Burgess-Henry, J. L.;


Martin, W. H.; Armento, S. J.; Stock, I. A.; McPherson,
R. K.; Genereux, P. E.; Gibbs, E. M.; Treadway, J. L. J.
Med. Chem. 1998, 41, 2934.


5. Rosauer, K. G.; Ogawa, A. K.; Willoughby, C. A.;
Ellsworth, K. P.; Geissler, W. M.; Myers, R. W.; Deng,
Q.; Chapman, K. T.; Harris, G.; Moller, D. E. Bioorg.
Med. Chem. Lett. 2003, 13, 4385.


6. Kristiansen, M.; Andersen, B.; Iversen, L. F.; Westerg-
aard, N. J. Med. Chem. 2004, 47, 3537; Jakobsen, P.;
Lundbeck, J. M.; Kristiansen, M.; Breinholt, J.; Demuth,
H.; Pawlas, J.; TorresCandela, M. P.; Andersen, B.;
Westergaard, N.; Lundgren, K.; Asano, N. Bioorg. Med.
Chem. 2001, 9, 733.


7. Klabunde, T.; Wendt, K. U.; Kadereit, D.; Brachvogel,
V.; Burger, H.-J.; Herling, A. W.; Oikonomakos, N. G.;
Kosmopoulou, M. N.; Schmoll, D.; Sarubbi, E.; Von
Roedern, E.; Schoenafinger, K.; Defossa, E. J. Med.
Chem. 2005, 48, 6178.

8. Oikonomakos, N. G.; Skamnaki, V. T.; Tsitsanou, K. E.;
Gavalas, N. G.; Johnson, L. N. Structure 2000, 8, 575;
Rath, V. L.; Ammirati, M.; Danley, D. E.; Ekstrom, J. L.;
Gibbs, E. M.; Hynes, T. R.; Mathiowetz, A. M.; McPh-
erson, R. K.; Olson, T. V.; Treadway, J. L.; Hoover, D. J.
Chem. Biol. 2000, 7, 677.


9. For in vitro assay experimental procedures, see: Bartlett, J.
B.; Freeman, S.; Kenny, P. W.; Morley, A. D.; Whitta-
more, P. R. O. PCT Intl Application WO200220530, 2002;
Chem. Abstr. 2002, 136, 247485.


10. Protein crystals kindly provided by N.G.O. were grown
using published procedures.14 Diffraction data were
collected at SRS, Daresbury, at 100 K for compound
17 and at ESRF, Grenoble, at 100 K for compound 15.
The crystals of the complex with 15 have space group
P43212, unit cell 126.8, 126.8, 115.1 Å. 39468 unique
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Abstract—The design and synthesis of three novel bisalkylating agents derived from the achiral seco-duocarmycin or CC-1065 ana-
logs and pyrrolobenzodiazepines (PBDs) are described: achiral seco-CBI (cyclopropanebenz[e]indoline)-PBD 11, achiral seco-CI-
PBD 12, and achiral seco-CBI dimer 13. Compounds 11 and 12 demonstrated enhanced cytotoxicity over the monomer counterparts
against the growth of P815 murine mastocytoma cells in culture. Conjugate 11 was found to covalently react with adenine-N3 posi-
tions within the minor groove at AT-rich sequences and to produce DNA interstrand crosslinks. Both compounds were found to
induce apoptosis in P815 cells. Due to its poor water solubility, dimer 13 did not give any appreciable DNA binding or cytotoxicity.
� 2006 Elsevier Ltd. All rights reserved.

Compounds that exhibit selectivity for binding to
DNA sequences and covalently react with specific
nucleobases continue to be important targets for the
design and synthesis of novel medicinal agents.1 Figure
1 gives examples of DNA minor groove binding and
AT sequence-specific compounds that exhibit potent
anticancer activities. It includes analogs of (+)-CC-
1065 (1),2 duocarmycin SA (2),3 seco-CBI-TMI (3),4


and the recently described achiral congeners from our
laboratories, 45 and 5.6 The latter class of compounds
have been found to alkylate adenine-N3 and promote
cell death through apoptosis. The achiral seco-amino-
CBI-TMI 4 has low toxicity and strong in vivo anti-
cancer activity against mouse B16 melanoma.5

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Another class of DNA minor groove binding agents that
are being extensively examined contain a pyrrolo-
benzodiazepine (PBD) moiety, and they are analogous
to the anthramycins, for example, compound 6.7 PBD
analogs display specificity of binding to 5 0-PuGPu-3 0


sequences, and they covalently react to form stable ad-
ducts between the imine group on the PBD with G-2-
NH2.8


In an effort aimed at enhancing the biological properties
of CC-1065 (1) and PBD analogs, a number of dimers
and conjugates between these two classes of compounds
(Fig. 1) were designed and biologically tested. Bizelesin
(7) was found to effectively produce interstrand DNA
crosslinks at AT-rich sequences and it was endowed
with potent cytotoxicity and anticancer activity. It has
undergone clinical evaluation for cancer treatment.9 Di-
mer compounds of PBD analogs were also developed,
such as, DSB-120 (8)10 and SJG-136 (9).11 These com-
pounds span six base pairs in the minor groove and pro-
duce DNA interstrand crosslinks between guanine-N2
positions at 5 0-GATC-3 0 sequences.11 The latter
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CBI 13.
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compound 9 is presently undergoing phase I clinical trial
for cancer treatment in Europe and the USA.12


In addition to dimeric compounds, conjugates of these
two classes of compounds have also been reported.13


For example, the CPI (cyclopropylpyrolo[e]indolone)-
PBD conjugate 10 was found to exhibit potent cytotox-
icity against human cancer cells (such as breast MCF-7,
colon SW480, and lung A549) grown in culture, and it
also showed selectivity for producing interstrand cross-
links at a 5 0-T[A]AATTG-3 0 site (alkylation at the
underlined and bold faced A and G residues).13a


With this background and the recent discovery that
seco-achiral analogs of CC-1065 (1) are potent DNA
interactive anticancer agents, we began to focus atten-
tion on preparing and testing the biological properties
of hybrid PBD and achiral seco-amino-CBI conjugates.
Accordingly, compounds 11 and 12, which are conju-
gates of the PBD analog 6 and an achiral seco-amino-
CBI analog of 4, as well as a conjugate of compound
6 and an achiral seco-CI analog of 5, respectively, were
designed and prepared. These compounds offer a unique
advantage over the published conjugates because they
contain a single stereocenter that can be readily intro-
duced early in the synthetic scheme through the use of
2(S)-(+)-pyrrolidinyl methanol as a synthon.7 A dimeric
compound of the achiral seco-CBI compound 13 was
also prepared, and it is analogous to the bizelesin design.
This communication describes the synthesis and the
cytotoxicity of compounds 11–13, along with an investi-
gation of the sequence specificity, DNA alkylation, and
interstrand crosslinking abilities of the compounds.

The target compounds were prepared following a syn-
thetic strategy given in Scheme 1. Reaction of the
aromatic amine functional group of compound 14
with 5-nitrobenzofuran-2-carboxylic acid proceeded
readily using an EDCI and HOBt coupling method.
The desired compound was isolated in 54% yield.
The acetyl moiety was removed by treatment with a
methanolic solution of potassium carbonate to yield
compound 15 in 36% yield. Compound 15 was trans-
formed into chloride 16 in three steps (mesylation of
the primary alcohol, displacement of the mesylate
group with LiCl, followed by catalytic hydrogenation
to reduce the nitro group to an amine). The overall
yield for converting alcohol 15 to chloride 16 was
achieved at 5.4%.


The amino group of compound 16 was reacted with a
PBD-carboxylic acid 177 in the presence of EDCI, giving
the desired product 18 in 62% yield. Final removal of the
BOC-protecting groups with concd HCl, followed by
elimination of the Troc protecting group using a Pb–
Cd reaction, produced compound 19, and target 11, in
97% and 84% yields, respectively. A similar strategy
was employed in the synthesis of target molecule 12,
except amine 20 was used.


Synthesis of the symmetrical dimer 13 was achieved in
30% yield by reaction of amine 16 with triphosgene.
Removal of the BOC group of the intermediate yielded
the desired compound 13 (68%). All compounds gave
acceptable spectroscopic data (500 MHz 1H NMR,
FTIR, high resolution mass spectrometry, and melting
points for solid samples).
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An MTT colorimetric study was used to determine the
cytotoxic properties of compounds 11–13.4,5 P815 mur-
ine mastocytoma cells were continuously exposed to the
compounds for 3 days. Viability was determined by the
ability of the cells to convert MTT to a purple formazan
dye. The results are shown in Table 1, and they are listed
according to their ability to inhibit cell growth by 50%
(IC50) relative to an untreated control. It is worthy to
note that for this class of compounds, the racemic com-
pound 3, which contained a stereocenter, was most cyto-
toxic, despite compounds 11–13 being theoretically
capable of producing cytotoxic DNA interstrand cross-
links. However, the non-symmetrical conjugate 11 was
more cytotoxic than its monomeric analogs: achiral-
seco-amino-CBI 4 and PBD 6, indicating that inter-
strand crosslink formation could increase the cytotoxic
potency of these DNA reactive agents. The data, howev-
er, showed that dimer 13 was least active among the new
compounds, and that could be due to the poor solubility
of 13 in water and cell culture media.


Further cell-based studies were conducted to ascertain
the mechanism by which compound 11 derived its cyto-
toxic activity. Cultured P815 cells treated at the IC50

Table 1. In vitro cytotoxicity studies in P815 cells for compounds 3–6


and 11–13, following a continuous exposure for 3 days


Compound Cytotoxicity IC50 (lM)


3 0.0086


4 0.068


5 5.6


6 55


11 0.026


12 0.56


13 42

dose for 18 h were fixed and treated with propidium
iodine according to an earlier published procedure.5


The cells were sorted on a flow cytometer, and the pop-
ulation of sub-G0 cells was determined: 21% for treated
versus 3% for an untreated control (data not shown).
These results are consistent with earlier studies indicat-
ing that achiral CBI compounds are capable of inducing
cancer cells to undergo apoptosis.5,14


An agarose DNA thermally induced cleavage study was
conducted to determine the ability of compound 11 to
induce DNA strand breaks. Supercoiled pBR322
DNA was treated with compound 11 at 6.6 lM for
40 h at 37 �C. DNA strand breaks were observed
through the percent conversion of supercoiled DNA
(Form I) to open circular DNA (Form II). In this case,
the experiment gave 16 ± 2% Form II DNA, compared
to the control DNA (0%), and free PBD monomer 6
(4%).


Since compound 11 was found to be more cytotoxic
than its parent monomeric units (4 and 6), the inter-
strand crosslinking ability of compound 11 with a
5 0-32P-labeled linear pBR322 DNA was examined. As
depicted in Figure 2, compound 9 effectively produced
interstrand crosslinks, evidenced by formation of the
DS or double stranded band in a sample of denatured
DNA (SS).15 This result is consistent with earlier re-
ports, and the covalent adducts were thermally stable.
For compound 11, a crosslink DNA band appeared at
10 lM. It is worth noting that this gel crosslink study
was performed using alkali denaturation because when
the treated DNA sample was denatured by heating to
95 �C for 2 min no crosslink band was observed consis-
tent with the presence of thermally labile adenine-N3
covalent adducts (data not shown).







Figure 2. Agarose gel DNA crosslink studies. SS is single stranded


DNAs, DS double stranded DNA. The 5 0-32P labeled DNA was


treated with compounds for 24 h, and the sample denatured with alkali


before it was analyzed by neutral agarose gel electrophoresis.


5680 B. Purnell et al. / Bioorg. Med. Chem. Lett. 16 (2006) 5677–5681

The covalent sequence specificity of duocarmycin ana-
logs can be measured using a thermally induced cleav-
age-DNA sequencing method.5,6 A singly 5 0-32P-
radiolabeled linear fragment of pBR322 plasmid DNA
was used as a template for these studies. A gel showing
the sites of thermally induced cleavage for compounds 1,
6, and 11 is shown in Figure 3.

Figure 3. Thermally induced cleavage assay. Singly 5 0-32P end-labeled


linearized plasmid pBR322 DNA was treated with compounds for


24 h, and the samples heated at 90 �C for 30 min prior to analysis on a


denaturing polyacrylamide gel.

The results demonstrated that the DNA alone did not
have any strand breaks. Consistent with literature re-
ports,2 at 0.1 lM, compound 1 (CC1065) demonstrated
selectivity for 5 0-TAA sequences, with alkylation at the
underlined adenine-N3 position and consistent with
the known sequence preference of compound 4.5 PBD
ester 6 did not show evidence of DNA alkylation of this
fragment, even at 100 lM, consistent with adducts at
guanine-N2 not resulting in thermally induced strand
breaks. In contrast, at a low concentration of 1 lM,
molecule 11 exhibited a clear and selective alkylation
band at A(3233). This is an interesting site because it
lines up with the 5 0-AAA(3233)TTTTC[G]C-3 0, which
is potentially an interstrand crosslink site due to the
proximity between the alkylated adenine residue and a
5 0-PuGPu site in the complementary strand.13 However,
when the concentration of compound 11 was increased
to 10 lM, additional alkylation sites common to CC-
1065 1 became evident.


The results given in this communication demonstrate
that conjugates of achiral analogs of CC-1065 or duo-
carmycins with PBDs are biologically active and are
capable of producing interstrand crosslinks. Agent 11
has the potential of being developed as an anticancer
agent. Further biological studies are underway and the
results will be reported in due course.
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Abstract—The synthesis and structure–activity relationships of a novel series of N-sulfonyl-2-indole carboxamides that bind to per-
oxisome proliferator-activated receptor gamma (PPAR-c) are reported. Chemical optimization of the series led to the identification
of 4q (IC50 = 50 nM) as a potent binding agent of PPAR-c. Also reported is preliminary cell based data suggesting the use of these
compounds in the treatment of osteoporosis.
� 2006 Elsevier Ltd. All rights reserved.

Peroxisome proliferator-activated receptors (PPARs)
are members of the nuclear receptor superfamily.1 The
PPARs have generated much interest in the pharmaceu-
tical industry due to their effects in a widerange of ther-
apeutic areas, and a number of agonists of this class
have progressed through the clinic and to marketed
anti-diabetic drugs.2 Although the initial effort in this
area was to find agonists, recent data have suggested
that partial agonists and antagonists of PPARs (namely
PPAR-c) could be potentially beneficial in a number of
areas. Over the past several years, PPAR-c modulators
have attracted increasing attention as potential treat-
ments for osteoporosis. Recent evidence in both genetic
and pharmacological studies suggests that attenuation
of PPAR function can alter the balance between adipo-
genesis and osteogenesis, such that bone formation may
potentially be enhanced.3 In fact, using various animal
models, the thiazolidinedione, rosiglitazone (a full
PPAR-c agonist), was shown to reduce bone mineral
density and increase bone marrow adipocytes.4 Thus,
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the regulation of PPAR-c activation may control differ-
entiation of mesenchymal stem cells allowing for osteo-
blast formation.5 Due to this, there have been a number
of reports in the literature regarding synthetic PPAR-c
modulators that affect adipocyte differentiation.3,6


There have been a number of reports in the literature
about indole-derived PPARc binding agents, and it
was with these reports that our scaffolds were derived.7


The synthesis of the N-sulfonyl-2-indole carboxamide
compounds is outlined in Scheme 1.8 Starting from the
appropriately substituted ethyl indole-2-carboxylate,
the 3-Ar-substituted compounds (2a–f) were synthesized
by bromination (NBS, THF) followed by N-alkylation
(K2CO3, DMF, R3-Br) to yield 1. Next, palladium-cata-
lyzed Suzuki–Miyaura cross-coupling9 (Pd(PPh3)4, 2 M
Na2CO3, EtOH, toluene, ArB(OH)2) gave the 3-Ar-sub-
stitution which was then carried on to the acid via
saponification of the ethyl ester (3 M KOH, THF/
EtOH, reflux). Finally, the target compounds, 2a–f,
were realized by coupling with a variety of aryl- or alkyl-
sulfonamides (EDCI, DMAP, Et3N, CH2Cl2) in good
overall yield (58–93%). The indoles without substitution
at the 3-position (3-H) were synthesized in an analogous
fashion. Thus, the ethyl indole-2-carboxylate was N-al-
kylated (K2CO3, DMF, R3-Br), the ester saponified
(3 M KOH, THF/EtOH, reflux) followed by coupling
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Table 2. PPAR-c binding11 for N-sulfonyl-2-indole carboxamides


4a–k


N


HN


O
R3


S
R2


O
OR


4a-w


Compound R R2 R3 IC50
a (nM)


4a H Ph 3-CF3Bn 290


4b H 4-F–Ph 3-CF3Bn 720


4c H 4-Cl–Ph 3-CF3Bn 280


4d H 3-CF3–Ph 3-CF3Bn 80


4e H 4-CH3Ph 3-CF3Bn 290


4f H 2-CH3Ph 3-CF3Bn 180


4g H 2-Naphthyl 3-CF3Bn 90


4h H 2-CF3–Ph 3-CF3Bn 80


4i H 2-(5-Chlorothiophene) 3-CF3Bn 80


4j H Me 3-CF3Bn 680


4k H 4-CF3–Ph 4-CF3Bn 700


a IC50 determinations are the average of three determinations on three


separate days.
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O


1.NBS, THF; quant.


N


O


O


Br


1


2. K2CO3, DMF,
R3-Br; 86%


1. Pd(PPh3)4, 2 M Na2CO3,
EtOH, Toluene, 85 oC,
R1B(OH)2; 86%


2. 3 M KOH, THF, EtOH,
reflux, 97%
3. DMAP, EDCI, Et3N, CH2Cl2,
R2-SO2NH2, 58-93%
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1. K2CO3, DMF,
R3-Br, 32-98%
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R2-SO2NH2, 45-95%
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Scheme 1. Synthesis of N-sulfonyl-2-indole carboxamides.10
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of an appropriate sulfonamide (EDCI, DMAP, Et3N,
CH2Cl2) giving the 3-H-substituted compounds 4a–w
in satisfactory overall yield (20–78%).


Our first efforts concentrated on evaluating 3-Ar N-sul-
fonyl-2-indole carboxamide compounds (2a–f). It was
soon apparent (Table 1) that these were very potent li-
gands for PPAR-c. Substitution at R2 made very little
impact on the binding data, as a variety of substituents
were well tolerated (i.e., aryl vs alkyl, 2a vs 2f). The only
drop in activity came when the phenyl group was substi-
tuted at the 3-position (2c, 60 nM).


However, since very similar compounds had been pub-
lished,7 our next attempt was to see what influence the
3-Ar-substituent had on the activity. With this, a num-
ber of compounds were made with R1 = H investigating
the SAR around several positions (R, R2, and R3).
While keeping R3 constant (3-CF3Bn), we first looked
at changing the sulfonamide portion (R2) to evaluate
whether the activity could be maintained as compared
to the 3-Ar-substituted compounds (Table 2). The first
compounds synthesized gave a noticeable erosion of
binding activity (2a vs 4a, 2 nM vs 290 nM). This loss

Table 1. PPAR-c binding11 for 3-Ar-substituted N-sulfonyl-2-indole


carboxamides 2a–f


N


HN


O


R1


R3


S
R2


O
O


2a-f


R


Compound R R1 R2 R3 IC50
a


(nM)


2a H 4-CH3OPh Ph 3-CF3Bn 3


2b H 4-CH3OPh 4-F–Ph 3-CF3Bn 7


2c H 4-CH3OPh 3-CF3–Ph 3-CF3Bn 60


2d H 4-CH3OPh 2-CO2MePh 3-CF3Bn 1


2e H 4-CH3OPh 2-CH3Ph 3-CF3Bn 7


2f H 4-CH3OPh Me 3-CF3Bn 2


a IC50 determinations are the average of three determinations on three


separate days.

of activity was seen throughout most of the series with
the exception, however, of a couple of compounds.
First, the N-(3-(trifluoromethyl)phenyl)sulfonyl com-
pound (4d) showed comparable activity to its 3-Ar coun-
terpart (2c, 60 nM vs 80 nM). Other compounds that
showed similar activity include 4g–i, which all have sub-
stituents in either the ortho- or meta-position. One inter-
esting observation was the loss of activity when going
from the ortho- or meta-position to the para-position
(4d and 4h, 80 nM, vs 4k, 700 nM). Also, unlike in the
3-Ar-substituted series, an aryl substituent on the N-sul-
fonyl group was essential to maintain good binding data
(4a vs 4j, 290 nM vs 680 nM).


Having established our best N-sulfonyl substituent (3-
CF3Ph, 4d), we next evaluated the indole N-substituent
(R3) to see if there was any advantage for other groups
(Table 3). The initial compounds made were closely
related to the previously tested 3-trifluoromethylbenzyl
compound (4d). The 3-methoxy- and 3-trifluorometh-
oxybenzyl compounds (4l,m) showed similar activity







Table 3. PPAR-c binding11 for N-sulfonyl-2-indole carboxamides 4l–t


N


HN


O
R3


S
R2


O
OR


4a-w


Compound R R2 R3 IC50
a (nM)


4l H 3-CF3–Ph 3-CH3OBn 140


4m H 3-CF3–Ph 3-CF3OBn 90


4n H 3-CF3–Ph 3-CF3PhCO 9400


4o H 3-CF3–Ph Et 2440


4p H 3-CF3–Ph 4-CF3Bn 400


4q H 3-CF3–Ph 3-BnOBn 50


4r H 3-CF3–Ph Bn 280


4s H 3-CF3–Ph 2,5-DiClBn 380


4t H 3-CF3–Ph 4-t-BuBn 330


Rosiglitazone 90


512 80


a IC50 determinations are the average of three determinations on three


separate days.
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(140 nM and 90 nM, respectively). However, when the
benzyl group was changed to a benzoyl group all activity
was lost (4d vs 4n, 80 nM vs 9400 nM). Alkyl substitu-
ents were also not tolerated in this position (4o,
2400 nM). The meta-substitution again proved to be
the optimal compound; changing the 3-CF3Bn to
4-CF3Bn resulted in a significant loss of activity (4d vs
4p, 80 nM vs 400 nM). The unsubstituted benzyl group
proved to be less potent (4r, 280 nM) as well. However,
the one change that proved beneficial was increasing the
steric bulk at the meta-position of the benzyl group.
Replacing the trifluoromethyl group with a benzyloxyb-
enzyl group provided an increase in potency, albeit mod-
est (4d vs 4q, 80 nM vs 50 nM). We also evaluated the
binding data of two known PPAR-c modulators in-
house, rosiglitazone (90 nM) and compound 5 (80 nM).


Lastly, we investigated substitutions on the phenyl ring
of the indole (i.e., R), due to reports in the literature
regarding this substituent.7b Keeping R2 and R3 con-
stant, we were interested to see if these compounds
would maintain the activity shown for the other com-
pounds (Table 4). Starting from commercially available
precursors we were able to obtain compounds 4u–w.
Unfortunately, these compounds showed much less

Table 4. PPAR-c binding11 for N-sulfonyl-2-indole carboxamides


4u–w


N


HN


O
R3


S
R2


O
OR


4a-w


Compound R R2 R3 IC50
a (nM)


4u Cl 3-CF3–Ph 3-CF3Bn 330


4v OBn 3-CF3–Ph 3-CF3Bn 770


4w OH 3-CF3–Ph 3-CF3Bn 540


a IC50 determinations are the average of three determinations on three


separate days.

activity than the parent R = H compound. Even small
substituents (4u, R = Cl and 4u, R = OH) showed a
marked loss of binding.


To better understand the binding interactions of these
sulfonyl indole carboxamides with PPAR-c, compound
2a was co-crystallized with the ligand-binding domain
of the protein (PPAR-c LBD) and the co-activator pep-
tide fragment (SRC-1), and subjected to X-ray structure
determination (PDB-id, 2HFP).13 Figure 1 illustrates
the observed binding interactions between 2a and
PPAR-c LBD. Interestingly, two molecules of com-
pound 2a were seen to span the binding pocket. Such
a 2:1 stoichiometry of binding is not typical for reported
PPAR-c modulators.14,15


One molecule of 2a (molecule B of Fig. 1) bound
near the Helix-12 region and was shown to make
hydrogen bonds with His449 through the carbonyl
and sulfonyl oxygens. Also noteworthy with regard
to molecule B is the close proximity to Tyr473, which
has been implicated in the mechanism of action of
PPAR-c,14a although no distinct interaction is ob-
served. The second molecule of compound 2a bound
at the opposite end of the PPAR-c LBD (molecule
A). This molecule occupied the area in PPAR-c bind-
ing pocket similar to other known compounds, such
as compound 5,12 and the N-methylaminopyridine
portion of rosiglitazone.13b Hydrogen bond interac-
tions are observed between the carbonyl and sulfonyl
oxygens of this molecule and Ser342 and Lys265. The
rest of the molecule makes productive hydrophobic
interactions in the binding domain with residues
Arg288, Leu330, and Ile341. The two bound ligand
molecules interact with one another via their benzin-
dole portions.


Having established a series of potent ligands for PPAR-c,
we next evaluated a number of these compounds in a
cell-based assay to assess their potential to stimulate
osteogenesis. For this measurement, we used the alkaline
phosphatase (ALP) assay, where pre-osteoblastic cells
were induced to produce alkaline phosphatase, a marker
for osteoblast differentiation, on exposure to test
compounds. Potency (EC50) in this cell-based assay
would indicate that a compound could potentially exert
an osteogenic response in vivo. Such compounds may
therefore be anabolic to bone, and thus offer a novel
therapeutic utility to osteoporosis.


Compounds 2a, 2b, 4c, and 5 (a reported PPAR-c
antagonist) as well as rosiglitazone were evaluated in
the ALP assay (Table 5). Compared to rosiglitazone (a
PPAR-c full agonist) which was inactive in this assay,
all compounds stimulated an alkaline phosphatase re-
sponse, indicating the compounds induced osteoblast
differentiation. Parallel cell count and viability measure-
ments indicated the ALP response was not due to cell
proliferation (data not shown). The 3-Ar analog, 2a,
proved to be the most potent with an ALP
EC50 � 100 nM. An additional 3-Ar analog, 2c, along
with the 3-H analog, 4c, were active in the 1–10 lM
range.







Figure 1. X-ray crystal structure of compound 2a co-crystallized with PPAR-c LBD and SRC-1. Ligands and relevant protein residues are shown as


thick and thin sticks, respectively. The important Tyrosine 473 is highlighted in red; hydrogen bonds are represented by green dashes.


Table 5. Alkaline phosphatase (ALP) EC50 data for compounds 2a,


2d, 4c, and 516


Compound ALP EC50
a (lM) Solubility (lg/mL)


2a 0.1 5


2d 1–10 ND


4c 1–10 ND


512 0.1 ND


a EC50 determinations are the average of two determinations on two


separate days.
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In conclusion, we have described the synthesis and
in vitro evaluation of novel N-sulfonyl-2-indole carbox-
amides as PPAR-c binding agents. Several of these com-
pounds were found to stimulate osteoblast
differentiation in a cell-based assay, thus suggesting a
potential application for the treatment of osteoporosis.
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Sydow-Bäckman, M.; Gustavsson, A.-L.; Jendeberg, L. J.
Biol. Chem. 2004, 279, 41124; (d) Willson, T. M.; Lambert,
M. H.; Xu, H. E. Med. Sci. Symp. Ser. 2002, 18, 5; (e) Xu,
H. E.; Stanley, T. B.; Montana, V. G.; Lambert, M. H.;
Shearer, B. G.; Cobb, J. E.; McKee, D. D.; Galardi, C.
M.; Plunket, K. D.; Nolte, R. T.; Parks, D. J.; Moore, J.
T.; Kliewer, S. A.; Willson, T. M.; Stimmel, J. B. Nature
2002, 415, 813; (f) Willson, T. M.; Brown, P. J.; Sternbach,
D. D.; Henke, B. R. J. Med. Chem. 2000, 43, 527.


15. Sauerberg, P.; Mogensen, J. P.; Jeppesen, L.; Svensson, L.
A.; Fleckner, J.; Nehlin, J.; Wulff, E. M.; Pettersson, I.
Bioorg. Med. Chem. Lett. 2005, 15, 1497.


16. Cell culture. MC3T3-E1 cells were obtained from ATCC
(CRL-2594) and were grown in standard growth medium
containing a-MEM and 10% fetal bovine serum in a
humidified atmosphere of 5% CO2 and 90% air at 37 �C.
Cells were plated at 2500 cells/well in 96 half-well plates
and were grown to confluence in standard growth media.
Once confluent, cells were cultured in differentiation
medium containing a-MEM, 10% fetal bovine serum,
25 lg/mL ascorbic acid 2-phosphate, 10 mM b-glycerol
phosphate, and compounds were resuspended in DMSO
for 6 days. Fifty nanogram per milliliter of rhBMP-2 from
R&D Systems was utilized as the positive control. Alka-
line phosphatase activity. To assess alkaline phosphatase
(ALP) activity, 10 lL Cell Titer 96� Aqueous One
Solution Reagent (Promega) was added to each well of
the 96 half-well plate containing 50 lL of culture medium.
The cells were incubated for 1 h in a humidified atmo-
sphere of 5% CO2 and 90% air at 37 �C. Absorbance was
read at 490 nm on a Molecular Device’s SPECTRAmax
PLUS 384 plate reader. After removing the culture
medium, cell layers were washed once with D-PBS at
room temperature. Fifty microliters ALP substrate solu-
tion (one tablet of Sigma 104� Phosphatase Substrate in
3.75 mL of substrate buffer containing distilled water,
50 mM glycine, and 1 mM MgCl2 (adjust to pH 10.5) was
added to each well and the cells were incubated at room
temperature for 20 min. Absorbance was read at 405 nm
on a Molecular Devices SPECTRAmax PLUS 384 plate
reader. The enzyme activity was expressed as pNP nmols/
min/million cells.
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Abstract—Using affinity columns with immobilized poly(A), poly(G), poly(U), poly(C), and poly(A)Æpoly(U) and poly(G)Æpoly(C)
duplexes several polyribonucleotide-binding blood plasma proteins have been captured. Albumin and keratins K1 and K2e have
been detected to bind polypurine tracts. The in vitro glycated albumin binds poly(A) and poly(G) more efficiently than the unmod-
ified protein. The major polypyrimidine-binding blood plasma protein (28 kDa) can catalyze the hydrolysis of poly(U).
� 2006 Elsevier Ltd. All rights reserved.

Several reports have documented the detection of extra-
cellular RNA molecules in human serum or plasma.1


These ribonucleic acids have been shown to be protected
from degradation by plasma ribonucleases.2 One of the
possible mechanisms of this protection is that extracellu-
lar RNA molecules are bound to proteins. However, lit-
tle is known about the structure of such nucleic acid–
protein complexes.


The stability of mRNA in cytoplasma is regulated by
binding of specific intracellular proteins to poly(A)
tracts on its 3 0-terminus.3 The poly(A) tracts are the first
mRNA segments to be degraded in the absence of
poly(A)-binding proteins. This fact demonstrates the
importance of poly(A) in protecting mRNAs from indis-
criminate destruction by cellular nucleases. Moreover, it
proves that the formation of poly(A)–protein complexes
is required to maintain mRNA stability in cells.


The basal and regulated stability of a particular mRNA
may be also determined by cooperative interactions
between several cis-elements spread throughout the
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mRNA and their binding by trans-acting RNA-binding
proteins.3 Among the cis-elements identified to date are
AU-rich elements, many of which contain numerous
copies of the pentamer AUUUA or the nonamer
UUAUUUA(U/A)(U/A), as well as one or more U-rich
stretches. Other well-characterized elements are poly(C)-
and UC-rich regions of mRNAs. It may be suggested
that a similar protection mechanism exists for RNA
molecules drained into blood, and the extracellular
RNAs are protected from nuclease degradation in blood
through binding of certain proteins to their A-, U- or C-
rich sequences. In this respect it was interesting to inves-
tigate blood plasma proteins which are able to bind
polyribonucleotides.


In order to capture blood plasma proteins that are able
to specifically bind polyribonucleotides, we have pre-
pared affinity resins carrying synthetic homopolymers
of adenylic, uridylic, cytidylic, and guanylic acids, as
well as poly(A)Æpoly(U) and poly(G)Æpoly(C) duplexes.
Blood plasma samples from healthy donors (blood type
AB(IV)Rh(+)) were incubated with immobilized polyri-
bonucleotides and their duplexes and subsequently
washed by increasing concentration of NaCl solution.
The highly bound proteins were eluted with 1 M NaCl,
and the eluate was then analyzed by 10% SDS–PAGE
with subsequent silver staining.4
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The data obtained have shown that the sets of the cap-
tured proteins (Fig. 1) bound to purine- and pyrimidine-
containing polynucleotides are different, thus indicating
the different specificity of the polynucleotide-binding
proteins. Five major bands corresponding to the pro-
teins with molecular weights of �73, 67, 54, 39, and
28 kDa are visualized using the affinity columns contain-
ing poly(A) and poly(A)Æpoly(U) duplex (lanes 1 and 3,
respectively). The same proteins are captured with
poly(G)- and poly(G)Æpoly(C)-containing affinity col-
umns (lanes 4 and 6, respectively). It is interesting to
note that the captured proteins bind single-stranded
poly(A)-tracts more effectively than poly(A)Æpoly(U) du-
plex, whereas the affinity of the proteins to both poly(G)
and poly(G)Æpoly(C) duplex is practically the same. In
the case of the immobilized polyuridylic and polycyti-
dylic acids only one major protein band with molecular
weight of 28 kDa is visualized (lanes 2 and 5, respective-
ly). The data obtained indicate that a large number of
both low- and high-molecular-weight blood proteins
are capable of binding to polypurine tracts. At the same
time, the proteins that possess the affinity toward poly-
pyrimidines predominantly are of low molecular weight.


RNases of different specificity with molecular weight of
�30 kDa have been reported to exist in human blood.5


In order to test the hypothesis that the 28 kDa protein
is able to catalyze polyribonucleotide hydrolysis, the
corresponding protein fraction was incubated with
polyuridylic acid at 37 �C, and the reaction mixture
was analyzed by 31P NMR spectroscopy. The complex
signal in the region of �20 ppm, which can be attributed
to polynucleotide 2 0,3 0-cyclophosphodiester, along with
the signal of internucleotide phosphates (d = �0.1 ppm)
were observed in NMR spectrum of sodium salt of
polyurydilic acid after 2 h of incubation.6 At the same
time, the only signal in the spectrum of the control
poly(U) sample, which had been incubated in the
absence of the protein, was that of the phosphorus atom
of internucleotide bond (d = �0.2 ppm). When poly(A)
was used as a substrate, no changes in the 31P NMR
spectrum of poly(A) were observed. The data obtained
allowed us to suggest that the polynucleotide-binding
protein with molecular weight of 28 kDa possesses
RNase activity with specificity to poly(U)-tracts.

1 2 3 4 5 6kDa


73
67
54


39


28


Figure 1. 10% SDS–PAGE of the AB(IV)Rh(+) blood plasma proteins


that bind poly(A) (lane 1), poly(U) (lane 2), poly(G) (lane 4), poly(C)


(lane 5), and duplexes poly(A)Æpoly(U) (lane 3) and poly(G)•poly(C)


(lane 6).

As can be seen in Figure 1, the molecular weight of the
major polypurine-binding blood plasma protein corre-
sponds to that of human serum albumin (67 kDa).
Using the method of affinity modification with 32P-la-
beled reactive oligodeoxyribonucleotide derivatives, it
has been demonstrated that albumin is the major oligo-
nucleotide-binding protein of human blood plasma.7


Moreover, serum albumin has been reported to take
part in oligonucleotide cellular internalization.8


In order to identify some polynucleotide-binding blood
proteins, immunoenzyme analysis using anti-albumin
and anti-keratins rabbit polyclonal antibodies was car-
ried out. The specific eluate from poly(A)-containing
affinity column was separated by 10% SDS–PAGE,
and the protein bands were transferred onto a nitrocel-
lulose membrane and incubated with rabbit anti-albu-
min or anti-keratins polyclonal antibodies. The
antigen–antibody complex was detected by goat anti-
rabbit IgG, conjugated to horseradish peroxidase, and
visualized using 4-chloro-1-naphthol in the presence of
H2O2. The poly(A)-binding proteins with molecular
mass of �67 kDa were identified as keratin K1, keratin
K2e, and serum albumin. These results have demon-
strated that albumin and keratins are capable of binding
to polynucleotides, particularly poly(A) tracts of RNAs,
in human blood plasma. The roles and identity of other
polyribonucleotide-binding proteins captured by poly-
purine-containing affinity columns have not been identi-
fied so far.


The results of the present study as well as the data
reported by others indicate that human serum albumin
binds to both DNAs and RNAs.7,9 However, the albu-
min fraction in blood serum is known to be heterogen-
ic,10 and the data on the efficiency of nucleic acids’
binding by different albumin forms are absent.


It is known that albumin fraction in blood plasma
contains glycated albumin, which is formed in vivo by
nonenzymatic reaction of DD-glucose with the e-amino
group of exposed lysine side chain within the protein
resulting in the formation of reversible Schiff’s bases.11


These adducts subsequently undergo irreversible rear-
rangements to form heterogeneous class of advanced
glycation endproducts, which have been implicated in
the pathogenesis of diabetes.12 In order to test the ability
of glycoalbumin to bind polynucleotide sequences and
to compare its affinity to that of the unmodified protein,
human serum albumin was glycated in vitro with 300
and 500 mM glucose solutions within 14 days.13 The
molecular masses of the obtained glycated proteins were
determined using MALDI-TOF mass spectrometry. The
increase in molecular mass of 2169 and 3357 Da in the
case of 300 and 500 mM glucose-containing reaction
mixtures corresponds to the condensation of about 13
and 21 glucose units per protein molecule, respectively.
As it has been reported earlier,14 up to 15 glucose mol-
ecules are condensed on serum albumin in blood of pa-
tients with badly controlled diabetes mellitus. Thus, the
glycated albumins obtained in the present study imitate
the in vivo protein state under the pathological
condition.
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It has been demonstrated that the level of glycoalbumin
in blood of healthy subjects is 6–15%.15 To estimate the
level of glycoalbumin in blood plasma (type
AB(IV)Rh(+)) used in this study, the plasma proteins
were separated by anion-exchange chromatography.
As can be seen in Figure 2, the retention times of the
blood plasma proteins eluted in fractions 1 and 2 (a)
are similar to that of native (b) and in vitro glycated
(c) albumins. Electrophoretic mobility of the protein 2
corresponds to that of glycated albumin (data not
shown). Moreover, the appearance of glucose-derived
fluorescence13 (excitation 365 nm, emission 440 nm)
indicates that the protein fraction 2 (Fig. 2a) contains
the glycated protein. The level of the modified albumin

Figure 2. Anion-exchange chromatography of blood plasma (type


IV(AB)Rh(+)) (a); unmodified human serum albumin (b) and albumin


modified with 13 glucose units (c). The dashed bars represent the


fluorescence intensity of the collected fractions. Arrows indicate the


position of the peaks corresponding native (solid) and glycated


(dashed) albumins.

in the blood plasma was estimated to be about 23%.
The data obtained allow us to suggest that glycoalbumin
is a natural constituent of blood plasma (type
AB(IV)Rh(+)) from healthy subjects, and its level in
blood plasma is rather high.


To compare the affinity of native and glycated albumin
toward polypurine tracts, the protein samples in equal
amount were loaded onto poly(A)- and poly(G)-con-
taining affinity columns, and eluted with increasing con-
centration of NaCl, as described above for blood
protein separation. The protein fractions eluted with
1 M NaCl were analyzed by 10% SDS–PAGE with sub-
sequent silver staining (Fig. 3). It can be seen that the
protein bands of the modified albumins (lanes 2, 3, 5,
6) are more intensive than that of the unmodified pro-
tein (lanes 1 and 4). In order to estimate the efficiency
of native and glycated albumin binding to polyadenylic
and polyguanylic acids, the intensities of the gel bands,
corresponding to the polynucleotide-bound albumins,
were normalized on the intensities of the gel bands, cor-
responding to the proteins that had not been incubated
with the affinity resin. It was demonstrated that the
affinity of serum albumin toward poly(A) tracts depend-
ed on the degree of glycation and was about 2 and 3
times higher for the proteins modified with 13 and 21
glucose units than for the unmodified protein, respec-
tively. In the case of poly(G), the modified albumins
bound to polyribonucleotides about 2.5 and 6.5 times
more effectively than the native protein.


It has been recently demonstrated that the ratio of differ-
ent albumin forms in blood plasma depends on a per-
son’s health. The level of modified albumin in blood
of patients with various forms of cancer16 and diabetes
mellitus17 is increased. Moreover, the level of a definite
modified albumin form in blood plasma depends on
the disease stage and complications. Besides, the level
of extracellular nucleic acids in blood plasma has been
reported to increase in the case of autoimmune diseases
and cancer.18 Therefore, it is possible that the reception
and transport of nucleic acids are directly connected
with posttranslational modification of serum albumin.
Moreover, the increased affinity of modified albumin to-
ward poly(A) tracts, as well as the data on albumin cel-
lular uptake, allow us to suggest that the protein can
participate in regulation of cytoplasmic mRNA stability
via its binding to mRNA 3 0-poly(A) tail. Thus, a
possible role of glycated serum albumin in regulation
of gene expression, probably by inhibiting mRNA

Figure 3. 10% SDS–PAGE of human serum albumin (lanes 1 and 4)


and albumin modified with 13 (lanes 2 and 5) and 21 glucose molecules


(lanes 3 and 6) after affinity chromatography using poly(A)- (lanes 1–3)


and poly(G)-containing columns (lanes 4–6).
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deadenylation resulting from albumin binding to
mRNA poly(A) tail, cannot be excluded.
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Abstract—Structure-guided de novo drug design led to the identification of a novel series of substituted pyridine derivatives as HIF-
1a prolyl hydroxylase inhibitors. Pyridine carboxyamide derivatives bearing a substituted aryl group at the 5-position of the pyridine
ring show appreciable activity, while constraining the side chain by placing a pyrazole carboxylic acid generated a potent lead series
with consistent activity against EGLN-1.
� 2006 Elsevier Ltd. All rights reserved.

Hypoxia inducible factor 1-alpha (HIF-1a) is a heterodi-
meric transcription factor that plays a key role in oxygen
homeostasis in mammals, including humans.1 Under
hypoxic conditions (low partial pressure of oxygen),
HIF-1 activates genes responsible for hypoxic response,
such as angiogenesis (VEGF), erythropoiesis, and gly-
colysis.2 Both heterodimer components, HIF-1a and
HIF-1b (ARNT), are constitutively expressed and regu-
lation is achieved by the selective destruction of HIF-1a.
Therefore, HIF-1a plays a major role in cellular re-
sponse to hypoxia.


HIF-1a is hydroxylated on prolines 564 and 402 by a
family of non-heme, iron-containing prolyl hydroxylases
(EGLN-1, EGLN-2, and EGLN-3) under normoxic
conditions.3–5 Upon hydroxylation, HIF-1a binds to
the complex of proteins comprised of VHL (Von Hippel
Lindau tumor suppressor protein), elongin C/B, CuI2,
Rbx1, and ubiquitin ligase. This binding event targets
HIF-1a for cytoplasmic proteasomal degradation.
EGLN-mediated proline hydroxylation is strictly depen-
dent on oxygen and consequently, under hypoxic condi-
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tions hydroxylation is inhibited—as a result, HIF-1a
binds to HIF-1b to form a functional transcriptional
activator which turns on genes with hypoxic response
elements (e.g., VEGF, EPO, and glycolytic enzymes).6


The upregulation of HIF activity has potential thera-
peutic significance for ischemic diseases including myo-
cardial infarction, stroke, peripheral arterial disease,
heart failure, diabetes, and anemia. We are interested
in pharmacologically eliciting the hypoxic response by
means of small-molecule prolyl hydroxylase inhibitors.
Previously described HIF-1a prolyl hydroxylase inhibi-
tors (compound 2: approximate IC50 is 1 lM) have
largely been 2-oxoglutarate (2-OG) mimetics (Fig. 1).7


Interestingly, the isoquinoline 3, a recently disclosed
HIF-1a prolyl hydroxylase inhibitor, consists of a non-
peptidic-like structure and may inhibit EGLN enzymes
by acting as a 2-OG mimetic (Fig. 2).8


In a significant breakthrough, we were recently able to
solve the previously unknown crystal structure of
EGLN-1 in complex with isoquinoline 3.9,10


The key interactions between compound 3 and the
EGLN-1 active site are: the salt bridge between the car-
boxylic acid and Arg383, the coordination of iron via
the isoquinoline nitrogen and the amide carbonyl, and
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Figure 4. The possible binding mode of compound 4 to the active site


of EGLN-1.


Figure 1. Small-molecule HIF-1a prolyl hydroxylase inhibitors.


Figure 3. Binding of compound 3 to the active site of EGLN-1.
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the hydrogen bond between the phenolic hydroxyls of
the compound and of Tyr303. While the in vitro activity
of isoquinoline 3 on EGLN-1 assay was 1.4 lM, when
either of the coordinating elements are absent (quinoline
nitrogen or the amide carbonyl), those compounds
exhibited no activity toward EGLN-1 enzyme in our
hands. Thus, we decided to explore the metal coordinat-
ing ability of pyridine carboxyamides (see Fig. 3).


In our initial modeling studies, the substituted pyridine
derivative 4 exhibited a reasonable binding orientation
when docked into the EGLN-1 active site (Fig. 4).


In this binding orientation, the inhibitor carboxylate
interacts with Arg383, while the pyridine nitrogen and
the amide carbonyl coordinate iron. In addition,
Met299 and the chloro-substituted benzene ring interact
hydrophobically. It should be noted that the hydrogen
bonding interaction that was observed with isoquinoline
3 is absent in this case, however, we observe an addition-
al p-stacking interaction between the pyridine ring and
Tyr310.


The substituted pyridine derivatives were synthesized
according to the schemes below.


5-Bromopicolinic acid 5 was coupled with glycine meth-
yl ester and a subsequent Suzuki coupling and a hydro-
lysis of the methyl ester generated the desired 5-aryl
pyridine carboxyamides (Scheme 1). The 4-substituted
pyridine carboxyamides were generated according to
Scheme 2.


Next, we explored constraining the side chain with
appropriate glycine isosteres to elicit more rigid interac-
tions with the enzyme active site. The side-chain con-
strained pyridine analogs containing a pyrazole group

Figure 2. Possible binding modes of 2-OG and compound 3.

were synthesized via a microwave-assisted condensation
reaction between 5-bromo-2-chloropyridine 11 and ethyl
1H pyrazolecarboxylate 12. Suzuki coupling generated
the desired analogs with concomitant hydrolysis of the
ethyl ester under basic conditions (Scheme 3).


The substituted pyridine derivatives were screened against
EGLN-1 enzyme assay (Table 1). The unsubstituted







Scheme 1. 5-Substituted pyridine derivatives. Reagents and conditions: (a) SOCl2/Gly-OMe/iPr2EtNH (90%); (b) 1—ArB(OH)2/Pd(dppf)Cl2/K3P


O4/dioxane/EtOH; 2—LiOH/THF/Water (65%).


Scheme 2. 4-Substituted pyridine derivatives. Reagents and conditions: (a) EDAC/HOBt/Gly-OMe/iPr2EtNH (52%); (b) 1—ArB(OH)2/Pd(dppf)Cl2/


K3P O4/dioxane/EtOH; 2—LiOH/THF/water (65%).


Scheme 3. Reagents and conditions: (a) 12/Cs2CO3/DMF/145 �C/MW/20 min (75%); (b) ArB(OH)2/Pd(PPh3)4/K2CO3/CH3CN/water/135 �C/MW/


15 min (70%).
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pyridine carboxyamide (Table 1, entry 1) was completely
inactive. Similarly, the 4-substituted pyridine carboxya-
mide (Table 1, entry 2) did not show any activity.
The 5-substituted pyridine carboxyamides showed
discernable activity (Table 1, entries 3, 4, and 5). The
para-chloro phenyl-substituted 5-pyridine carboxyamide
(Table 1, entry 5) showed the best activity (15 lM).
Interestingly, the meta-chloro derivative was completely
inactive.


The side-chain-constrained, pyrazole substituted pyri-
dine analogs exhibited consistently good activity. In this
instance, chloro substitutions at the ortho and meta po-
sition at the outer benzene ring (Table 1, entries 8 and 9)
were about three times more active than the para-chloro
substituted compound (Table 1, entry 7). It was interest-
ing to note that other heterocyclic glycine isosteres (e.g.,
oxazoles, imidazoles, and oxadiazole) exhibited weaker
activity compared to the pyrazole isosteres.


In the case of electron-donation methoxy substitution
the para methoxy substitution (Table 1, entry 13) was
slightly more active than ortho and meta substitutions
(Table 1, entries 15 and 16). Lipophilic substituents,
for example, isopropyl (Table 1, entry 14) showed
good activity while heteroaromatics, for example,
thiophene (Table 1, entry 11), furan (Table 1, entry
10) and pyrimidine (Table 1, entry 12), showed a
decrease in activity.


EGLN-1 activity assay. The EGLN-1 enzyme activity
was determined using mass spectrometry (matrix-assist-

ed laser desorption ionization, time-of-flight MS, MAL-
DI-TOF MS). The HIF-1a peptide corresponding to
residues 556–574 (DLDLEALAPYIPADDDFQL) was
used as substrate. The reaction was conducted in a total
volume of 50 lL containing Tris–Cl (5 mM, pH 7.5),
ascorbate (120 lM), 2-oxoglutarate (3.2 lM), HIF-1a
(8.6 lM), and bovine serum albumin (0.01%). EGLN-
1, quantity predetermined to hydroxylate 20% of sub-
strate in 20 min, was added to start the reaction. Where
inhibitors were used, compounds were prepared in
dimethylsulfoxide at 10-fold final assay concentration.
After 20 min at room temperature, the reaction was
stopped by transferring 10 lL of reaction mixture to
50lL of a mass spectrometry matrix solution (a-cya-
no-4-hydroxycinnamic acid, 5 mg/ml in 50% acetoni-
trile/0.1% TFA, 5 mM NH4PO4). Two microliters of
the mixture was spotted onto a MALDI-TOF MS target
plate for analysis with an Applied Biosystems (Foster
City, CA) 4700 Proteomics Analyzer MALDI-TOF
MS equipped with a Nd:YAG laser (355 nm, 3 ns pulse
width, 200 Hz repetition rate). Hydroxylated peptide
product were identified from substrate by the gain of
16 Da. Data defined as percent conversion of substrate
to product was analyzed in GraphPad Prism 4 to calcu-
late IC50 values.


In conclusion, structure-based design approach and
efficient chemistry strategy led us to discover a novel
series of substituted pyridine derivatives as new HIF-
1a prolyl hydroxylase inhibitors. This series served
as initial lead compounds for a more potent com-
pound series that were discovered by introducing







Table 1. Activity of substituted pyridine derivatives against EGLN-1 (95% CI)


Entry Structure EGLN-1 IC50 (lM)


1 >100


2 >100


3 46


4 39


5 15


6 >100


7 20


8 4.9


9 6.5


10 15


(continued on next page)
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Entry Structure EGLN-1 IC50 (lM)


11 18


12 15


13 7.3


14 6.8


15 19


16 10


Table 1 (continued)
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appropriate substitutions on the pyridine ring (details
would follow). The EGLN-1 active compounds are
currently under investigation for HIF-1 stabilization
and cell-based VEGF induction (downstream bio-
marker for HIF-1 stabilization).
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Abstract—The RS and SR enantiomers of 2-oxazolidinone and 1,4-benzodioxane bearing a 2-pyrrolidinyl substituent at the 5- and
2-position, respectively, were synthesized as candidate nicotinoids. One of the two benzodioxane stereoisomers reasonably fits the
pharmacophore elements of (S)-nicotine and binds at a4b2 nicotinic acetylcholine receptor with submicromolar affinity. Interesting-
ly, both the synthesized pyrrolidinylbenzodioxanes exhibit analogous affinity at a2 adrenergic receptor resembling the behaviour of
some known a2-AR ligands recently proved to possess neuronal nicotinic affinity.
� 2006 Elsevier Ltd. All rights reserved.

Neuronal nicotinic acetylcholine receptors (nAChRs)
are ligand-gated ion channels playing an important role
in the regulation of neurotransmission in the CNS. Their
dysfunction has been related to a number of severe brain
pathologies, including Parkinson’s and Alzheimer’s dis-
eases, schizophrenia, anxiety, and some forms of epilep-
sy. As a result, novel ligands for neuronal nAChRs, in
particular for the two major a4b2 and a7 brain sub-
types, may have a great potential as pharmaceuticals
aiming at several neurological disorders.1 Indeed, sub-
type selective nAChR ligands have been developed over
the last decade leading to the formulation of reliable
a4b2 and, more recently, a7 pharmacophores, where
common elements are a cationic centre (N+) and a suit-
ably distanced hydrogen bond acceptor and/or p-elec-
tron-rich group (HBA/p), while a distinctive element
enhancing a7 binding properties seems to be a bulky
hydrophobic moiety directly attached to the cationic
nitrogen containing portion or to HBA/p.2–4 The direc-
tionality of the HBA/p group relative to the
N+! HBA/p vector emerges as a critical feature and

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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there is a continuing interest concerning nicotine and
novel nicotinoids with only one or no rotatable bond be-
tween the cationic centre and HBA/p as useful ligand
templates. Recently, we have reported unichiral E and
Z isomers of pyrrolidinylmethoxyimines and prolinal
oxime ethers as candidate bioisosteres of nicotine and
its isoxazolic analogue ABT 418, demonstrating that
some of them display a submicromolar a4b2 affinity
and a remarkable selectivity over a7 and muscarinic
receptors.5 In a continuation of this investigation, we
present here the synthesis and the nicotinic binding affin-
ity of 1 and 2, where the typical nicotinoid 2-pyrrolidinyl
residue is linked to a HBA/p cyclic moiety, represented
by oxazolidin-2-one and 1,4-benzodioxane, respectively.
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presence of two vicinal stereocentres connected by the
only bond, whose rotation is relevant to molecule
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conformation. In view of finding ligands with diversified
affinity profiles, this was judged an intriguing feature in
addition to the existence of four different isomers and to
the fact that such a stereochemical complication takes
place in proximity of the critical cationic head with pre-
dictably important consequences on the mutual disposi-
tion of N+ and HBA/p. The replacement of the HBA/p
moiety of nicotine, namely the pyridine ring, by oxazoli-
din-2-one and 1,4-benzodioxane was undertaken consid-
ering the HBA/p properties of both these systems.
Furthermore, in the case of oxazolidinone, we consid-
ered the reported successful combination of the cyclic
carbamate with quinuclidine to give a conformationally
restricted spiranic analogue of acetylcholine (AR-
R17779) with high and specific a7 nicotinic affinity6,7


and, in the case of benzodioxane, the chance of creating
a partially rigidified analogue of prolinol phenyl ethers
(3), whose nicotinic affinity is well known.8 To our
knowledge, the use of benzodioxane system in nicotinic
ligands was limited to 6-(2-pyrrolidinyl)-1,4-benzodiox-
ane9 and 3-quinuclidinyl 1,4-benzodioxan-5-carboxya-
mide,10 where benzodioxane is linked to the rest of the
molecule through the benzene ring and represents, in
the case of quinuclidine derivative, the additional bulky
hydrophobic moiety typical of many candidate a7
ligands.


The synthesis of (5R,2 0S)-5[1 0-methylpyrrolidin-2 0-yl]-
1,3-oxazolidin-2-one [(5R,2 0S)-1] was accomplished as
outlined in Scheme 1. (S)-N-Carbobenzyloxyprolinol
was oxidized to the corresponding aldehyde (S)-3 with
sulfur trioxide pyridine complex as previously reported
in the literature.11 The aldehyde was then converted into
a nearly equimolar diastereomeric mixture of R,S and
SS (1-carbobenzyloxy-2-pyrrolidinyl)oxirane, epimers
at the newly formed chiral centre, by treatment with
dimethylsulfoxonium methylide.12 As proved by 1H
NMR and HPLC analyses,13 subsequent oxirane ring
opening by dibenzylamine allowed only one diastereo-
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Scheme 1. Synthesis of pyrrolidinyloxazolidinone. Reagents and


conditions: (a) pyridine–SO3 complex, TEA, DMSO 25 �C, 2 h, 89%;


(b) NaH, trimethylsulfoxonium iodide, DMSO, THF, 25 �C, 2 h, 40%;


(c) dibenzylamine, 2-propanol, MW irradiation (150 �C, 100 W),


15 min, 48%; (d) LiAlH4, THF, reflux, 2 h, 54%; (e) H2–Pd/C, MeOH,


96 h, 100%; (f) 1,1 0-carbonyldiimidazole, THF, reflux, 2 h, 58%.

isomer of secondary dibenzylaminoalcohol 5 to be iso-
lated, namely that deriving from the SS
pyrrolidinyloxirane and having R configuration at the
exocyclic alcoholic carbon. The Cbz group of this novel
synthetic intermediate was reduced to methyl with
LiAlH4 and the resulting diamine (2R,2 0S)-614 debenzy-
lated by hydrogenolysis to give (2R,2 0S)-7,15 which was
finally cyclised to (5R,2 0S)-1 by reaction with 1,1 0-car-
bonyldiimidazole. Three hundred mega hertz 1H NMR
spectra confirmed the unitary diastereoisomeric compo-
sition of the two last intermediates 6 and 7 and of the
final pyrrolydinyloxazolidinone (5R,2 0S)-1.16 On the ba-
sis of the X-ray crystallographic analysis,17 R configura-
tion was assigned to the oxygen-bound asymmetric
carbon of this latter and, retrospectively, of the three
preceding aminoalcohols 5–7 (Fig. 1).


Starting from (R)-N-carbobenzyloxyprolinol, the same
synthetic route illustrated in Scheme 1 led to (5S,20R)-1.19


In order to obtain the pyrrolidinylbenzodioxane 2 with
S configuration at the nitrogen-bound asymmetric
carbon, the diastereomeric mixture of R,S, and SS
(1-carbobenzyloxy-2-pyrrolidinyl)oxirane, epimers at the
epoxide chiral centre, was reacted with 2-benzyloxyphe-
nol and potassium carbonate in 2-propanol (Scheme 2).
As in the previous oxirane opening with dibenzylamine,
only one diastereomeric secondary alcohol resulted from
the nucleophilic attack by phenoxyphenate, namely the
SS phenoxyalcohol 8,20 where the four substituents at
the oxygen-bound asymmetric carbon have the same re-
ciprocal disposition as in (2R,2 0S)-5 with phenoxymeth-
yl replacing dibenzylaminomethyl group. Upon this
reaction, the N-protecting group was almost quantita-
tively transformed into isopropoxycarbonyl. From the
above reaction, another main product was isolated and
identified, on the basis of 1H NMR and mass spectra,
as the tetrahydropyrroloxazolone derivative 9.21 This
latter product, which was not submitted to further syn-
thetic transformations, also showed unitary diastereo-
meric composition and its configuration was
tentatively established to be R and S at the oxygen-
and nitrogen-bound stereogenic carbons, respectively,
presuming that the bicyclic system was originated by

Figure 1. ORTEP18 of (5R,2 0S)-1, showing the atom-numbering


scheme (ellipsoids are at the 40% probability).







Table 1. Affinity of nicotine and compounds 1–2 for native receptor


subtypes, present in rat brain membranes, labelled by [3H]-epibatidine


and [125I]-aBungarotoxin


Compound [3H]-Epi Ki (lM) [125I]-aBgtx Ki (lM)


(�)-Nicotine 0.004 (18) 0.234 (29)


(5R,2 0S)-1 62 (17) 117 (34)


(5S,20R)-1 80 (18) 338 (31)


(2R,2 0S)-2 ÆHCl 0.62 (18) 12 (33)


(2S,20R)-2 ÆHCl 2.57 (16) 45 (27)


Kd (nM) 0.020 (23) 1.06 (32)


The Kd and Ki values were derived from [3H]-epibatidine and [125I]-


aBungarotoxin saturation and two competition binding experiments


on rat brain membranes as described in Ref. 25. The curves were fitted


using a nonlinear least squares analysis program and the F test. The


numbers in brackets represent the %CV.
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Scheme 2. Synthesis of pyrrolidinylbenzodioxane. Reagents and con-


ditions: (a) 2-benzyloxyphenol, potassium carbonate, 2-propanol,


reflux, 24 h, 42% for 8 and 30% for 9; (b) Mesyl chloride,


triethylamine, dichloromethane, 25 �C, 1 h, 95%; (c) H2–Pd/C, EtOH,


24 h, 79%; (d) potassium carbonate, acetone, reflux, 24 h, 88%; (e)


LiAlH4, THF, reflux, 2 h, 82%.
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the RS diastereomer of 4 through oxirane ring opening
and subsequent intramolecular displacement of Cbz
phenoxy group by oxirane oxygen. The benzyloxyphen-
oxyalcohol (1S,2 0S)-8 was mesylated and debenzylated.
Successive intramolecular nucleophilic substitution of
mesylate by the ortho-phenoxy moiety gave 1,4-dioxane
ring closure [(2R,2 0S)-12].22 The isopropoxycarbonyl
group was finally reduced to methyl obtaining
(2R,2 0S)-2[1 0-methylpyrrolidin-2 0-yl]-1,4-benzodioxane
[(2R,2 0S)-2] as an oily product, which was easily con-
verted into its hydrochloride.23 1H NMR analysis of vic-
inal coupling constants for (2R,2 0S)-2 showed the
relative anti disposition of the benzodioxane methine
proton not only to one of the two benzodioxane methy-
lene protons, as imposed by chair conformation of diox-
ane ring and by equatorial position of 2-pyrrolidinyl
substituent, but also to pyrrolidine methine proton. As
proved by conformational analysis, such a double anti
disposition of the three vicinal protons is favoured in
the diastereomer with opposite configurations at the
two asymmetric carbons, while the same arrangement
is virtually forbidden, due to the steric hindrance be-
tween N-methyl and benzodioxane methylene, in the
diastereomer with identical configurations at the two
stereocentres. Therefore, R configuration was assigned
to the benzodioxane C2 of the diastereomer of 2 pre-
pared from (S)-N-carbobenzyloxyprolinol. The absolute
configuration of the same stereogenic carbon in the syn-
thetic intermediates 8–12, which are all novel synthetic
intermediates, was consequently established by correla-
tion to (2R,2 0S)-2 as reported in Scheme 2.

(2S,2 0R)-2 was prepared by the same synthesis as its
enantiomer but starting from (R)-4, in turn obtained
from (R)-N-carbobenzyloxyprolinol as a mixture of epi-
mers at the epoxide chiral centre.24


For the reasons explained above, though the common
intermediate 4 was a mixture of two diastereomers, the
syntheses provided only the u stereoisomers of 1 and
2. The l stereoisomers, that is, the SS and RR forms,
were not obtained and the foreseen availability of all
the four stereoisomers of both 1 and 2 was not realized.
This notwithstanding, the biological evaluation was not
deferred considering that the study of the two synthe-
sized enantiomeric pairs could be already highly infor-
mative. In particular, we evaluated the affinity towards
the a4b2 and the a7 subtypes present in rat cortex mem-
branes by binding studies using, as ligands, [3H]-epibati-
dine and [125I]-aBungarotoxin, respectively.25 Nicotine
was included in the series for comparison. As shown
in Table 1, we found that the two pyrrolidinyloxazolid-
inones are virtually devoid of nicotinic affinity, whereas
the two pyrrolidinylbenzodioxanes exhibit a4b2 affinity.
In particular, (2R,2 0S)-2, which has the same S configu-
ration at the pyrrolidine stereocentre as (�)-nicotine,
shows a moderate submicromolar affinity for a4b2
nAChR and is fourfold more potent than its enantio-
mer. Both the isomers of 2 display a remarkable similar
selectivity over the a7 nAChR.


Furthermore, the structural analogy between 2 and
a2-adrenergic receptor (a2-AR) ligands such as efaro-
xan, imiloxan, and, especially, idazoxan induced to
evaluate the binding of 2 also to a2-ARs. Interestingly,
we found that both (2R,2 0S)-2 and (2S,2 0R)-2 possess
the ability to compete with [3H]RS 79948-197 for rat
cortex a2-ARs displaying submicromolar affinities
(0.77 and 0.47 lM Ki, respectively; Kd 1.01 nM).26,27
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0 0

The lack of affinity of (5R,2 S)-1 and (5S,2 R)-1 for both
a4b2 and a7 nAChRs is likely to be explained consider-
ing the different positions of the pharmacophore ele-
ments in pyrrolidinyloxazolidinone than in nicotine







Table 2. Interatomic distances (Å) for 1 stereoisomers, root mean square (rms) deviations (Å) of the coordinates of the four selected matching atoms


of 1 from those of the corresponding atoms of reference compounds ((S)-nicotine and AR-R17779) and distances (Å) between N+ of 1 and N+ of


reference compounds


Compounda N+–N


distance in 1


N+–CO


distance in 1


rms N+–N+


distance 1-nic.


N+–N+distanceb


1-AR-R17779
nicotine AR-R17779


(5R,20R)-1 4.76 5.21 0.45 0.35 0.21 0.30 (1.89)


(5S,20R)-1 4.59 4.89 0.80 0.47 0.29 0.78 (2.50)


(5R,20S)-1 4.68 5.04 0.90 0.33 0.31 0.72 (1.25)


(5S,20S)-1 4.50 5.81 0.99 0.35 0.28 0.57 (1.32)


a S configuration was invariably given to the protonated nitrogen.
b In brackets, the distance between the two N+ when the two oxazolidinone rings are allowed to exactly coincide.


Figure 2. Superposition of (5R,2 0R)-1 onto (S)-nicotine and


AR-R17779.


Figure 3. Superposition of (2R,2 0S)-2 onto (S)-nicotine.
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and in AR-R17779. All the lowest energy conformers of
the stereoisomers of 1, which have in common a ffi60�
angle between the two ring planes, as indicated by con-
formational analysis28 and by X-ray analysis of
(5R,2 0S)-1, and N+–HBA (N+–N or N+–CO) distances
compatible with nicotinic pharmacophore models, are
superimposed on nicotine with unfavourably high rms
distance between the four selected matching atoms
(methyl carbon, cationic nitrogen, pyrrolidine stereocen-
tre, and carbonylic oxygen/pyridine nitrogen), with the
only exception of the unfortunately unavailable RR iso-
mer (0.45 Å


´
rms distance and 0.21 Å


´
N+–N+ distance)


(Table 2 and Fig. 2). The superposition onto AR-
R17779 (fitting of the four heteroatoms) is better, as
shown by the generally lower rms values, but the N+–
N+ distances are sensibly higher (Table 2). Also
accounting that superposition through three atoms of

Table 3. Interatomic distances (Å) for 2 stereoisomers, root mean square (rm


of 2 from those of the corresponding atoms of the reference compound (S)-n


Compounda N+–O(4) distance in 2


(2R,20R)-2 4.95


(2S,20R)-2 3.42


(2R,20S)-2 4.68


(2S,20S)-2 4.34


a S configuration was invariably given to the protonated nitrogen.

oxazolidinone and the only cationic nitrogen helps in
raising the distance between the N+ atoms, nevertheless
the positions of these latter are to be considered signifi-
cantly different and become quite divergent when the
oxazolidinone rings of 1 and AR-R17779 are allowed
to exactly coincide. Again, it is the RR isomer that gives
the best superposition of ammonium nitrogen atoms
(Fig. 2).


In the case of pyrrolidinylbenzodioxanes 2, contrary to
pyrrolidinyloxazolidinones 1, the lowest energy con-
formers28 of the two synthesized enantiomers, SR and
RS, are those showing the best superposition with nico-
tine with low rms distances (0.36 and 0.39, for (2R,2 0S)-
2 and (2S,2 0R)-2, respectively, versus 0.60 and 0.91 for
the other two streoisomers; matching atoms: methyl car-
bon, cationic nitrogen, pyrrolidine stereocentre, and
benzodioxane O(4)/pyridine nitrogen) (Table 3). This is
consistent with the finding of nicotinic affinity. In partic-
ular, (2R,2 0S)-2, which displays a submicromolar a4b2
affinity, shows, in addition to the minimum value of
rms distance, the maximum closeness of O(4) to pyridine
nitrogen of nicotine and a 4.68 Å N+–O(4) distance.
Both these features candidate O(4) of (2R,2 0S)-2 to

s) deviations (Å) of the coordinates of the four selected matching atoms


icotine and distances (Å) between O(4) of 2 and pyridine N of nicotine


rms N(pyridine)–O(4) distance


0.60 0.71


0.39 0.76


0.36 0.30


0.91 0.78
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replace pyridine nitrogen as HBA in the interaction with
the binding site. As shown in Figure 3 for (2R,2 0S)-2, the
benzene ring, whose plane makes a ffi55� angle with the
pyrrolidine plane, cannot overlay the pyridine ring of
nicotine because condensed with dioxane; however,
though entirely exceeding the overlap volume, it does
not preclude the interaction.


Finally, we would like to draw attention to the a2-AR
affinity of pyrrolidinylbenzodioxanes. Recently, Abelson
and Höglund29 have demonstrated that a2-AR ligands,
such as clonidine, rilmenidine, and efaroxan, possess
micromolar or submicromolar affinity for rat spinal
cord receptors labelled by [3H]epibatidine and affect
spinal ACh release. Their observation would provide
strong evidence to that nicotinic receptors are involved
in the increase or decrease of intraspinal ACh produced
by the a2-AR ligands and in the antinociception medi-
ated by these later. Proceeding in the opposite direction,
we evidenced an analogous double-faced profile of bind-
ing affinity for a novel compound, namely (2R,2 0S)-2,
whose structure resembles that of a2-AR ligand idazo-
xan. Our findings are consistent with Abelson’s results,
indicating the same interesting coexistence of affinities
for two quite different receptor systems, an unexpected
feature, which could be not undesirable.
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Abstract—Recently resolved X-ray crystal structure of HIF-1a prolyl hydroxylase was used to design and develop a novel series of
pyrazolopyridines as potent HIF-1a prolyl hydroxylase inhibitors. The activity of these compounds was determined in a human
EGLN-1 assay. Structure-based design aided in optimizing the potency of the initial lead (2, IC50 of 11 lM) to a potent (11l,
190 nM) EGLN-1 inhibitor. Several of these analogs were potent VEGF inducers in a cell-based assay. These pyrazolopyridines
were also effective in stabilizing HIF-1a.
� 2006 Elsevier Ltd. All rights reserved.

Hypoxia inducible factor (HIF) is a transcriptional com-
plex that plays a key role in mammalian oxygen homeo-
stasis and regulates a host of hypoxic response genes
that regulate angiogenic, glycolytic, and erythropoietic
processes.1–3 The subunit components, HIF-1a and
HIF-1b (ARNT) are constitutively expressed and
regulation is achieved by the selective destruction of
HIF-1a. HIF-1a is a major regulatory point of cellular
response to hypoxia (decreasing partial pressure of
oxygen).


In the presence of oxygen, a family of non-heme iron
containing prolyl hydroxylases (EGLN-1, EGLN-2,
and EGLN-3) effects post-translational modification of
HIF-1a by hydroxylation of proline564 and proline402


in the oxygen dependent degradation domain (ODD)
via a reaction that requires 2-oxoglutarate (2OG) and
ascorbate.4–6 Proline hydroxylation then targets HIF-
1a subunits for proteasomal degradation via binding
to the VHL (Von Hippel Lindau tumor suppressor pro-
tein), elongin C/B, CuI2, Rbx1 ubiquitin ligase complex.
Since the post-translational hydroxylation of HIF-1a is
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controlled by oxygen concentration, under hypoxia the
hydroxylation of HIF-1a is inhibited, and HIF-1a binds
to ARNT to form a functional transcriptional activator
that turns on genes with hypoxic response elements (e.g.,
VEGF, EPO, glycolytic enzymes).7 Therefore, inhibition
of HIF-1a prolyl hydroxylases, resulting in HIF-1a sta-
bilization and has a potential to be a viable therapeutic
approach for ischemic diseases including myocardial
infarction, stroke, peripheral arterial disease, heart fail-
ure, diabetes, and anemia.


Neither crystal structure of the procollagen nor that of
HIF prolyl hydroxylases has been reported in the litera-
ture. However, atomic resolution structures have
been obtained for other 2-oxoglutarate dioxygenases
including bacterial proline 3-hydroxylase, deacetoxy-
cephalosporin C synthase, clavaminate synthase, and
asparaginyl hydroxylase.8 The similarity of cofactor
requirements for the catalytic step suggests that these
structural data should provide significant information
concerning the active site of HIF prolyl hydroxylase to
aid synthesis of small molecule inhibitors.


We sought to identify suitable small molecule HIF-1a
prolyl hydroxylase inhibitors based on structure-based
design approach utilizing the recently solved crystal
structure of EGLN-19 in complex with the isoquinoline
inhibitor 110 (Fig. 1).



mailto:Warshakoon.nc@pg.com





Figure 1. Binding of compound 1 to the catalytic domain of EGLN-1.
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Among the key interactions between compound 1 and
the EGLN-1 active site are the salt bridge between the
terminal carboxylic acid and Arg383, the coordination
of iron by the isoquinoline nitrogen and the side chain
amide, and also the hydrogen bond between the pheno-
lic hydroxyl of the inhibitor and Tyr303.


In our structure-based drug design approach, pyrazolo-
pyridine 2 emerged as a possible lead for novel HIF-1a
prolyl hydroxylase inhibitors. The predicted binding
mode of this compound is shown in Figure 2. In this
binding orientation the nitrogens in the pyridine and
pyrazole bind to iron, while the carboxylate interacts
with Arg383.


The reasonable binding mode of pyrazolopyridine 2
(Fig. 2) prompted us to probe this structural class more
carefully. The synthesis of 2 is outlined in the scheme be-
low (Scheme 1).


Additional analogs beginning with 6 were prepared
according to the scheme shown below (Scheme 2). The
commercially available, 2-chloro-5-hydroxymethylpyri-
dine 6 was protected as its benzyl ether and, in a similar

Figure 2. The predicted mode of binding between 2 and EGLN-1.

procedure to the synthesis of 2, was condensed with eth-
yl pyrazole 4. However, this reaction did not go to com-
pletion, and the separation of the product and the
starting material was extremely difficult. Conversely,
pyridine N-oxide 8 reacted with pyrazole 4 and pro-
duced desired condensed product 9 in good yields.
Hydrogenation of 9 under microwave conditions
cleaved both the benzyl ester and the N-oxide. Alkyl-
ation of 10 followed by the hydrolysis of the ethyl ester
generated the analogs 11a–h (Table 1).


The benchmark isoquinoline 1 has an IC50 of 1.4 lM in
the EGLN-1 enzyme assay. In comparison, compound 2
showed reasonable activity in the assay (12 lM) spur-
ring us to initiate a structure-based medicinal chemistry
program around the novel pyrazolopyridine scaffold.
Figures 2 and 3 show that by reaching out toward the
outer region of the active site, ligands can interact favor-
ably with the active site residues Tyr310, Arg322,
Met299, and Gln239. The modeling studies suggested
that an appropriate substitution placed at the 5-position
of the pyridyl nucleus has the ability to interact with
these residues, and therefore, brings about the optimal
binding energy of the ligands and the active site of
EGLN-1.


One such analog (compound 11a) is expected to have a
strong coordination to the iron using both the pyridyl
and pyrazole nitrogens, while the oxygen atom on the
side-chain ether linkage builds a hydrogen bonding
interaction with OH of Tyr310. The phenyl ring inter-
acts with the side chain of Gln239 in a lipophilic fashion
(Fig. 3).


The pyrazolopyridine analogs were screened in an
EGLN-1 enzyme assay (Table 1). The activity of these
compounds was then measured in cell-based VEGF
induction assay, which measures events downstream of
HIF-1a stabilization (Table 1). In this study, we focused
our structure–activity relationship development on the
phenyl ring of the distal ether linkage. As suggested by
the modeling studies at the outset, the analog 11a
showed good activity against EGLN-1. A range of ring
substitutions (both electronic and positional) was toler-
ated by the enzyme. Thus, both electron-donating and -
withdrawing substituents displayed good activity. The
meta- and para-substitutions both showed comparable
activity; however, in the case of the chloride substituent,
the para-substituted pyrazolopyridine 11b had improved
activity as compared to the ortho- and meta-substitu-
tions (11c and d). Compound 11l, in which the distal
phenyl ring was substituted with a 2-cyano-phenyl
group, had nanomolar activity against the enzyme. In
addition to the interactions within the active site, de-
scribed earlier, we judiciously positioned the nitrile
group at the 2-position to build a hydrogen bonding
interaction with Trp258 at the top of the active site
(Fig. 4). Interestingly, the amide linkage at the 5-posi-
tion of the pyridyl nucleus had an adverse effect on the
activity against EGLN-1 (data not shown).


In the cell-based VEGF assay, these pyrazolopyridines
were able to induce significant VEGF induction. In







N


HO


Cl N


BnO


Cl N


BnO


Cl
O


N


BnO


N
N


CO2Et
O N


HO


N
N


CO2Et


N


O


N
N


CO2H


R


a b


c d


e


6 7
8


9 10


11


Scheme 2. Reagents and conditions: (a) BnBr/THF/NaH (75%); (b) MeReO3/H2O2/CH2Cl2 (75%); (c) Cs2CO3/DMF/ethylpyrazole-3-carboxylate/


140 �C/30 min/MW (80%); (d) Pd(OH)2/cyclohexene/EtOH/120 �C/20 min/MW (70%); (e) 1—RX/NaH/THF (65–70%), 2—KOH/EtOH/water


(80%).


Table 1. Biological activity of pyrazolopyridines against EGLN-1 and


VEGF
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Entry R EGLN-1–IC50


(lM)


VEGF EC50


(lM)


11a H 2.7 25


11b p-Chloro 0.58 7.4


11c m-Chloro 1.7 3.8


11d o-Chloro 2.4 na


11e p-Methoxy 2.4 1.0


11f m-Methoxy 1.6 >100


11g p-Cyano 1.6 na


11h m-Methyl 2.1 na


11i m-Trifluoromethyl 2.9 11


11j p-Isopropyl 1.7 na


11k 3,5-Dimethoxy 2.8 na
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CN
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Figure 3. The predicted mode of binding between 11a and EGLN-1.


Figure 4. The predicted mode of binding between 11l and EGLN-1.
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addition, these EGLN inhibitors were effective in stabi-
lizing HIF-1a. Therefore, this study serves to establish
our initial hypothesis of stabilization of HIF-1a via
inhibiting HIF-1a prolyl hydroxylase and subsequently
leading to increase in VEGF induction. Potency changes
noted in the enzyme assay were not consistently seen in
the cell-based VEGF induction assay. The apparent
discrepancies probably reflect the difficulties of reconcil-
ing the physical properties of the compounds and
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compatibility with differing conditions and requirements
of isolated enzyme and cellular assays.


In summary, this study indicates the ability to design po-
tent, nonpeptidic, HIF-1a prolyl hydroxylase inhibitors
using a structure-based drug design approach. This nov-
el class of pyrazolopyridines is currently under investiga-
tion for its PK and in vivo properties. The results will be
disclosed elsewhere.


EGLN-1 activity assay. The EGLN-1 enzyme activity
was determined using mass spectrometry (matrix-assist-
ed laser desorption ionization, time-of-flight MS, and
MALDI-TOF MS). The HIF-1a peptide corresponding
to residues 556–574 (DLDLEALAPYIPADDDFQL)
was used as substrate. The reaction was conducted in
a total volume of 50lL containing Tris–Cl (5 mM, pH
7.5), ascorbate (120 lM), 2-oxoglutarate (3.2 lM),
HIF-1a (8.6 lM), and bovine serum albumin (0.01%).
EGLN-1, quantity predetermined to hydroxylate 20%
of substrate in 20 min, was added to start the reaction.
Where inhibitors were used, compounds were prepared
in dimethylsulfoxide at 10-fold final assay concentra-
tion. After 20 min at room temperature, the reaction
was stopped by transferring 10 lL of reaction mixture
to 50 lL of a mass spectrometry matrix solution (a-cya-
no-4-hydroxycinnamic acid, 5 mg/mL in 50% acetoni-
trile/0.1% TFA, 5 mM NH4PO4). Two microliters of
the mixture was spotted onto a MALDI-TOF MS target
plate for analysis with an Applied Biosystems (Foster
City, CA) 4700 Proteomics Analyzer MALDI-TOF
MS equipped with a Nd:YAG laser (355 nm, 3 ns pulse
width, 200 Hz repetition rate). Hydroxylated peptide
product was identified from substrate by the gain of
16 Da. Data defined as percent conversion of substrate
to product were analyzed in GraphPad Prism 4 to calcu-
late IC50 values.


VEGF ELISA. HEK293 cells were seeded in 96-well
poly-lysine coated plates at 20,000 cells per well in
DMEM (10% FBS, 1% NEAA, and 0.1% glutamine).
Following overnight incubation, the cells were washed
with 100lL of Opti-MEM (Gibco, Carlsbad, CA) to re-
move serum. Compound in DMSO was serially diluted
(beginning with 100 lM) in Opti-MEM and added to

the cells. The conditioned media were analyzed for
VEGF with a Quantikine human VEGF immunoassay
kit (R&D Systems, Minneapolis, MN). Optical density
measurements at 450 nm were recorded using the Spec-
tra Max 250 (Molecular Devices, Sunnyvale, CA). Data
defined as % of DFO stimulation were used to calculate
EC50 values with GraphPad Prism 4 software.
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Abstract—Various gene transfer and automated/monitorized analytical applications require the controlled release of nucleic acid. A
solid phase with spermine or polyethyleneimines (PEI, 600 MW) tethered by o-nitrobenzyl linkages was synthesized with polyeth-
ylene oxide beads (ArgoGel-NH2). The photolysis of test compound O-2-nitrophenethyl O,O-diethyl phosphate or solid phase with
o-nitrobenzyl group as synthetic linker was completely degradable with photoirradiation at 365 nm for 10–18 min at 3.5 mW/cm2.
DNA binding with polyamine of the solid phase and releasing of DNA/polyamine were monitored by UV measurement and gel
electrophoresis. The potential exists to employ a DNA-loaded solid phase for spatially, temporally, or dose-controlled release of
DNA, at extracellular or intracellular sites.
� 2006 Elsevier Ltd. All rights reserved.

Several strategies have been tested for gene delivery in vi-
tro and in vivo. Recent studies of gene therapy employ
the release of DNA from solid phase.1 The solid phase
release of DNA has been tested with suture coatings,2


bone implants,3 tissue engineering scaffolds,4 vaccines,5


polymeric stent coating,6 and printed micro-assays.7


The mechanism of release typically involves polymer
erosion or DNA desorption. Also, various high
throughput methodologies require the use of a solid
phase for capture, purification or alteration of DNA.


However, the ability to control the temporal and spatial
release of DNA from a solid phase presents a challeng-
ing design problem where the strong binding and specific
release of DNA are competing design goals. For exam-
ple, the binding of biotinylated DNA with streptavidin-
coated polystyrene particles facilitates only the binding
of DNA.8
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Polyamines such as polylysine, spermidine, spermine,
and polyethyleneimine (PEI) can complex and condense
polyanions such as DNA via strong electrostatic interac-
tions through multiple amine positive charges.9–11 Link-
ing such polycations to a solid phase presents several
unique advantages with respect to nucleic acid pharma-
ceutic or analytical applications. The solid phase organic
synthesis has emerged as a powerful methodology due to
several merits such as simple reaction, easy separation of
supported species and products, and application to com-
binatorial automation system.12–14 Various strategies
can be applied to release the DNA from the solid phase.
Harding et al. reported the synthesis of the Sepharose
bead containing the intercalator and a spermine linker
as DNA-binding reagent and DNA releasing by base
(NaOH or KOH).15 However, the use of these bases is
not amendable to work in vivo or in vitro or with en-
zymes typical of analytical molecular biology.


Thus, we synthesized solid phase supports presenting
polyamine as efficient DNA-binding agents. Further-
more, the controlled release of DNA from the solid
phase in complexation with a polyanion has also been
designed. The o-nitrobenzyl group has been employed
as a useful tool for understanding biological processes
through photoirradiation.16–19 Therefore, we selected
o-nitrobenzyl phosphonate20 as a photocleavable linker
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to examine controlled release of the DNA complex from
their solid phase under photoirradiation. This article de-
scribes the synthesis of solid phase with polyamines, and
DNA binding and controlled release of a DNA/polyca-
tion complex triggered by photoirradiation.


The synthetic procedure is shown in Scheme 1. First, a
nitroacetophenone derivative with an acid group was at-
tached to amine resin (ArgoGel-NH2) to yield the deriv-
atized resin AG-1. For this reaction, the 4-acetyl-2-
methoxy-5-nitrophenoxy acetic acid (1)21 was activated
with N-hydroxysuccinimide (NHS) and N,N-dic-
yclohexylcarbodiimide (DCC), and reacted at a 5-fold
molar excess with the amino resin to maximize yield.22


The AG-1 resin showed negative Kaiser test, indicating
complete consumption of amine. Reduction of AG-1
was carried out with NaBH4 to give AG-2.23 In the sub-
sequent step, the AG-2 was reacted with phenyl phos-
phonic dichloride, followed by reaction with water to
give resin AG-3 containing phosphonic acid.24 Finally,
addition of spermine or PEI was carried out with
NHS, DCC, and the resin AG-3 to produce AG-Sp or
AG-PEI.25,26 All resins were characterized by 1H
NMR spectroscopy (Fig. 1). The 1H NMR spectra of
the final resins showed the signals of spermine or PEI at-
tached to the resin as well as the other groups associated
with the o-nitrobenzyl linkage. Additionally, the resin
showed increased N content from elemental analysis,
indicating the attachment of the polyamine to the
resin.27


Prior to photocleavage studies of AG-Sp or AG-PEI, we
explored the kinetics of breakdown of a soluble mimic.
The 1H NMR spectroscopic change of O-2-nitrophen-
ethyl O,O-diethyl phosphate (NDP) as a control model
was monitored in CDCl3 to examine the photodecompo-
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sition behavior. In the spectrum after irradiation, signals
of NDP completely disappeared. Signals assignable to
methylene and methyl protons of O,O-diethyl phospho-
ric acid and nitrosoacetophenone formed by irradiation
appeared at 2.72, 4.11, and 1.35 ppm, respectively. NDP
showed complete decomposition at 10 min under irradi-
ation (365 nm, 3.5 mW/cm2). The UV spectrum of nitr-
osoacetophenone formed after irradiation showed
absorbance around 320 nm. The decomposition by irra-
diation was carried out with AG-Sp.28 After irradiation
for 18 min, the reaction mixture was separated by filtra-
tion and washed with methanol. Figure 2 shows the 1H
NMR spectra of (A) AG-Sp, (B) solvent-insoluble, and
(C) solvent-soluble parts after irradiation. The solvent-
soluble part showed the signals of the phenyl phosphon-
ic functionalized spermine assignable to benzene ring
and methylene of spermine at 7.2–7.5, 3.1, 1.8, and
1.4 ppm, respectively (Fig. 2C). The solvent-insoluble
part showed signal of only the ArgoGel lacking sperm-
ine (Fig. 2B). This result indicated that o-nitrobenzyl
group on AG-Sp was completely labile with
photoirradiation.


To test for DNA capture and photolytic release, DNA
was complexed with the spermine on AG-Sp. Figure 3
shows the UV absorbance of various components. UV
absorbance of only DNA solution was 0.0156 at
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260 nm (A), while the supernatant solution after the
addition of DNA into the AG-Sp solution showed
absorbance of 0.0080 (B). This result indicates that

DNA was captured by AG-Sp. Photoirradiation was
carried out for the solution to examine photorelease of
the DNA/spermine complex from solid phase. The
absorbance of solution beads removed was 0.0199 at
260 nm after irradiation for 18 min (C). AG-Sp only
as control was shown absorbance of 0.0117 after irradi-
ation for 18 min (D). The slightly higher absorbance of
the released complex was likely due to absorbance inter-
face of AG-Sp. The UV spectrum after irradiation also
showed slight absorbance as a shoulder around
320 nm due to nitrosoacetophenone formed by decom-
position of AG-Sp.


To confirm the binding of DNA and release of DNA/
polyamine complex by irradiation, agarose gel electro-
phoresis was also carried out for the solution taken from
the DNA/solid phase without and with irradiation
(Fig. 4).27 Lanes b and c did not show any detectable
DNA, indicating that spermine of AG-Sp completely
captured the DNA. While lane e after irradiation
showed some DNA in the loading well, DNA did not
migrate freely through the gel because it was condensed
with spermine. In order to release DNA from spermine
complexes, polyanionic heparin was added to DNA/sol-
id phase taken before irradiation (lane d) and the solu-
tion taken from the DNA/solid phase after irradiation
(lane f). DNA was visualized by the addition of heparin.
Lane d indicated DNA release by heparin exchange
from spermine of solid phase in the condition without
irradiation. Lane f demonstrated the DNA release from
DNA/spermine complex formed by irradiation. Howev-
er, lane f showed a partial transformation of the DNA
from a supercoiled to an open circular form, maybe
due to photoirradiation. Gel electrophoresis using AG-
PEI showed similar result with AG-Sp.


In conclusion, we synthesized a spermine or PEI modi-
fied solid phase with o-nitrobenzyl group as a photola-
bile linker. The polyamine of the solid phase allowed
capture of DNA. The DNA/polyamine complex was
then released using light without the need for high tem-
perature, high salt, or acidic/basic conditions. This ap-
proach is useful for solid phase presentation of DNA
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with triggered release, amenable to control of time of re-
lease, position of release, and amount of DNA release.
Further research on the kinetic studies of binding and
releasing of DNA with polyamine of solid phase is
now in progress.
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Abstract—Utilizing modeling information from a recently resolved structure of human HIF-1a prolyl hydroxylase (EGLN1) and
structure-based design, a novel series of imidazo[1,2-a]pyridine derivatives was prepared. The activity of these compounds was deter-
mined in a human EGLN1 assay and a limited SAR was developed.
� 2006 Elsevier Ltd. All rights reserved.

O


Hypoxia inducible factor (HIF) is a transcriptional com-
plex that plays a key role in mammalian oxygen homeo-
stasis and regulates a host of hypoxic response genes
that regulate angiogenic, glycolytic, and erythropoietic
processes.1–3 The subunit components, HIF-1a and
HIF-1b (ARNT), are constitutively expressed and regu-
lation is achieved by the selective destruction of HIF-1a.
HIF-1a is a major regulatory point of cellular response
to hypoxia (decreasing partial pressure of oxygen).


In the presence of oxygen, a family of three iron-depen-
dent, non-heme prolyl hydroxylases (EGLN-1, EGLN-
2, and EGLN-3) effects post post-translational modifica-
tion of HIF-1a by hydroxylation of prolines 564 and 402
in the oxygen-dependent degradation domain (ODD)
via a reaction that requires 2-oxoglutarate (2OG) and
ascorbate.4–6 Prolyl hydroxylation then targets HIF-1a
subunits for proteasomal degradation via binding to
the VHL (Von Hippel–Landau tumor suppressor pro-
tein), elongin C/B, CuI2, Rbx1 ubiquitin ligase complex.


Since the post-translational hydroxylation of HIF-1a is
strictly dependent on oxygen concentration, under
hypoxia the hydroxylation of HIF-1a is inhibited, and
HIF-1a binds to ARNT to form a functional transcrip-
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tional activator that turns on genes with hypoxic re-
sponse elements (e.g., VEGF, EPO, and glycolytic
enzymes).7 Therefore, inhibition of HIF-1a prolyl
hydroxylases, resulting in HIF-1a stabilization, has a
potential to be a viable therapeutic approach for ische-
mic diseases including myocardial infarction, stroke,
peripheral vascular disease, heart failure, diabetes, and
anemia.


Very limited medicinal chemistry details describing
small molecule human HIF-1a prolyl hydroxylase are
reported in the literature.8 These inhibitors are small
peptidomimetic molecules that resemble 2-oxoglutarate
(Fig. 1).


Clearly, there is a strong impetus for the discovery and
development of more ‘drug-like’ small molecule HIF-
1a prolyl hydroxylase inhibitors with desirable activity
and selectivity profile. In this regard, isoquinoline 3,
which acts as a 2-oxoglutarate mimetic and exerts the
prolyl hydroxylase inhibition, is a more ‘drug-like’ com-
pound (Fig. 2).9 This compound which was discovered
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Figure 1. Small molecule HIF-1a prolyl hydroxylase inhibitors.
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Figure 4. The predicted binding mode of compound 4 in the EGLN-1
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by scientists at Fibrogen served as the starting point for
our medicinal chemistry program on the discovery of
HIF-1a prolyl hydroxylase inhibitors.


We sought to identify new classes of HIF-1a prolyl
hydroxylase inhibitors using structure-based design ap-
proach based on the recently solved X-ray crystal struc-
ture of EGLN-1 catalytic domain in complex with
compound (3) (PDB entry: 2HBT and 2HBU).10 Our
modeling studies (see references and notes section for
a detailed description), later confirmed by the X-ray
crystal structure, suggested that the isoquinoline nitro-
gen and the side-chain amide carbonyl interact with iron
while the phenolic OH and the amide NH form an intra-
molecular hydrogen bond which imposes additional
rigidity to the molecule (Fig. 3).


Initial modeling studies suggested that imidazo[1,2-
a]pyridine 4 can be a potential HIF-1a prolyl hydroxy-
lase inhibitor (Fig. 4). This compound is predicted to
interact with the active site in a manner that is different
from compound 3: its binding orientation is proposed to
be inverted, with the N-1 of imidazo[1,2-a]pyridine che-
lating the iron and the side-chain carboxylate interacting
with Arg323 which is located somewhat outside of the
active site. By comparison, the side-chain carboxylate
of compound 3 interacts with Arg383 which is located
inside of the active site (Fig. 3).


Our initial hypothesis based on the initial modeling
studies suggested that introduction of substituents on

Figure 3. Observed interactions between compound 3 and the enzyme.


(Here and in the following figures some residues are omitted for


clarity).

the pyridine ring of the imidazo[1,2-a]pyridines would
create interactions with the active site toward the
Arg383. However, upon examining the binding mode
as predicted by FlexX program between 8a and
EGLN-1 active site complex, we realized that these com-
pounds bind to the active site in a manner similar to that
of compound 3 (Fig. 3) (i.e., the substitution on the pyr-
idine ring now points toward the Arg322 while the side-
chain carboxylate interacts with Arg383) (Fig. 5).


Conventionally, the imidazo[1,2-a]pyridines can be syn-
thesized via heating a corresponding 2-aminopyridine
and bromoglycolate for longer times.11 To rapidly create
a library of imidazo[1,2-a]pyridines we have decided to
employ a new synthetic protocol under microwave con-
ditions.12 This synthesis generated the desired com-
pounds in excellent yield (80–90%) in 20–30 min. The
intermediate 6-bromo imidazo[1,2-a]pyridine derivative
was hydrolyzed and coupled with glycine methyl ester.
This was then subjected to a Suzuki coupling under

Figure 5. The predicted binding mode of compound 8a in the EGLN-1


active site.
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microwave conditions to generate the desired analogs in
excellent yields (Scheme 1).


The SAR of the imidazo[1,2-a]pyridines is summarized
in Table 1. The benchmark isoquinoline 3 had an IC50


value of 1.4 lM in our EGLN-1 assay. Compound 4,
with no substitution on the imidazo[1,2-a]pyridine, did
not show any activity. Similarly, substitution at 5-, 7-,
or 8-position of the imidazo[1,2-a]pyridines was com-
pletely inactive in EGLN-1 assay. Simple alkyl or halo-
gen substituents at the 6-position of the imidazo[1,2-
a]pyridines did not show any activity (data not shown).
However, introduction of a phenyl group gave apprecia-
ble activity. All the compounds with the phenyl ring at
the 6-position showed good EGLN-1 activity, with one
rare and interesting exception. The methyl substitution
at the meta-position of the outer phenyl ring (Table 1,
8k) was completely devoid of any EGLN 1 activity.
The para-substitution of the outer phenyl ring with both
electron-donating and electron-withdrawing groups
delivered more active compounds than those of meta-
substitution. The naphthyl substitution at the 6-position
(Table 1, 8h) generated a compound with good activity
toward EGLN 1. Our molecular modeling studies sug-
gest a lipophilic interaction between the naphthyl group
and the side chains of Ile256 and Gln239 while the ring
nitrogen in the imidazopyridine and the side-chain
amide carbonyl coordinate with iron(II) (Fig. 6). In
addition, analog 8d indicates the possibility of generat-
ing analogs with superior activity via a simple amide
coupling procedure with appropriate amines. In con-
trast, the analogs derived from 6-amino imidazo[1,2-
a]pyridines (Table 1, 8m and 8n) show a decreasing trend
in activity.


In summary, we were able to design and develop a new
class of imidazo[1,2-a]pyridines based entirely on the
crystal structure, that shows promising activity against
HIF-1a prolyl hydroxylase. These novel HIF-1a prolyl
hydroxylase inhibitors also demonstrated their potential
to induce cellular VEGF via stabilizing HIF-1a (data
not shown). Analog synthesis and evaluation of physical
properties (BA, PK) are currently underway and will be
reported in due course.


Modeling studies. The 3D coordinates of receptor was
directly adapted from the in-house X-ray structure of
human EGLN-1. The 3D structures of compounds to
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be docked were generated and minimized by Sybyl 7.9
(Sybyl; Tripos Inc., 1699 South Hanley Rd, St. Louis,
MO 63144, USA). The protonation state of each com-
pound was assigned based on physiologic condition.
For instance, all carboxylic acids were deprotonated.
All docking calculations were performed by using FlexX
(FlexX; Tripos Inc., 1699 South Hanley Rd, St. Louis,
MO 63144, USA) with standard docking procedure
and parameters. The active site is defined as the collec-
tion of amino acids lying within 6.5 Å of atoms of com-
pound 3 determined by the in-house X-ray structure.
FlexX is a fragment-based docking program. The dock-
ing conformations were ranked by using FlexX scores.
The final protein–ligand complexes were not minimized
after the docking. With the same docking set up, we
were able to successfully reproduce the binding confor-
mation of compound 3 to EGLN-1. In the predicted
protein–ligand complex with the best FlexX score, the
rmsd (root mean square deviation) between the coordi-
nates of the predicted ligand and those of the co-crystal
ligand is less than 1.5 Å.


EGLN-1 activity assay. The EGLN-1 enzyme activity
was determined using mass spectrometry (matrix-assist-
ed laser desorption ionization, time-of-flight MS, MAL-
DI-TOF MS). The HIF-1a peptide corresponding to
residues 556–574 (DLDLEALAPYIPADDDFQL) was
used as substrate. The reaction was conducted in a total
volume of 50 lL containing Tris–HCl (5 mM, pH 7.5),
ascorbate (120 lM), 2-oxoglutarate (3.2 lM), HIF-1a
(8.6 lM), and bovine serum albumin (0.01%). EGLN
1, quantity predetermined to hydroxylate 20% of sub-
strate in 20 min, was added to start the reaction. Where
inhibitors were used, compounds were prepared in
dimethylsulfoxide at 10-fold final assay concentration.
After 20 min at room temperature, the reaction was
stopped by transferring 10 lL of reaction mixture to
50 lL of a mass spectrometry matrix solution (a-cya-
no-4-hydroxycinnamic acid, 5 mg/mL in 50% acetoni-
trile/0.1% TFA, and 5 mM NH4PO4). Two microliters
of the mixture was spotted onto a MALDI-TOF MS
target plate for analysis with an Applied Biosystems
(Foster City, CA) 4700 Proteomics Analyzer MALDI-
TOF MS equipped with a Nd:YAG laser (355 nm,
3 ns pulse width, 200 Hz repetition rate). Hydroxylated
peptide product was identified from substrate by the
gain of 16 Da. Data defined as percent conversion of
substrate to product was analyzed in GraphPad Prism
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4 to calculate IC50 values (The catalytic domain of
EGLN-1 was amplified from a commercially available
cDNA from GeneCopia. The vector used is pDONR-
221 vector from Invitrogen).
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Abstract—A new series of potent 8-hydroxyquinolines was designed based on the newly resolved X-ray crystal structure of EGLN-1.
Both alkyl and aryl 8-hydroxyquinoline-7-carboxyamides were good HIF-1a prolyl hydroxylase (EGLN) inhibitors. In subsequent
VEGF induction assays, these exhibited potent VEGF activity. In addition, this class of compounds did show the ability to stabilize
HIF-1a.
� 2006 Elsevier Ltd. All rights reserved.

Hypoxia inducible factor (HIF) is a transcriptional com-
plex that plays a key role in mammalian oxygen homeo-
stasis and activates a host of hypoxic response genes that
regulate angiogenic, glycolytic, and erythropoietic pro-
cesses.1–3 The subunit components, HIF-1a and HIF-
1b (ARNT), are constitutively expressed and regulation
is achieved by the selective destruction of HIF-1a. HIF-
1a is a major control element of the cellular response to
hypoxia (low partial pressure of oxygen).


A family of non-heme iron-containing prolyl hydroxy-
lases (EGLN-1, EGLN-2, EGLN-3) effects post-transla-
tional modification of HIF-1a. In a reaction requiring
Fe2+, oxygen, and ascorbate, these prolyl hydroxylases
catalyze the oxidative decarboxylation of 2-oxoglutarate
(2-OG) and the hydroxylation of proline564 and pro-
line402 in the oxygen-dependent degradation domain
(ODDD) of HIF-1a.4–6 Proline hydroxylation then tar-
gets HIF-1a for proteasomal degradation via binding to
the VHL (Von Hippel Lindau tumor suppressor pro-
tein), elongin C/B, Cul2, Rbx1 ubiquitin ligase complex.

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Since this hydroxylation of HIF-1a is strictly dependent
on oxygen concentration; under hypoxia this reaction is
inhibited, and the surviving HIF-1a binds to ARNT to
form a functional transcriptional activator that turns
on genes with hypoxic response elements (e.g., VEGF,
EPO, and glycolytic enzymes).7 Therefore, inhibition
of HIF-1a prolyl hydroxylases, resulting in HIF-1a sta-
bilization, has the potential to be a viable therapeutic
approach for ischemic diseases including myocardial
infarction, stroke, peripheral arterial disease, heart fail-
ure, diabetes, and anemia.


In the recent years, some small molecule HIF-1a inhib-
itors have emerged as possible therapeutics for ischemic
diseases.8 These are small ‘peptide-like’ molecules (e.g.,
1 and 2) that resemble 2-oxoglutarate (2-OG). One
example, isoquinoline 3, acts as a 2-oxoglutarate mimet-
ic and thus exerts prolyl hydroxylase inhibition (IC50:
1.4 lM in our EGLN-1 assay) (Fig. 1).9


Our goal was to design novel HIF-1a prolyl hydroxylase
inhibitors based on the recently solved X-ray crystal
structure of the complex between catalytic domain of
EGLN-1 and the isoquinoline 3.10 The isoquinoline
nitrogen and the amide carbonyl interact with iron,
while the phenolic OH and the amide NH are involved
in hydrogen bonding interactions that impose structural
rigidity to the molecule. The side-chain carboxylate
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Figure 3. Predicted binding of compound 4 to the active site of


EGLN-1. Only the most important interactions are shown.
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Figure 1. Small molecule HIF-1a prolyl hydroxylase inhibitors.
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reaches toward Arg383 to form a salt-bridge interaction
(Fig. 2).


8-Hydroxyquinolines can exert their physiological prop-
erties through bidentate chelation of metal ions.11 Since
metal ions are important cofactors of many physiologi-
cally active enzymes, 8-hydroxyquinolines, have been
explored as a viable drug discovery platform in many
instances.12 We envisioned the same premise in this par-
ticular instance since iron is essential for the activity of
EGLN-1.


According to our modeling experiments (see the refer-
ences and notes section), the 8-hydroxyquinoline 4 can
coordinate iron via the amide carbonyl and the 8-OH,
while the carboxylate interacts with Arg383 in the active
site (Fig. 3). The quinoline ring likely stacks with Tyr310


at the top of the active site.


Quinoline analogs were synthesized via a reaction be-
tween corresponding amines and the acid chloride of
the 8-hydroxyquinoline-7-carboxylic acid. Good yields
were obtained via the coupling between the acid chloride
and the corresponding amine/aniline, while other cou-
pling reagents (CDI, HBTU, HATU, and EDAC) gave
poor yields (Scheme 1).


The biological activity of the 8-hydroxyquinolines de-
rived against EGLN-1 enzyme and subsequent VEGF
induction is described in the tables below. The 8-
hydroxyquinoline-7-carboxylic acid was completely
inactive (Table 1, Compound 1), while introduction of

Figure 2. Binding of compound 3 to the active site of EGLN-1. Only


the most important interactions are shown.

the side chains bearing carboxylic acid (Table 1, Com-
pound 1) delivered analog with good activity against
EGLN-1. Interestingly, the corresponding naphthalene
derivative had marginal activity (26.8 lM) showing the
importance of quinoline nitrogen. Next, we examined
the possibility of replacing the carboxylic acid moiety
with a suitable functional group that is smaller in size.
N-(cyanomethyl)-8-hydroxy-7-carboxyamide (Table 1,
Compound 3) showed good activity comparable to its
carboxylic acid counterpart. This was significant in
improving the pharmacokinetic profile, particularly
regarding membrane permeation in subsequent cellular
assays.


The next direction of our SAR studies was focused on
the analogs derived from the coupling between the 8-
hydroxyquinoline-7-carboxylic acid and various substi-
tuted benzylamines. Upon examining the binding mode
as predicted by the FlexX program, the potential cat-
ion–p interaction between the distal phenyl group and
Arg322 at the entrance of the active site (Fig. 4) struck
us as interesting. The p–cation interaction which is the
electrostatic interaction between a cation and the nega-
tive electrostatic potential associated with the face of a







Table 1. SAR of 8-hydroxyquinoline derivatives (95% Cl)
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simple p system is a fairly new hypothesis and is argued
as an important non-covalent interaction in biological
recognition.13 In contrast to the binding mode of 4
(Fig. 3), in this instance, the quinoline nitrogen coordi-
nates the iron. It is likely that the 8-hydroxyl is also in-
volved in coordination, even though the present model
positions it too far from the metal ion.


Earlier, we have regarded the interaction between the li-
gands and the active site as mostly lipophilic in nature
(the active site consists of more lipophilic residues than
hydrophilic residues). The unsubstituted benzamide
analog (Table 1, Compound 4) showed good activity
while substitutions at the 4-position of the phenyl ring
with both electron-donating (Table 1, Compound 5)
and electron-withdrawing groups (Table 1, Compound
6) generated compounds with comparable activity. The
benzyl ester derivative (Table 1, Compound 11) showed







Figure 5. Predicted binding of 8-hydroxyquinoline derivative (Table 1,


Compound 12) to the active site of EGLN-1. Only the most important


interactions are shown.
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reduced activity thus underlining the importance of
amide functionality at this position Figure 5.


Next, we investigated the aniline-derived analogs: mod-
eling studies revealed that these compounds may bind so
that the distal phenyl ring of the side-chain points to-
ward the active-site Arg383. The 8-hydroxyl and the
amide carbonyl groups probably coordinate iron in a
manner similar to that of compound 4 (Fig. 3). Hetero-
aromatics may also be used instead of the phenyl group
(Table 1, Compound 14). Interestingly, N-(3,5-dimeth-
oxyphenyl)-8-hydroxyquinoline-7-carboxamide (Table
1, Compound 16) is twofold more active than the corre-
sponding N-(3,5-dimethoxybenzyl)-8-hydroxyquinoline-
7-carboxamide (Table 1, Compound 7) suggesting that
the compound extension is limited by the depth of the
binding site.


The analogs derived from phenethyl amines (Table 1,
Compounds 19–22) also exhibited good activity
(Fig. 6). Modeling suggested that these compounds bind

Figure 6. Predicted binding of 8-hydroxyquinoline derivative (Table 1,


Compound 19) to the active site of EGLN-1. Only the most important


interactions are shown.

to the enzyme in a mode similar to that of the benzyl-
amine analogs (Fig. 4). A similar p–cation interaction
with Arg322 was predicted for the distal phenyl group
extending from the quinoline nucleus (Fig. 6).


Most of these 8-hydroxyquinoline analogs are potent
inducers of VEGF (a downstream biomarker for HIF-
1 stabilization). The most potent compound (Table 2,
Compound 14) has an EC50 of 140 nM. In addition, sev-
eral other analogs exhibited potent activity in the nano-
molar range. In summary, we were able to design and
synthesize novel HIF-1a prolyl hydroxylase inhibitors
with the aid of the X-ray structure of EGLN-1 catalytic
domain in complex with a potent inhibitor. Our com-
pounds were shown to be potent VEGF inducers in a
cell-based assay. Currently, these 8-hydroxyquinoline
carboxyamides are undergoing selectivity and PK
studies.


Modeling studies. The 3D coordinates of receptor were
directly adapted from the in-house X-ray structure of
human EGLN-1. The 3D structures of compounds to
be docked were generated and minimized by Sybyl 7.9
(Sybyl; Tripos Inc., 1699 South Hanley Rd, St. Louis,
MO 63144, USA). The protonation state of each com-
pound was assigned based on physiologic condition.
For instance, all carboxylic acids were deprotonated.
All docking calculations were performed by using FlexX
(FlexX; Tripos Inc., 1699 South Hanley Rd, St. Louis,
MO 63144, USA) with standard docking procedure
and parameters. The active site is defined as the collec-
tion of amino acids lying within 6.5 Å of atoms of com-
pound 3 determined by the in-house X-ray structure.
FlexX is a fragment-based docking program. The dock-
ing conformations were ranked by using FlexX scores.
The final protein–ligand complexes were not minimized
after the docking. With the same docking setup, we were
able to successfully reproduce the binding conformation
of compound 3 to EGLN-1. In the predicted protein–li-
gand complex with the best FlexX score, the RMSD
(Root Mean Square Deviation) between the coordinates
of the predicted ligand and those of the cocrystal ligand
is less than 1.5 Å.


EGLN-1 activity assay. The EGLN-1 enzyme activity
was determined using mass spectrometry (matrix-assist-
ed laser desorption ionization, time-of-flight MS, MAL-
DI-TOF-MS).14 The HIF-1a peptide corresponding to
residues 556–574 (DLDLEALAPYIPADDDFQL) was
used as substrate. The reaction was conducted in a total
volume of 50 lL containing Tris–Cl (5 mM, pH 7.5),
ascorbate (120 lM), 2-oxoglutarate (3.2 lM), HIF-1a
(8.6 lM), and bovine serum albumin (0.01%). EGLN-
1, quantity predetermined to hydroxylate 20% of sub-
strate in 20 min, was added to start the reaction. Where
inhibitors were used, compounds were prepared in
dimethylsulfoxide at 10-fold final assay concentration.
After 20 min at room temperature, the reaction was
stopped by transferring 10 lL of reaction mixture to
50 lL of a mass spectrometry matrix solution (a-cya-
no-4-hydroxycinnamic acid, 5 mg/ml in 50% acetoni-
trile/0.1% TFA, 5 mM NH4PO4). Two microliters of
the mixture was spotted onto a MALDI-TOF-MS target







Table 2. VEGF activity of 8-hydroxyquinoline derivatives (95% Cl)
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plate for analysis with an Applied Biosystems (Foster
City, CA) 4700 Proteomics Analyzer MALDI-TOF-
MS equipped with a Nd:YAG laser (355 nm, 3 ns pulse
width, 200 Hz repetition rate). Hydroxylated peptide
product was identified from substrate by the gain of
16 Da. Data defined as percent conversion of substrate
to product were analyzed in GraphPad Prism 4 to calcu-
late IC50 values.


VEGF ELISA. HEK293 cells were seeded in 96-well
poly-lysine coated plates at 20,000 cells per well in
DMEM (10% FBS, 1% NEAA, and 0.1% glutamine).

Following overnight incubation, the cells were washed
with 100 lL of Opti-MEM (Gibco, Carlsbad, CA) to
remove serum. Compound in DMSO was serially
diluted (beginning with 100 lM) in Opti-MEM and
added to the cells. The conditioned media were ana-
lyzed for VEGF with a Quantikine human VEGF
immunoassay kit (R&D Systems, Minneapolis, MN).
Optical density measurements at 450 nm were record-
ed using the Spectra Max 250 (Molecular Devices,
Sunnyvale, CA). Data defined as % of DFO stimula-
tion were used to calculate EC50 values with Graph-
Pad Prism 4 software.
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Abstract—A molecular probe that selectively tags Lck, a Src-family kinase, was developed. This probe was one of many compounds
originally designed to target the active site of tyrosine kinases in general. To our surprise, however, the probe almost exclusively
labeled Lck even in a lysate of Jurkat cells. This finding led us to further characterize this probe-Lck complex by a series of
photolabeling and mass spectrometric analyses. The probe-binding site on Lck was located within the well-conserved region of
Src-family kinases, as we originally expected. However, the unexpected selectivity of this probe toward Lck suggests that subtle fac-
tors, which are difficult to predict based on static crystal structures, play important roles in probe recognition.
� 2006 Elsevier Ltd. All rights reserved.

Figure 1. Original tagging strategy for tyrosine kinases (TKs). TKs


possess hydrophobic pockets in the substrate-binding sites. Thus,


tethering of adenine and benzophenone (BP) with appropriate linkers


can lead to bidentate photoligands that can selectively tag TKs.

Lck is a Src-family kinase, playing multifarious roles
in thymocyte differentiation and T-cell activation.1


Its roles are also implicated in various diseases,
including lymphocyte malignancy2 and immunodefi-
ciency.3 Molecules that selectively tag Lck, therefore,
can serve as useful tools for both clinical and basic
biomedical research.


Our group is developing molecular probes to examine
the expression and function of kinases.4 Such com-
pounds can serve as useful tools to profile kinases in a
manner analogous to other chemical proteomics
probes.5 During this effort, we unexpectedly found a
compound that tags Lck in a highly selective manner.
Here, we present the characterization of this compound.
This study revealed subtle nature of probe recognition
by Lck, which is difficult to predict from static crystal
structure of this kinase.


The study started out with a different and, in a sense, less
ambitious goal. We were originally targeting tyrosine ki-
nases (TKs) in general. TKs possess several hydrophobic
regions within the substrate binding sites. Therefore,
they could be selectively photo-crosslinked by divalent
ligands containing adenine and benzophenone, which
can, in theory, target the hydrophobic regions of TKs
(Fig. 1). Once a compound with modest selectivity

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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toward TKs is identified, the tethering region can be
modified to tune the affinity and selectivity. The concept
of tethering two weak ligands to obtain a higher affinity
ligand, that is, the principle of thermodynamic
additivity,6 has been successfully employed for the
development of many enzyme inhibitors.7 We, therefore,
simply tried to apply this principle for the development
of tunable photo-probes for TKs.


A series of adenine–benzophenone conjugates were syn-
thesized using a standard Fmoc chemistry on solid
phase as reported earlier.4 Synthesized probes were puri-
fied by reversed phase HPLC, and their structures were
confirmed with NMR and mass spectrometry (see Sup-
plementary data). In this paper, we focus on two newly
synthesized compounds, 1S and 1R, in which the letters,
R and S, denote the configurations of the chirality center
in the benzophenone moiety.



mailto:akira.kawamura@hunter.cuny.edu





N
H


O


O


H
N


NHHN


S


O


H


O


H H
N


O
N


O


N


N


N


N


NH2


O


H
N


OH


O
N
H


O


O


H
N


NHHN


S


O


H


O


H H
N


O
N


O


N


N


N


N


NH2


O


H
N


OH


O


S
R


1S 1R


5626 S. Hindi et al. / Bioorg. Med. Chem. Lett. 16 (2006) 5625–5628

As a preliminary study to characterize the binding
selectivity, we screened a panel of six commercially
available kinases, PKA, GSK3, CK1, Src, Fyn, and
Lck. Kinases were incubated with the probes and
irradiated under a UV-A lamp (kmax 350 nm). Sam-
ples were then subjected to SDS–PAGE in denaturing
condition and blotted onto PVDF membrane. Blotted
membrane was treated with an anti-biotin horseradish
peroxidase-conjugated antibody, and biotinylated pro-
teins were visualized by chemiluminescence. To our
surprise, 1S exhibited distinct selectivity toward Lck
(Fig. 2a). 1R, on the other hand, did not tag any
of the kinases in the panel (Fig. 2b). Thus, a single
chirality center at the base of benzophenone makes
a dramatic difference in the recognition by Lck. Fur-
ther study of 1S with additional kinases, that is,
VEGFR2, EGFR, PKC-a, CK2, and MAPK did
not identify other targets of 1S (see Supplementary
data).


A series of blocking experiments was subsequently
carried out to gain insights into the interaction be-
tween Lck and 1S. Lck was pre-incubated with an ex-
cess (10·) amount of benzophenone, adenine, or

Figure 2. Photolabeling studies of purified kinases and cytosolic


extract of Jurkat cells. (a) Selective labeling of Lck with 1S, (b) None


of the six kinases was labeled with 1R. (c) Blocking experiments. (d)


Selective labeling of Lck in cytosolic extract of Jurkat cells.

biotin prior to the photolabeling with 1S. This study
revealed that the labeling can be significantly blocked
by benzophenone and adenine (Fig. 2c, lanes 2 and 3),
in which adenine exhibited more pronounced blocking
effect. The labeling was not affected by biotin at all
(Fig. 2c, lane 4). These results indicated that Lck rec-
ognized adenine and benzophenone of 1S but not the
biotin moiety. As expected, however benzophenone,
an unnatural ligand to Lck, was recognized more
weakly than adenine.


The binding site was then determined by MALDI-
TOF mass spectrometry and LC/MS/MS. MALDI-
TOF mapping of the trypsin digest, which covered
82% of the Lck sequence, identified a peptide frag-
ment (m/z 1746.8), corresponding to Ile379-Arg386
(IADFGLAR) tagged with 1S. This fragment was sep-
arated by gradient elution with the Dionex capillary/
nano-HPLC system and subjected to MS/MS analyses
by Applied Biosystems QSTAR XL mass spectrometer
using information-dependent, automated acquisition.

Figure 3. Identification of the benzophenone-binding site using MS/


MS fragmentation analysis.


Figure 4. The current model of 1S-Lck complex. (a) The image of the


whole complex: Lck (lime green) and 1S (backbone in pink). (b) The


close-up of amino acid residues surrounding the benzophenone moiety.







sp|P06239|LCK_HUMAN TRLSRPCQTQKP----QKPWWEDEWEVPRETLKLVERLGAGQFGEVWMGYYNGHTKVAVK
sp|P06241|FYN_HUMAN CRLVVPCHKGMPRLTDLSVKTKDVWEIPRESLQLIKRLGNGQFGEVWMGTWNGNTKVAIK
sp|P12931|SRC_HUMAN HRLTTVCPTSKP---QTQGLAKDAWEIPRESLRLEVKLGQGCFGEVWMGTWNGTTRVAIK


sp|P06239|LCK_HUMAN SLKQGSMSPDAFLAEANLMKQLQHQRLVRLYAVVTQEPIYIITEYMENGSLVDFLKTPSG 
sp|P06241|FYN_HUMAN TLKPGTMSPESFLEEAQIMKKLKHDKLVQLYAVVSEEPIYIVTEYMNKGSLLDFLKDGEG 
sp|P12931|SRC_HUMAN TLKPGTMSPEAFLQEAQVMKKLRHEKLVQLYAVVSEEPIYIVTEYMSKGSLLDFLKGETG   


sp|P06239|LCK_HUMAN IKLTINKLLDMAAQIAEGMAFIEERNYIHRDLRAANILVSDTLSCKIADFGLARLIEDNE 
sp|P06241|FYN_HUMAN RALKLPNLVDMAAQVAAGMAYIERMNYIHRDLRSANILVGNGLICKIADFGLARLIEDNE 
sp|P12931|SRC_HUMAN KYLRLPQLVDMAAQIASGMAYVERMNYVHRDLRAANILVGENLVCKVADFGLARLIEDNE 


Figure 5. Sequence alignment of Lck, Fyn, and Src. The probe-binding region of Lck was aligned with Fyn and Src using CLUSTAL W (1.82) on


Expasy. The ATP-binding site is colored in green. The photo-crosslinking site on Lck is highlighted in red.
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The MS/MS analyses revealed that 1S is covalently at-
tached to either Gly383 or Leu384 (Fig. 3); fragment
ions resulting from the cleavages between these two
residues were not observed despite numerous attempts.


Selectivity of 1S toward Lck in complex proteome
was also examined using cytosolic proteins of Jurkat
cells, a lymphocyte cell line known to express Lck.
The cytosolic proteins were obtained by lysing Jur-
kat cells in a hypotonic buffer (see Supplementary
data). Photolabeling of the cytosolic proteins with
1S gave an intense band at �60 kDa, which corre-
sponded to the molecular weight of Lck (Fig. 2d,
lane 1). On the other hand, when the lysate was
pre-incubated with an ATP-competitive inhibitor of
Lck,8 the band intensity significantly decreased
(Fig. 2d, lane 2). These results confirmed that 1S
selectively tagged Lck even in a complex mixture
of proteins.


Our current model of the 1S–Lck complex, obtained
through a conformational search of 1S within the bind-
ing site, indicates that the benzophenone moiety is sur-
rounded by Phe255, Met279, Phe284, Glu287, Gly383,
and Leu384 (Fig. 4). This model now provides us with
a structural basis to design new Lck ligands with higher
affinity and selectivity.


It is noted that the probe binding site is located within
the well-conserved region of Src family kinases. As illus-
trated in Figure 5, the photo-crosslinking site, Gly383/
Leu384, is conserved in Src and Fyn. Another binding
site of 1S is the ATP-binding pocket, which is highly
conserved among all kinases. Our current model of the
1S–Lck complex indicates that all hydrogen bonding
and hydrophobic interactions are mediated through
the amino acid residues that are well conserved in Src
family kinases.


This binding site is what we had originally expected at
the onset of this study. What was surprising, however,
was the fact that 1S did not tag other kinases with seem-
ingly identical binding pocket. These observations sug-
gest that subtle differences in structure and/or
dynamics between Lck and other Src family kinases cul-
minated in the distinct difference in the recognition of
1S. Therefore, it may be possible to alter the selectivity
by making small changes in the probe structure as exem-
plified by 1R.

Another important point to note is that the concept of
our method is applicable to proteins other than kinases.
The adenine moiety of probe can be replaced with other
recognition motifs, such as sugars and short peptides, to
target many different proteins. Thus, it is possible to
develop highly selective photo-probes targeting a variety
of proteins using the same principle.


In conclusion, we identified a photoactive Lck ligand,
1S, which can selectively tag Lck in complex proteomes.
Lck recognizes both adenine and benzophenone
moieties of 1S. The chirality center at the base of
benzophenone is important for the recognition. The
probe-binding site turned out to be located within the
well-conserved region of Src family kinases. Thus, the
1S–Lck complex is an interesting system for further
study to understand the subtleties of molecular recogni-
tion, which, in turn, can lead to new approaches for the
selective interrogation of kinases.
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Abstract—The bicyclic dihydropyrazolopyridinone scaffold allowed for incorporation of multiple P1 moieties with subnanomolar
binding affinities for blood coagulation factor Xa. The compound 3-[6-(2 0-dimethylaminomethyl-biphenyl-4-yl)-7-oxo-3-trifluoro-
methyl-4,5,6,7-tetrahydro-pyrazolo[3,4-c]pyridine-l-yl]-benzamide 6d shows good fXa potency, selectivity, in vivo efficacy and oral
bioavailability. Compound 6d was selected for further pre-clinical evaluations.
� 2006 Elsevier Ltd. All rights reserved.

Thrombosis is initiated by the rupture of an artheroscle-
rotic plaque in arteries and subsequently leads to clot
formation and sets in motion disease states such as
thromboembolism, myocardial infarction, and stroke.
Despite the advances in identifying novel anticoagu-
lants, warfarin (Coumadin�)1a–c remains the only
approved oral anticoagulant in the United States. Other
parenteral treatments are also available such as heparin,
low molecular weight heparins (LMWH), and fondapar-
inux.2,3,4a–c Blood coagulation factor Xa (fXa), a key
enzyme in the coagulation cascade, catalyzes the conver-
sion of prothrombin to thrombin, the final enzyme that
triggers clot formation.5a–g Pre-clinical animal models
have suggested that inhibiting fXa has the potential

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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for providing excellent antithrombotic efficacy with min-
imal risk of bleeding.5f,g


Recently, in a phase II study we have shown that a small
molecule fXa inhibitor razaxaban (BMS-561389 fXa
Ki = 0.19 nM, trypsin Ki > 10,000 nM) demonstrated
good antithrombotic efficacy and minimal bleeding in
humans.6a,b Razaxaban, a pyrazole-based aminobenzis-
oxazole fXa inhibitor with good potency, selectivity, and
oral bioavailability, was a follow-on candidate to an
earlier compound from the pyrazole class, that is,
DPC423.7 As part of a strategy to mask the arylaniline
P4 moiety, we recently described an optimization strat-
egy that led to the discovery of a highly potent and
orally bioavailable bicyclic pyrazole compound BMS-
740808 (Fig. 1).8 In this report, we wish to describe
further efforts to optimize the bicyclic dihydropyrazo-
lopyridinone series by replacing the aminobenzisoxazole
with other P1 moieties.


The bicyclic dihydropyrazolopyridinone scaffold was
prepared as outlined in Scheme 1. The starting material
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1 was readily prepared in excellent yield following a two-
step sequence from 4- iodoaniline and 5-bromovaleryl
chloride [10% NaOH, DCM followed by treatment with
potassium tert-butoxide]. Chlorination of 1 with phos-
phorus pentachloride in chloroform at reflux afforded
a,a-dichloro-piperidinone intermediate which on heat-
ing with excess morpholine provided the morpholine-en-
amine 2 in 70% yield. Treatment of enamine 2 with
trifluoroacetic anhydride in the presence of DMAP, fol-
lowed by acid hydrolysis, gave the trifluoroacetyl-piper-
idine-2,3-dione intermediate 3 in high yield (>90%).
Condensation of intermediate 3 with commercially
available 3-CN, 3-NO2, 4-Et, and 4-OMe phenylhydra-
zines afforded the requisite bicyclic pyrazole scaffolds
4c–f in good yield. The coupling of the 2-aminosulfo-
nyl-phenylhydrazine (prepared in situ by diazotization
of 2-amino-phenylsulfonamide and subsequent
reduction with tin chloride in HCl) afforded the 2-amino-
sulfonyl-phenyl bicyclic pyrazole intermediate 4a (R =
2-SO2NH2). In a similar manner, intermediate 4b
(R = 2-CONH2) was obtained by condensation of the
2-amidophenyl P1-phenylhydrazine (prepared in situ
from 2-aminobenzamide as described above) with the
tricarbonyl intermediate 3. Suzuki cross-coupling of
bicyclic pyrazole intermediates 4a–f with 2-formyl-phen-
ylboronic acid or 2-methylthiophenylboronic acid
afforded the corresponding 2 0-formyl-biaryl 5a–f or the
2 0-methylthio-biaryl intermediate 5g in good yields.
Reductive amination of intermediates 5a–c, 5d, and
5e,f with dimethylamine and sodium cyanoborohydride
in methanol provided the desired dimethylaminomethyl
biaryl P4 compounds 6a–c, 6e and 6j k.7a,8 The 3-car-
boxamidophenyl P1 compound 6d was obtained from
the 3-cyanophenyl compound 6c by treatment with
hydrogen peroxide in the presence of aqueous sodium
hydroxide. The reduction of the 3-nitrophenyl interme-
diate 6e with tin chloride in ethylacetate and concd
hydrochloric acid provided the 3-amino compound 6f.
Treatment of 6f with acetic anhydride and triethylamine
in dichloromethane gave the acetamide compound 6g.
Likewise, treatment of 6f with excess NaOCN in
dioxane at 100 �C gave the urea compound 6h. The phe-
nylsulfonamide P1 compound 6i was obtained from the
3-aminophenyl compound 6f by treatment with metha-
nesulfonyl chloride in pyridine. The reductive amination
of the carboxaldyhyde intermediates 5a, 5c and 5f with
3-(R)-hydroxy-pyrrolidine and NaBH3CN in methanol
afforded the 3-(R)-hydroxy-pyrrolidinomethyl biaryl
P4 compounds 7a, 7c and 7f. The methylsulfonyl biaryl
P4 compound 8a was prepared by oxidation of the cor-
responding 2 0-methylthio-biaryl intermediate 5g with
MCPBA. In a similar fashion, other P1 phenyl-substi-

tuted compounds 8b–f (not shown in Scheme 1) were
also prepared. The aminobenzisoxazole pyrazole deriva-
tive 9 was prepared according to the methodology
previously reported.8


BMS-740808 (Fig. 1, fXa Ki = 0.03 nM) and several
analogs within the aminobenzisoxazole P1 series demon-
strated potent inhibitory activity against factor Xa.8 At-
tempts to incorporate additional diversity within our
factor Xa inhibitors prompted us to focus on identifying
non-aminobenzisoxazole P1 moieties that shared the
properties of razaxaban or BMS-740808. Table 1 lists
a set of substituted 2, 3, and 4-phenyl P1 bicyclic pyra-
zole compounds. Several of these compounds displayed
potent inhibition of factor Xa, and interestingly are con-
siderably more potent when compared to similarly
substituted analogs in the monocyclic pyrazole series.10


These data complemented that obtained for BMS-
740808, and thereby demonstrate the optimal nature
of this highly constrained and rigid bicyclic pyrazolopy-
ridinone scaffold, to maximize the inhibitor–fXa enzyme
binding interactions from the S1 to the S4 regions.
Although several of these inhibitors showed good fXa
binding affinity, the set of neutral P1 analogs described
herein are somewhat less potent when compared to sim-
ilar aminobenzisoxazole P1 analogs.8 In terms of the
SAR, when compared to the corresponding 2-amid-
ophenyl P1 analog 6b (fXa Ki = 2.70 nM), a 3-fold
improvement in binding affinity is seen for the 2-amin-
osulfonyl compound 6a (fXa Ki = 0.82 nM). However,
a 20-fold loss in fXa affinity is seen when compared to
the aminobenzisoxazole P1 compound 9 (fXa
Ki = 0.04 nM, Table 1).8 Also noteworthy is the similar-
ity in the anticoagulant activity (as measured by the clot-
ting PT value) for compound 6a and the corresponding
aminobenzisoxazole P1 analog 9 (6a PT, EC2X =
2.50 lM, 9 PT, EC2X = 2.70 lM). The result suggests
that in addition to protein binding differences, 6a may
have altered the overall coactivator complex.


The 3-amidophenyl compound 6d (fXa Ki = 0.18 nM)
and the 4-methoxyphenyl compound 6k (fXa
Ki = 0.35 nM) displayed sub-nanomolar fXa binding
affinity with moderate clotting activity. The 3-anilino
compound 6f and the 4-ethylphenyl compound 6j also
demonstrated low nanomolar fXa activity but were
weak in the clotting assay. Substituting the 3-anilino
moiety (compounds 6g–i) led to weaker inhibitors of
fXa. It is interesting to note, however, that the pyra-
zole-based compounds listed in Table 1 were several fold
more potent when compared to other fXa scaffolds bear-
ing neutral P1 moieties.11a–c Differences in the anticoag-
ulant activity were also seen for the 4-methoxyphenyl P1
compound 6k (PT EC2X = 6.4 lM) and the 4-ethyl com-
pound 6j (PT EC2X > 200 lM). As indicated above, it is
possible that plasma protein binding could account for
these high in vitro clotting values (PTs).


Incorporation of the 3-(R)-hydroxypyrrolidinomethyl
biaryl P4 moiety of BMS-7408088 led to compounds
shown in Table 2. Also included in this study were com-
pounds bearing the o-methylsulfonyl biaryl P4 moiety
found in DPC423 (e.g., compounds 8a–f) to determine
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Scheme 1. General method of synthesis of the 3-trifluoromethyl-dihdropyrazolopiperidinone factor Xa compounds. Reagents and conditions: (a) 5-
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if they provided superior profiles previously observed
with BMS-740808 and DPC423. Comparable fXa bind-
ing affinities were observed for the o-methylsulfonyl
compound 8a (fXa Ki = 0.74 nM) and the dimethylami-
nomethyl biaryl compound 6a (fXa Ki = 0.82 nM).
However, unlike compound 9 (fXa Ki = 0.04 nM),8 the
3-(R)-hydroxy-pyrrolidinomethyl biaryl P4 compounds
7a (fXa Ki = 1.2 nM) and 8a (fXa Ki = 0.74 nM) were
less potent. Similarly, the compound bearing the 3-(R)-

hydroxypyrrolidinomethyl biaryl P4 moiety 7c (fXa
Ki = 0.76 nM) was less potent than the compound bear-
ing the dimethylaminomethyl biaryl P4 moiety 8c (fXa
Ki = 0.18 nM), and the corresponding dimethylaminom-
ethyl biaryl P4 compound 6k (fXa Ki = 0.34 nM). The 3-
amidophenyl P1 compound 7b (fXa Ki = 0.72 nM) was
also less potent when compared to the corresponding
3-amidophenyl compound 6d (fXa Ki = 0.18 nM) (Table
1). Di-substituted phenyl P1 compounds (8d–f) did not







Table 1. In vitro activity for various bicyclic P1 moieties
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Table 2. Comparative in vitro fXa binding affinity of pyrazolopyrid-
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Ref. 6.


D. J. P. Pinto et al. / Bioorg. Med. Chem. Lett. 16 (2006) 5584–5589 5587

show any enhancements in binding affinities when com-
pared to the mono-substituted 4-methoxyphenyl P1
compound 8c. The 3-amidophenyl P1 compounds 6d
and 7b, and the 2-aminosulfonylphenyl P1 compounds
6a and 7a provided the best combination of in vitro
potency and clotting activity.


The Caco-2 permeability (Papp), dog pharmacokinetics
(PK), and efficacy in the rabbit arteriovenous shunt
(AV Shunt) thrombosis models for compounds 6a, 6d

and 7a–b are shown in Table 3. In general, the com-
pounds showed good Caco-2 permeability (Papp) values,
and correlated well with the high oral bioavailability
(F%) seen in dogs. The pharmacokinetic profile (dogs)
for these compounds shows a moderate clearance pro-
file, moderate to high volume of distribution (Vdss)
and long terminal half-lives (t1/2). In the rabbit AV
Shunt thrombosis model, compounds 6d, 7a, and 7b
inhibited thrombus formation in a dose-dependent man-
ner, but at significantly higher IC50 values when com-
pared to razaxaban and or BMS-740808.6–8


Compounds 6d and 7a compared favorably to razax-
aban and BMS-740808. However, the analogs were less
potent in the rabbit arteriovenous shunt (AV Shunt)
thrombosis model.


The X-ray structure of the 3-carboxamido-phenyl com-
pound 6d18 bound to factor Xa (2.1 Å resolution) is
shown in Figure 2. Overall the compound binds to
fXa in a similar manner to BMS-740808.8 A strong
interaction between the P1 amidophenyl NH proton
with Asp 189 (2.92Å


´
) of Xa is prominent in the S1 re-


gion of the enzyme. However, the X-ray structure does
not show any specific S1 interaction with the P1 amid-
ophenyl carbonyl moiety. The pyrazole N-2 nitrogen
interacts with Gln192 backbone. The pyrazolopyridi-
none carbonyl forms a strong interaction with Gly216
and the dimethylaminomethyl biaryl P4 is neatly stacked
between the S4 enzyme residues Tyr99, Phe174, and
Trp215 thus making for a tight enzyme–inhibitor
complex.


Figure 3 shows an overlap model of the 4-methoxyphe-
nyl P1 compound 6k and the 2-aminosulfonylphenyl
compound 8a. The oxygen atom of the 4-methoxy P1
moiety appears to form a lipophilic-p interaction with
the S1 Tyr228 residue at the bottom of the S1 pocket
of fXa. The loss of the fXa binding affinity seen with
the 4-ethyl compound 6j highlights the importance of
the oxygen atom in compound 6k. In the fXa model,
the 2-aminosulfonyl functionality (compound 6a) ap-
pears to orient toward the catalytic triad, and interacts
with Ser195 and the carbonyl oxygen atom of the inhib-
itor itself. Interestingly, this binding mode differs from
the binding mode previously seen with the ortho-benzyl-
amine P1 compound DPC602,9 wherein the amino moi-
ety of the P1 benzylamine interacts with Asp 189. The
rest of the P4–S4 interactions are identical. Based on
the overlap model of 6a and 6k, it was clear that com-
bining the ortho and para phenyl P1 substituents on
one molecule should be beneficial in terms of potency.
This was confirmed by the high fXa potencies seen with
compounds 8d–f. Unfortunately, these analogs were
poor in the clotting assay, presumably due to an increase
in protein binding.


Key kinetic parameters for compound 6d from detailed
mechanism studies are summarized in Table 4. As
expected for an active site inhibitor, 6d is competitive
toward a tripeptide chromogenic substrate, but is a
mixed-type inhibitor (with ca. 3-fold lower affinity for
the ES complex) versus prothrombin, the physiological
substrate, for which the binding interactions are







Table 5. Enzyme selectivity profile of 6d


Human enzyme Ki (lM)


6d Razaxaban6a


Factor Xa 0.00018 0.00019


Thrombin 0.78 0.540


Chymotrypsin, trypsin,


APC, factor IXa, factor VIIa,


plasmin, urokinase, tPA


>1.8 >2.3


Kis obtained from purified human enzymes and are averaged from


multiple determinations.17


Table 3. Permeability, pharmacokinetic, and in vivo anti-thrombotic profiles


Compound Caco-2a


Papp · 10�6 cm


Clb (L/kg/h) Vdss
b (L/kg) t1/2


b


(po) (h)


F%b


(po)


Rabbitc AV


Shunt IC50 (nM)


6a 5.8 0.50 8.1 11.6 52 —


6d 5.5 0.43 4.0 13 93 500


7a 1.1 0.29 3.5 9.4 93 645


7b 2.9 0.43 2.6 7.2 72 >780


Razaxaban6a 5.56 1.1 3.4 5.3 84 340


BMS-740808 1.7 0.35 1.6 5.1 82 135


a,b,cCaco-2, dog PK, and rabbit AV Shunt were measured according to Ref. 6.
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Figure 3. Overlap fXa model of the 4-methoxyphenyl P1 compound 6k


and 2-aminosulfonyl P1 compound 8a.
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Figure 2. Factor Xa-bound X-ray structure of carboxamide 6d.


Table 4. Detailed factor Xa kinetic parameters for 6d


Human factor Xa parameter 6d Parameter value


25 �C Ki (tripeptide substrate) 0.14 nM


37 �C Ki (tripeptide substrate) 0.41 nM


37 �C Ki (prothrombin) 1.3 nM


37 �C Ki (saturating prothrombin) 3.7 nM


25 �C association rate constant 2.9 · 107 M�1 s�1


25 �C dissociation rate constant 4.1 · 10�3 s�1


37 �C association rate constant 2.1 · 107 M�1 s�1


37 �C dissociation rate constant 8.4 · 10�3 s�1


Kis obtained from purified human enzymes and are averaged from


multiple determinations (n = 2). Prothrombinase inhibition, associa-


tion, and dissociation rate constants were measured according to Ref. 12.
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predominantly at exosites.13 Similar substrate-depen-
dent inhibition mechanisms were also observed with
the Daiichi fXa inhibitor, DX-9065a.14 As a result of
this inhibition mechanism, 6d is a potent, low nanomo-
lar inhibitor in the presence or absence of saturating lev-
els of the physiological substrate. The second-order rate
constant for association determined by stopped-flow
spectrofluorimetry is rapid and near the diffusion con-
trolled limit at both 25 �C and 37 �C. Similar rapid onset
of inhibition has been reported for the Pfizer Xa inhibi-
tor PD0313052,15 and optimized thrombin inhibitors.16


Plots of the observed rate constants versus inhibitor

were linear up to 5 lM 6d, suggesting that binding oc-
curs either by a simple one step mechanism or by a
two-step mechanism with very weak initial complex for-
mation (initial Ki� 5 lM). Differences in the dissocia-
tion rate constants calculated from the relationship,
Ki =kdissoc/kassoc, account for the higher Kis at 37 �C.
Similar results were obtained with razaxaban and will
be reported elsewhere.12


Table 5 shows the enzyme selectivity profile of 6d com-
pared to razaxaban. The compound is highly selective
over a range of enzymes evaluated.


In summary, we have further demonstrated the effective-
ness of the pyrazolopiperidinone scaffold to accommo-
date numerous neutral P1 moieties which bind to
factor Xa in a highly optimized manner. The 3-[6-(2 0-
dimethylaminomethyl-biphenyl-4-yl)-7-oxo-3-trifluoro-
methyl-4,5,6,7-tetrahydro-pyrazolo [3,4-c]pyridine-l-yl]-
benzamide 6d provides the best balance of fXa potency,
enzyme selectivity, oral bioavailability, and the potency
in the AV Shunt antithrombotic model. Compound 6d
was selected for further pre-clinical evaluations. Various
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other optimization strategies using this pyrazole scaffold
will be reported in due course.
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also been observed in many series of diverse structural scaffolds. These findings suggest that the negatively charged carboxylate


group causes unfavorable interaction within hERG channel binding cavity by electrostatic interaction.


N,N0-Diarylcyanoguanidines as antagonists of the CXCR2 and CXCR1 chemokine receptors pp 5513–5516


Hong Nie,* Katherine L. Widdowson, Michael R. Palovich, Wei Fu, John D. Elliott,
Deborah L. Bryan, Miriam Burman, Dulcie B. Schmidt, James J. Foley, Henry M. Sarau
and Jakob Busch-Petersen*


OH
N
H


N
H


N
CN


R


R'


A series of N-(2-hydroxy-3-sulfonamidobenzene)-N0-arylcyanoguanidines was prepared. In general, these compounds proved to be


potent antagonists of CXCR2 while the selectivity versus CXCR1 ranged from non-selective to >200-fold.


Structure-based design, synthesis, and SAR evaluation of a new series of
8-hydroxyquinolines as HIF-1a prolyl hydroxylase inhibitors


pp 5517–5522


Namal C. Warshakoon,* Shengde Wu, Angelique Boyer, Richard Kawamoto,
Justin Sheville, Sean Renock, Kevin Xu, Matthew Pokross, Songtao Zhou,
Carol Winter, Richard Walter, Marlene Mekel and Artem G. Evdokimov
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VEGF EC50 = 140 nM
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In vitro inhibitory activity of boropinic acid against Helicobacter pylori pp 5523–5525


Francesco Epifano,* Luigi Menghini, Rita Pagiotti, Paola Angelini,
Salvatore Genovese and Massimo Curini


COOH


3 MIC= 1.62 µg/mL


OCH3


O


The synthesis and the in vitro inhibition of growth of Helicobacter pylori of boropinic acid 3, active principle of


Boronia pinnata, (MIC = 1.62 lg/mL) and other prenyloxy cinnamic acids and auraptene is reported.


Affinity separation of polyribonucleotide-binding human blood proteins pp 5526–5529


Yuliya V. Gerasimova, Irina V. Alekseyeva, Tatyana G. Bogdanova, Irina A. Erchenko,
Natalya V. Kudryashova, Boris P. Chelobanov, Pavel P. Laktionov,
Pavel V. Alekseyev and Tatyana S. Godovikova*
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HSA HSA13Glc HSA21Glc


Albumin and keratins K1 and K2e are polypurine-binding blood plasma


proteins. The in vitro glycated albumin binds poly(A) and poly(G) more


efficiently than the unmodified protein. The 28 kDa polypyrimidine-


binding blood plasma protein can catalyze the hydrolysis of poly(U).


Microwave-assisted synthesis of thieno[2,3-c]pyridine derivatives as a new series of allosteric enhancers
at the adenosine A1 receptor


pp 5530–5533


Romeo Romagnoli,* Pier Giovanni Baraldi,* Allan R. Moorman, Maria Antonietta Iaconinoto,
Maria Dora Carrion, Carlota Lopez Cara, Mojgan Aghazadeh Tabrizi, Delia Preti,
Francesca Fruttarolo, Stephen P. Baker, Katia Varani and Pier Andrea Borea
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R= substituted phenyl, 1-naphthyl,
2-thienyl


Syntheses and studies of quinolone-cephalosporins as potential anti-tuberculosis agents pp 5534–5537


Gaiying Zhao, Marvin J. Miller,* Scott Franzblau, Baojie Wan and Ute Möllmann
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Pyridone derivatives as potent, orally bioavailable VLA-4 integrin antagonists pp 5538–5541


Jason Witherington,* Emma L. Blaney, Vincent Bordas, Richard L. Elliott, Alessandra Gaiba,
Neil Garton, Philip M. Green, Antoinette Naylor, David G. Smith, David J. Spalding,
Andrew K. Takle and Robert W. Ward
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α4β1 pKi 9.1
CLb 9 mL/min/kg
Fpo 121 +/- 72 %


Systematic optimisation of a previously described series of novel VLA-4 antagonists has identified a potent orally bioavailable


VLA-4 integrin antagonist.


Antimalarial activity of N-alkyl amine, carboxamide, sulfonamide, and urea derivatives
of a dispiro-1,2,4-trioxolane piperidine


pp 5542–5545


Maniyan Padmanilayam, Bernard Scorneaux, Yuxiang Dong, Jacques Chollet, Hugues Matile,
Susan A. Charman, Darren J. Creek, William N. Charman, Josefina Santo Tomas,
Christian Scheurer, Sergio Wittlin, Reto Brun and Jonathan L. Vennerstrom*
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Discovery and preliminary structure–activity relationship studies of novel benzotriazine
based compounds as Src inhibitors


pp 5546–5550


Glenn Noronha,* Kathy Barrett, Jianguo Cao, Elena Dneprovskaia, Richard Fine, Xianchang Gong,
Colleen Gritzen, John Hood, Xinshan Kang, Boris Klebansky, G. Li, W. Liao, Dan Lohse, Chi Ching Mak,
Andrew McPherson, Moorthy S. S. Palanki, Ved P. Pathak, Joel Renick, Richard Soll, Ute Splittgerber,
Wolfgang Wrasidlo, Binqi Zeng, Ningning Zhao and Y. Zhou
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We report the SAR studies of a series of structurally novel benzotriazine analogs as inhibitors of Src. The 3-(2-(1-pyrrolidinyl)-


ethoxy)phenyl analog (43) was identified as one of the most potent inhibitors.


Design of inhibitors against guanase: Synthesis and biochemical
evaluation of analogues of azepinomycin


pp 5551–5554


Ravi K. Ujjinamatada, Anila Bhan and Ramachandra S. Hosmane*
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2, R = H 
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Discovery of orally active butyrolactam 11b-HSD1 inhibitors pp 5555–5560


Vince S. C. Yeh,* Ravi Kurukulasuriya, Steven Fung, Katina Monzon, William Chiou,
Jiahong Wang, Deanne Stolarik, Hovis Imade, Robin Shapiro, Victoria Knourek-Segel,
Eugene Bush, Denise Wilcox, Phong T. Nguyen, Michael Brune, Peer Jacobson and J. T. Link
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A series of metabolically stable butyrolactam 11b-HSD1 inhibitors have been synthesized and biologically evaluated.


Identification of isothiazole-4-carboxamidines derivatives as a novel class of allosteric MEK1 inhibitors pp 5561–5566


Hassan El Abdellaoui,* Chamakura V. N. S. Varaprasad, Dinesh Barawkar, Subrata Chakravarty,
Andreas Maderna, Robert Tam, Huanming Chen, Matt Allan, Jim Z. Wu, Todd Appleby,
Shunqi Yan, Weijian Zhang, Stanley Lang, Nanhua Yao, Robert Hamatake and Zhi Hong
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IC50: 28 nM 
EC50: 75nM;
Oral AUC: 23908 ng-h/ml


Novel thienopyrrole glycogen phosphorylase inhibitors: Synthesis, in vitro
SAR and crystallographic studies


pp 5567–5571


Paul R. O. Whittamore,* Matthew S. Addie, Stuart N. L. Bennett, Alan M. Birch, Michael Butters,
Linda Godfrey, Peter W. Kenny, Andrew D. Morley, Paul M. Murray, Nikos G. Oikonomakos,
Ludovic R. Otterbein, Andrew D. Pannifer, Jeremy S. Parker, Kristy Readman, Pawel S. Siedlecki,
Paul Schofield, Andy Stocker, Melvyn J. Taylor, Linda A. Townsend,
David P. Whalley and Jennifer Whitehouse


N
H


O


N
H


S R2


N
H


ON
H


S R2


R1


R1


NO
H


R2 includes:  


Novel thienopyrrole inhibitors of recombinant human liver glycogen


phosphorylase are described, in particular: SAR, hepatocyte activity and


binding at the dimer interface site of the rabbit muscle enzyme (X-ray


crystallography).


Controlled release of DNA/polyamine complex by photoirradiation of a solid phase presenting
o-nitrobenzyl ether tethered spermine or polyethyleneimine


pp 5572–5575


Moon Suk Kim and Scott L. Diamond*
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This work describes the synthesis of solid phase with polyamines and DNA binding and controlled release followed by


photoirradiation.
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Potent inhibitors of lipoprotein-associated phospholipase A2: Benzaldehyde
O-heterocycle-4-carbonyloxime


pp 5576–5579


Hyung Jae Jeong, Yong-Dae Park, Ho-Yong Park, Il Yun Jeong,
Tae-Sook Jeong* and Woo Song Lee*
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Among the tested oxime derivatives, cyano- and morpholino-substituted analogue 4f at R2 and R3 had the highest potency with an


IC50 value of 0.05 lM in whole human plasma.


Anti-atherosclerotic and anti-inflammatory activities of catecholic xanthones and
flavonoids isolated from Cudrania tricuspidata


pp 5580–5583


Ki Hun Park, Yong-Dae Park, Jong-Min Han, Kyung-Ran Im,
Byong Won Lee, Il Yun Jeong, Tae-Sook Jeong*


and Woo Song Lee*
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The catecholic xanthones and flavonoids 1–13 were isolated from the chloroform extracts of the root bark of Cudrania tricuspidata.


Compounds 1 and 3–8 exhibited significant antioxidant activity against LDL oxidation in TBARS assay. Among them, 10–12


showed an inhibitory effect on the NO production and iNOS expression in RAW264.7 cells. Also, compounds 1, 2, 5, 7, 9, and 11


preferentially inhibited hACAT-2 than hACAT-1, whereas compounds 3, 4, 6, and 8 showed a similar specificity against hACAT-1


and -2. However, flavonoids 10, 12, and 13 dominantly inhibited hACAT-2, not hACAT-1.


Discovery of potent, efficacious, and orally bioavailable inhibitors of blood coagulation
factor Xa with neutral P1 moieties


pp 5584–5589


Donald J. P. Pinto,* Robert A. Galemmo, Jr., Mimi L. Quan, Michael J. Orwat, Charles Clark,
Renhua Li, Brian Wells, Francis Woerner, Richard S. Alexander, Karen A. Rossi,
Angela Smallwood, Pancras C. Wong, Joseph M. Luettgen, Alan R. Rendina, Robert M. Knabb,
Kan He, Ruth R. Wexler and Patrick Y. S. Lam
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The bicyclic tetrahydropyrazolopiperidinone scaffold allowed for the incorporation of multiple


neutral P1 moieties with subnanomolar binding affinities for blood coagulation factor Xa. The


compound 3-[6-(20-dimethylaminomethyl-biphenyl-4-yl)-7-oxo-3-trifluoro-methyl-4,5,6,7-


tetrahydro-pyrazolo[3,4-c]pyridine-1-yl]-benzamide 6d shows good Xa potency, selectivity, in


vivo efficacy, and oral bioavailability. Compound 6d was selected for further pre-clinical


evaluations.


An introduction of a pyridine group into the structure of prolyl oligopeptidase inhibitors pp 5590–5593


Elina M. Jarho,* Jarkko I. Venäläinen, Juha Juntunen, A. Leena Yli-Kokko,
Jouko Vepsäläinen, Johannes A. M. Christiaans, Markus M. Forsberg,
Tomi Järvinen, Pekka T. Männistö and Erik A. A. Wallén
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X = C: IC50 = 1.5 nM, log P = 1.9
X = N: IC50 = 2.2 nM, log P = 0.6


X = C: IC50 = 1.2 nM, log P = 3.3
X = N: IC50 = 2.1 nM, log P = 2.0
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A homology model of SERT based on the LeuTAa template pp 5594–5597


Aina Westrheim Ravna, Malgorzata Jaronczyk and Ingebrigt Sylte*


A novel series of imidazo[1,2-a]pyridine derivatives as HIF-1a prolyl hydroxylase inhibitors pp 5598–5601


Namal C. Warshakoon,* Shengde Wu, Angelique Boyer, Richard Kawamoto,
Justin Sheville, Sean Renock, Kevin Xu, Matthew Pokross, Artem G. Evdokimov,
Richard Walter and Marlene Mekel
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Preparation of a protected phosphoramidon precursor via an H-Phosphonate coupling strategy pp 5602–5604


Matthew G. Donahue and Jeffrey N. Johnston*
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We report the preparation of a phosphoramidon precursor 16 in 44% yield from H-phosphonate 15 and H2N-Leu-


Trp-OEt 4.


Sesquiterpene lactones are potent and irreversible inhibitors
of the antibacterial target enzyme MurA


pp 5605–5609


Anke Bachelier, Ralf Mayer and Christian D. Klein*


Certain sesquiterpene lactones are potent inhibitors of the antibacterial target enzyme MurA. We present structure–


activity relationships and discuss biological implications.
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Synthesis and a4b2 nicotinic affinity of unichiral 5-(2-pyrrolidinyl)oxazolidinones
and 2-(2-pyrrolidinyl)benzodioxanes


pp 5610–5615


Marco Pallavicini,* Barbara Moroni, Cristiano Bolchi, Antonio Cilia,
Francesco Clementi, Laura Fumagalli, Cecilia Gotti, Fiorella Meneghetti,
Loredana Riganti, Giulio Vistoli and Ermanno Valoti
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Design and synthesis of substituted pyridine derivatives as HIF-1a prolyl hydroxylase inhibitors pp 5616–5620


Namal C. Warshakoon,* Shengde Wu, Angelique Boyer, Richard Kawamoto, Justin Sheville,
Ritu Tiku Bhatt, Sean Renock, Kevin Xu, Matthew Pokross, Songtao Zhou, Richard Walter,
Marlene Mekel, Artem G. Evdokimov and Stephen East


Free radical scavengers from the medicinal mushroom Inonotus xeranticus and their proposed biogenesis pp 5621–5624


In-Kyoung Lee, Jin-Young Jung, Soon-Ja Seok, Wan-Gyu Kim and Bong-Sik Yun*
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New free radical scavengers 1 and 2 were isolated from the methanolic extract of the fruiting body of the medicinal mushroom


Inonotus xeranticus, along with the known compounds phelligridin D, 3,4-dihydroxybenzaldehyde, and 3,4-dihydroxybenzoic acid.


Their structures were established by extensive spectroscopic data. Compounds 1 and 3 were proposed to be biosynthesized from the


oxidative coupling of the precursor hispidin with 3,4-dihydroxybenzaldehyde and 3,4-dihydroxybenzoic acid, respectively. These


compounds exhibited significant free radical scavenging activity.


Selective photolabeling of Lck kinase in complex proteome pp 5625–5628


Sagit Hindi, Haiteng Deng, Laurence James and Akira Kawamura*


A simple molecular probe containing adenine and benzophenone was found to tag Lck in a highly selective manner.
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Synthesis and cytotoxicities of dioscin derivatives with decorated chacotriosyl residues pp 5629–5632


Shilei Zhu, Yichun Zhang, Ming Li, Jia Yu, Lihong Zhang, Yingxia Li and Biao Yu*
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Development of pyrimidine-based inhibitors of Janus tyrosine kinase 3 pp 5633–5638


Jack J. Chen,* Kumar D. Thakur, Michael P. Clark, Steven K. Laughlin, Kelly M. George,
Roger G. Bookland, Jan R. Davis, Edward J. Cabrera, Vijay Easwaran,
Biswanath De and Y. George Zhang
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17


A new class of pyrimidine-based Janus tyrosine kinase 3 (JAK3) inhibitors are described. Many of these inhibitors showed low


nanomolar activity against JAK3.


Comparison between two classes of selective EP3 antagonists and their biological activities pp 5639–5642


Michel Belley,* Chi Chung Chan, Yves Gareau, Michel Gallant, Hélène Juteau, Karine Houde,
Nicolas Lachance, Marc Labelle, Nicole Sawyer, Nathalie Tremblay, Sonia Lamontagne,
Marie-Claude Carrière, Danielle Denis, Gillian M. Greig, Deborah Slipetz, Robert Gordon,
Nathalie Chauret, Chun Li, Robert J. Zamboni and Kathleen M. Metters
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R = H, OBn
X = OH, NHSO2Ar


The structural differences and their effects on the biological activity in vivo, in vitro and metabolism have been analyzed.


A novel antiproliferative agent, phenylpyridineylbutenol, isolated from Streptomyces sp. pp 5643–5645


Choonshik Shin, Haeyoung Lim, Sangik Moon, Seunghyun Kim, Yeonjoong Yong,
Bum-Joon Kim, Chul-Hoon Lee and Yoongho Lim*
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A novel compound, (E)-4-phenyl-3-(pyridine-2-yl)but-2-en-1-ol, showing antiproliferative effect is reported.
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A bioisosteric approach to the discovery of indole carbinol androgen receptor ligands pp 5646–5649


James C. Lanter,* James J. Fiordeliso, George F. Allan, Amy Musto, Do Won Hahn and Zhihua Sui
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Bioisosteric Replacement


Chemical transformations of oxyresveratrol (trans-2,4,30,50-tetrahydroxystilbene)
into a potent tyrosinase inhibitor and a strong cytotoxic agent


pp 5650–5653


Kittisak Likhitwitayawuid,* Acom Sornsute,
Boonchoo Sritularak and Poonsakdi Ploypradith
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An efficient and versatile approach for the construction of oligonucleotide microarrays pp 5654–5658


S. Mahajan, P. Kumar and K. C. Gupta*
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An efficient and facile method for covalent attachment of


phosphorylated oligonucleotides on epoxy-activated


glass surface is described.


Design and synthesis of novel N-sulfonyl-2-indole carboxamides as potent PPAR-c binding agents
with potential application to the treatment of osteoporosis


pp 5659–5663


Corey R. Hopkins,* Steven V. O�Neil, Michael C. Laufersweiler, Yili Wang,
Matthew Pokross, Marlene Mekel, Artem Evdokimov, Richard Walter,
Maria Kontoyianni, Maria E. Petrey, Georgios Sabatakos, Jeff T. Roesgen,
Eloise Richardson and Thomas P. Demuth
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Optimization of pyrimidinyl- and triazinyl-amines as non-nucleoside
inhibitors of HIV-1 reverse transcriptase


pp 5664–5667


Vinay V. Thakur, Joseph T. Kim, Andrew D. Hamilton, Christopher M. Bailey,
Robert A. Domaoal, Ligong Wang, Karen S. Anderson*


and William L. Jorgensen*


Synthesis, assaying, and computational results are reported for new


anti-HIV agents that exhibit high potency, low cytotoxicity, and


promising pharmacological properties.


Synthesis and HIV-integrase strand transfer inhibition activity
of 7-hydroxy[1,3]thiazolo[5,4-b]pyridin-5(4H)-ones


pp 5668–5672


Eric E. Boros,* Brian A. Johns, Edward P. Garvey, Cecilia S. Koble and Wayne H. Miller
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R2 = H; alkyl; aryl 


X  = halogen  


HIV integrase strand transfer IC50 range = 151–0.03 lM.


Synthesis of asymmetrical bispyridinium compounds bearing cyano-moiety and evaluation
of their reactivation activity against tabun and paraoxon-inhibited acetylcholinesterase


pp 5673–5676


Kamil Musilek, Ondrej Holas, Kamil Kuca,* Daniel Jun,
Vlastimil Dohnal and Martin Dolezal
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A series of asymmetrical bisquaternary reactivators of acetylcholinesterase (AChE) bearing cyano-moiety with propane


connecting chain was synthesized and evaluated on tabun and paraoxon-inhibited AChE with promising results.


DNA interstrand crosslinking agents: Synthesis, DNA interactions, and cytotoxicity of dimeric achiral
seco-amino-CBI and conjugates of achiral seco-amino-CBI with pyrrolobenzodiazepine (PBD)


pp 5677–5681


Bethany Purnell, Atsushi Sato, Amanda O�Kelley, Carly Price, Kaitlin Summerville, Stephen Hudson,
Caroline O�Hare, Konstantinos Kiakos, Tetsuji Asao, Moses Lee* and John A. Hartley
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In vitro and in vivo efficacy and in vitro metabolism of 1-phenyl-3-aryl-2-propen-1-ones
against Plasmodium falciparum


pp 5682–5686


Clare E. Gutteridge,* Daniel A. Nichols, Sean M. Curtis, Darshan S. Thota,
Joseph V. Vo, Lucia Gerena, Gettayacamin Montip, Constance O. Asher,
Damaris S. Diaz, Charles A. DiTusa, Kirsten S. Smith and Apurba K. Bhattacharjee
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Nine in vitro submicromolar inhibitors of Plasmodium falciparum were identified, including compound 22. They were inactive when


administered orally to Plasmodium berghei infected mice, possibly due to metabolic instability.


Design and synthesis of a series of novel pyrazolopyridines as HIF 1-a prolyl hydroxylase inhibitors pp 5687–5690


Namal C. Warshakoon,* Shengde Wu, Angelique Boyer, Richard Kawamoto, Sean Renock, Kevin Xu,
Matthew Pokross, Artem G. Evdokimov, Songtao Zhou, Carol Winter, Richard Walter and Marlene Mekel
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Potent benzimidazolone based human b3-adrenergic receptor agonists pp 5691–5694


Don R. Finley, Michael G. Bell, Anthony G. Borel, William E. Bloomquist, Marlene L. Cohen,
Mark. L. Heiman, Aidas Kriauciunas, Donald P. Matthews, Tania Miles, David A. Neel,
Christopher J. Rito, Daniel J. Sall, Anthony J. Shuker, Thomas W. Stephens, Frank C. Tinsley,
Mark A. Winter and Cynthia D. Jesudason*


The synthesis and biological evaluation of a series of benzimidazolone b3 adrenergic receptor agonists are described. A trend toward


the reduction of rat atrial tachycardia upon increasing steric bulk at the 3-position of the benzimidazolone moiety was observed.


2,4-Disubstituted piperidines as selective CC chemokine receptor 3 (CCR3) antagonists:
Synthesis and selectivity


pp 5695–5699


Paul S. Watson,* Bin Jiang, Kim Harrison, Nao Asakawa, Patricia K. Welch, Maryanne Covington,
Nicole C. Stowell, Eric A. Wadman, Paul Davies, Kimberly A. Solomon, Robert C. Newton,
George L. Trainor, Steven M. Friedman, Carl P. Decicco and Soo S. Ko
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Linear unselective CCR3 antagonist leads with IC50 values in the 200 nM range were converted into low nM binding compounds


selective at CCR3 by moving the piperidine nitrogen substituent to the carbon at the 2-position of the ring. Substitution of the


piperidine nitrogen with simple alkyl and acyl groups was found to improve the selectivity of this new compound class. In particular,


N-{3-[(2S,4R)-1-(propyl)-4-(4-fluorobenzyl)piperidinyl]propyl}-N0-(3-acetylphenyl)urea exhibited single digit nanomolar IC50 values


for CCR3 with >100-fold selectivity against an extensive counter screen panel.
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B. Imperiali, Cambridge, MA


K. Janda, La Jolla, CA


W. L. Jorgensen, New Haven, CT


A. R. Katritzky, Gainesville, FL


J. Kelly, La Jolla, CA


P. Krogsgaard-Larsen, Copenhagen


R. A. Lerner, La Jolla, CA


H. Liu, Austin, TX


D. Mansuy, Paris


A. McKillop, Northumberland


B. W. Metcalf, King of Prussia, PA


R. Metternich, Berlin


S. Mignani, Vitry-sur-Seine


L. A. Mitscher, Lawrence, KS


W. H. Moos, San Diego, CA


K. Mori, Tokyo


K. C. Nicolaou, La Jolla, CA


H. L. Pearce, Indianapolis, IN


C. D. Poulter, Salt Lake City, UT


J. Rebek, Jr., La Jolla, CA


B. Samuelsson, Stockholm


J. Saunders, San Diego, CA


S. L. Schreiber, Cambridge, MA


P. G. Schultz, Berkeley, CA


K. Shokat, San Francisco, CA


R. Silverman, Evanston, IL


J. Stubbe, Cambridge, MA


G. L. Verdine, Cambridge, MA


C. T. Walsh, Boston, MA


P. A. Wender, Stanford, CA


G. Whitesides, Cambridge, MA


R. V. Wolfenden, Chapel Hill, NC


PUBLISHED TWICE MONTHLY


Orders, claims, and journal enquiries: please contact the Customer Service Department at the Regional Sales Office nearest you:


Orlando: Elsevier, Customer Service Department, 6277 Sea Harbor Drive, Orlando, FL 32887-4800, USA; phone: (+1) (877) 8397126 [toll free number for US customers],


or (+1) (407) 3454020 [customers outside US]; fax: (+1) (407) 3631354; e-mail: usjcs@elsevier.com


Amsterdam: Elsevier, Customer Service Department, PO Box 211, 1000 AE Amsterdam, The Netherlands; phone: (+31) (20) 4853757; fax: (+31) (20) 4853432;


e-mail: nlinfo-f@elsevier.com


Tokyo: Elsevier, Customer Service Department, 4F Higashi-Azabu, 1-Chome Bldg, 1-9-15 Higashi-Azabu, Minato-ku, Tokyo 106-0044, Japan; phone: (+81) (3) 5561


5037; fax: (+81) (3) 5561 5047; e-mail: jp.info@elsevier.com


Singapore: Elsevier, Customer Service Department, 3 Killiney Road, #08-01 Winsland House I, Singapore 239519; phone: (+65) 63490222; fax: (+65) 67331510;


e-mail: asiainfo@elsevier.com


� 2006 Elsevier Ltd.








Bioorganic & Medicinal Chemistry Letters 16 (2006) 5594–5597

A homology model of SERT based on the LeuTAa templateq


Aina Westrheim Ravna,a Malgorzata Jaronczykb and Ingebrigt Syltea,*


aDepartment of Pharmacology, Institute of Medical Biology, University of Tromsø, N-9037 Tromsø, Norway
bNational Institute of Public Health, Chelmska 30/34, 00-725 Warsaw, Poland


Received 19 June 2006; revised 3 August 2006; accepted 3 August 2006


Available online 17 August 2006

Abstract—A human serotonin transporter (SERT) model has been constructed based on the crystal structure of the bacterial homo-
logue of Na+/Cl�-dependent neurotransmitter transporters from Aquifex aeolicus (LeuTAa). Amino acids in the ligand binding area
predicted by ICM pocket finder included Tyr95, Ala96, Asp98, Gly100 (transmembrane helix (TMH) 1), Ala169, Ile172, Ala173,
Tyr176 (TMH3), Phe335, Ser336, Gly338, Phe341, Val343 (TMH6), Thr439, Ala441, and Gly442 (TMH8). The present model is
an updated working tool for experimental studies on SERT.
� 2006 Elsevier Ltd. All rights reserved.

Structural information about the serotonin transporter
(SERT) and its interactions with antidepressant drugs
is important for the understanding of the mechanisms
of action and for drug development. Since a direct struc-
ture determination of membrane proteins is technically
difficult, molecular modelling by homology might be a
step forward toward structural understanding of mem-
brane proteins. However, homology modeling relies on
experimental structures to build new 3D models. The
lack of known X-ray structure of human transporter
proteins makes building neurotransmitter transporters’
model challenging, and a large degree of expert interven-
tion is needed for accurate results. For the neurotrans-
mitter transporter protein structures, like SERT, the
homology modeling approach has not been possible
because known protein structures close enough in se-
quence and function to the human neurotransmitter
transporters have not been available. Instead, we have
constructed models of SERT and other neurotransmit-
ter transporter proteins from more dissimilar protein
structures combined with indirect and low-resolution
structural knowledge from experimental studies.1–5


Our first SERT1 model was based on indirect structural
knowledge of the neurotransmitter transporter proteins

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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from ligand binding studies of cocaine to SERT and
dopamine transporter (DAT) mutants.6–16 The electron
density projection map of the Escherichia coli sodium
proton antiporter (NhaA)17 contributed with additional
information about the 3-dimensional structure of sec-
ondary transporters, and a model of NhaA was con-
structed18 based on the projection map and available
site-directed mutagenesis data of NhaA19–25 and the E.
coli lactose permease symporter (Lac Permease).26 The
NhaA model guided the construction of models of
SERT, DAT, and the noradrenaline transporter
(NET).2,3 In 2003 the X-ray structure of Lac Permease
was published.27 Similar to SERT, DAT, and NET,
Lac Permease is a symporter, while NhaA is an antipor-
ter. The amino acid sequences of the neurotransmitter
transporters are also closer to Lac Permease than to
NhaA. In the TMHs the similarities are 11–13% with
Lac Permease and 8–11% with NhaA. Thus, the models
of SERT, DAT, and NET were updated5 using the
X-ray structure of Lac Permease27 as a template.


In 2005 the crystal structure of a bacterial homologue of
Na+/Cl� dependent neurotransmitter transporters from
Aquifex aeolicus (LeuTAa), with leucine bound within
the protein core, was published.28 This is so far the X-
ray crystal structure with the highest similarity to SERT,
both in sequence (overall � 20%) and function. In the
present communication, we present a SERT model
based on the LeuTAa crystal structure. The model is
compared to previous SERT models and site-directed
mutagenesis data. The relevance of using the LeuTAa


crystal structure as a template for homology modeling
of neurotransmitter transporters is discussed.
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It is believed that quite accurate predictions of protein
structures can be done with an amino acid sequence
identity greater than 50% between the target and the
template protein. However, for membrane proteins even
at an overall sequence similarity less than 15%, there
may be considerable structural similarities in functional-
ly similar regions between proteins. An example is the
family of G-protein coupled receptors (GPCRs), where
very distantly related GPCRs share a common mem-
brane folding of 7 TMHs.29 The sequence identity
between SERT and the template crystal structure Leu-
TAa (�20%) is higher than between several distantly
related GPCRs sharing the 7TMH membrane fold. Leu-
TAa is a bacterial homologue of the sodium- and chlo-
ride-dependent neurotransmitter transporters, and its
transport mechanism resembles the transport mecha-
nism of SERT since they both use the electrochemical
sodium gradient to provide an inward movement of sub-
strate against a concentration gradient. The relation-
ships between LeuTAa and SERT both in function and
sequence suggest that they share a common overall fold-
ing of their membrane spanning regions, and that X-ray
structure of LeuTAa provides an opportunity of using
the traditional homology modeling approach for con-
structing a model of the human SERT.


The ICM software version 3.4–430 was used to construct
the SERT model. A Psi-BLAST (http://www.ncbi.nlm.
nih.gov/BLAST/) amino acid sequence alignment of
LeuTAa, the human glycine transporter (GlyT1b), the
human GABA transporter (GAT1), the human dopa-
mine transporter (DAT), and the human SERT28 was
used as input for the construction of a SERT model
from the amino acid sequence (Swiss-Prot accession
code P31645) using the LeuTAa (PDB id 2a65) as a tem-
plate. Homology modeling by ICM is performed by con-
structing the model from a few core sections defined by
the average of Ca atom positions in the conserved re-
gions, and loops are searched for by matching them in
regard to sequence similarity and sterical interactions
with the surroundings of the model, within several thou-
sand high quality structures in the PDB databank.31


Maps around are calculated and the loops are scored
based on their relative energies, selecting the best fitting
one. The RefineModel macro of ICM, which globally
optimizes side-chain positions and anneals the back-
bone, was used for energy refinement of the SERT mod-
el. This macro performs (1) a side-chain conformational
sampling using ‘Montecarlo fast’,32 (2) iterative anneal-
ing with tethers provided, and (3) a second side-chain
sampling. In step 1, the program module ‘Montecarlo
fast’ samples conformational space of a molecule with
the ICM global optimization procedure. The iterations
of this procedure consist of a random move followed
by a local energy minimization, and the complete energy
is then calculated. The iteration is accepted or rejected
based on the energy and the temperature. The tethers
included in the annealing of the backbone are harmonic
restraints pulling an atom in the model to a static point
in space represented by a corresponding atom in the
template. The ECEPP3 charges33 were used for the ami-
no acids, and a surface based implicit solvation model30


was included in the calculations. Membrane molecules

were not included. The ICM pocket finder was used to
explore possible binding pockets in the model, using a
tolerance level of 3.0.


The stereochemical quality of the SERT model was
checked using the Savs Metaserver for analyzing and
validating protein structures (http://nihserv-
er.mbi.ucla.edu/SAVS/). Programs run were Procheck,
What_check, Verify_3D, Errat, and Prove. The overall
quality factor of the SERT model was 82.6. According
to the Ramachandran plot, 95.4% of the residues of
the SERT model were in the most favored regions,
4.3% were in additional allowed regions, 0.3% were in
generously allowed regions, and 0.0% were in disallowed
regions.


The SERT model is shown in Figure 1. The protein fea-
tured 12 TMHs, with TMHs 1–5 and 6–10 arranged as
in the template,28 with a pseudo-twofold axis in the
membrane plane. TMH6 is kinked near the ligand bind-
ing site. The template LeuTAa has the substrate leucine
bound at the active site indicating that the SERT model
also corresponds to the substrate-bound SERT confor-
mation, being closed at both sides of the membrane.
Based on knowledge from other membrane spanning
proteins it is reasonable to believe that SERT needs to
be structurally flexible, and that the process of substrate
recognition, transporter–substrate complexation, and
substrate translocation induces large conformational
changes. The conformation of SERT recognized by the
substrate serotonin is therefore not necessarily com-
pletely similar to that of the present SERT model. Accu-
rate predictions of SERT-ligand binding affinities
require quite accurate structural models of the target,
and have so far been impossible. The present model pro-
vides a possibility for more accurate docking than the
previous models. However, the structural flexibility of
the transporter is a challenge for accurate docking and
predictions, and the docking should be performed using
several low-energy conformations of the model.


The availability of site-directed mutagenesis data is very
important for the validation of structural models with
low homology between the template and the target.
However, to interpret if an amino acid is directly in-
volved in ligand binding, or structurally important by
maintaining a correct structure of the binding pocket
is not straightforward. The ICM pocket finder reported
a possible binding pocket of the SERT model in an area
corresponding to the substrate binding pocket of leucine
in the LeuTAa crystal structure.28 Amino acids in the
predicted ligand binding area included Tyr95, Ala96,
Asp98, Gly100 (TMH1), Ala169, Ile172, Ala173,
Tyr176 (TMH3), Phe335, Ser336, Gly338, Phe341,
Val343 (TMH6), Thr439, Ala441, and Gly442
(TMH8). Site-directed mutagenesis data on SERT,
DAT, and NET confirm the involvement of amino acids
in TMH1,6,34,35,7,36 TMH3,34,9,37–39,36 TMH6,40 and
TMH840,41 in the ligand binding area. Both our first
SERT model based on indirect structural knowledge1


and the second model based on the NhaA model18


included TMH1 and TMH3 in the binding pocket, but
failed to predict a direct involvement of amino acids in



http://www.ncbi.nlm.nih.gov/BLAST/

http://www.ncbi.nlm.nih.gov/BLAST/

http://nihserver.mbi.ucla.edu/SAVS/
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Figure 1. Ca traces of the SERT model viewed in the membrane plane (A), and from the extracellular side (B). Color code of the SERT model is blue


via white to red from N-terminal to C-terminal. Asp98 is shown in yellow. The putative substrate binding pocket identified by the ICM pocket finder


is shown in green.
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TMH6 and TMH8 in substrate binding. The third mod-
el5 suggested that TMHs 1, 2, 4, 5, 7, 8, 10, and 11 are in
close proximity to the substrate translocation area, and
in contrast to the present model failed to predict the
involvement of TMH3 and TMH6. One study also sug-
gests that TMH4 and TMH5 could be involved in ligand
binding,10 which was also predicted by our previous
SERT model.5 The data reported on TMH4 and
TMH5 emphasize the importance of how to interpret
site-directed mutagenesis studies. However, TMH5 is
close to TMH1, and as studies on Lac Permease have
indicated,26 widespread co-operative conformational
changes including sliding and tilting motions of the
TMHs may occur during ion and substrate transport,
and the 12 TMHs may be loosely packed in different
conformations associated with transport of substrate
molecules. SERT may therefore involve several confor-
mational changes during its transport cycle, both in
TMHs and in loop segments. Thus, TMH5 may be clos-
er to a substrate recognition site than the substrate bind-
ing site observed in the present SERT model. Other
TMHs in close proximity to the substrate translocation
area are TMH7 and TMH10.


Based on the fact that the homology between SERT and
LeuTAa is two times higher than between SERT and Lac
Permease, and that site-directed mutagenesis data are
confirming our predictions,6,7,9,34–41 it is reasonable to

believe that the present SERT model represents a step
toward structural understanding of the SERT protein.
Molecular modeling and site-directed mutagenesis stud-
ies are complementary to each other in an iterating pro-
cess towards a better understanding of the structure and
function of transporter proteins. The SERT model can
be used for docking of ligand molecules into the putative
binding site and to identify amino acids in the model
interacting with the ligand, which will aid the selection
of amino acids for further site-directed mutagenesis
studies. Furthermore, the interactions seen in drug–tar-
get complexes can lead to understanding of the intermo-
lecular forces determining the specificity and the potency
of the drug. This information can aid the process of
structure-aided drug design, where new drugs can be de-
signed based on information from 3-dimensional models
of drug target proteins.


The amino acid residues located in the putative bind-
ing pocket are in correspondence with several site-di-
rected mutagenesis studies on SERT, DAT, and
NET,6,7,9,34–41 and partly by our previous modeling
studies.1,3 Together with the functional and sequential
similarities between SERT and LeuTAa this suggests
that LeuTAa is a suitable template for homology mod-
eling of SERT. Compared with our previous models,
the present SERT model must be considered as an im-
proved working tool for generating hypotheses and
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designing further experimental studies, and more pre-
cise predictions of function and drug binding can be
performed using the present SERT model than our
previous SERT models.
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