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Abstract—The natural product, chrysin (5,7-dihydroxy flavone), obtained from Oroxylum indicum, exhibits numerous biological
activities including anticancer, anti-inflammatory, and antiallergic activities. Three series of chrysin analogues were prepared, in
which chrysin and heterocyclic moieties are separated by 3-carbon, 4-carbon, and 6-carbon spacers. All the derivatives were screened
for antibacterial activity against a panel of susceptible and resistant Gram-positive and Gram-negative organisms. It was observed
that most of the derivatives displayed significant activity as compared to their parent compound (chrysin).
� 2005 Elsevier Ltd. All rights reserved.

Polyphenolic compounds are plant products which rep-
resent common constituents of fruits and vegetables.1


The major group of plant polyphenols is represented
by flavanoids and a recent review has estimated their
number as 6500 in the plant kingdom.2 A large number
of biological activities such as antioxidant, anticancer,
and anti-inflammatory properties have been attributed
to these compounds.3


Chrysin is a flavone widely distributed in plants which
was reported to have many biological activities includ-
ing antibacterial,4 antioxidant,5 anti-inflammatory,6


antiallergic,7 anticancer,8 antiestrogenic,9, and anxiolyt-
ic activities.10 Furthermore, chrysin is also found to
have tyrosinase inhibitory activity11 and moderate aro-
matase inhibitory activity.12 Chrysin can also inhibit
the metabolism of the carcinogen benzo[a]pyrene by
hamster embryo cells in tissue culture.13 In fact, a num-
ber of derivatives were prepared to improve the biolog-
ical activity of chrysin.14 Such as C-isoprenylated
hydrophobic derivatives are more potential P-glycopro-
tein modulators in tumor cells.15 However, the efforts to
date have centered mostly on the substitutions on the
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aromatic rings (either A or C) of the chrysin. These re-
sults prompted us to synthesize the chrysin derivatives
in which chrysin and heterocyclic moieties are linked
with spacers and investigate the effects to the size of
the spacers and substitution patterns of the heterocyclic
moieties.


In continuation of our investigations on the chemical
modification of the bioactive natural flavones and their
activity studies,16 Herein, we report the synthesis of
three series of analogues of chrysin17 and their antibac-
terial activity studies.


Chrysin was isolated from the traditional Indian medic-
inal plant Oroxylum indicum in substantial yields. To in-
crease the antibacterial properties of chrysin, we
prepared chrysin derivatives in which chrysin ring sys-
tem linked to the alkyl amines by different spacers at
C-7 position with a view to enhance their lipophilicity.
This was achieved in two steps, in the initial step by
the alkylation of 7-hydroxy group at 7th position by
the corresponding dibromo alkanes in acetone and final-
ly coupling the secondary amines with the bromo com-
pound. The following Scheme 1 summarizes the
procedures used to prepare the three series of chrysin
analogues. Compounds in series 1(3a–3d) contain 3-car-
bon spacer in between chrysin and heterocyclic moiety,
compounds (4a–4d) separated by 4-carbon spacer, and
compounds (5a–5d) contain 6-carbon spacer in between
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Scheme 1. Synthesis of 7-O-alkylamino derivatives of chrysin.
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chrysin and the substituent. All the synthetic com-
pounds were well characterized by their spectral charac-
teristics.18 These compounds were designated to test the
importance of the substitution along with the size of the
linker.


The minimum inhibitory concentrations (MIC) of 7-O-
alkylamino derivatives of chrysin were obtained against
three representative Gram-positive organisms viz. Bacil-
lus subtilis (MTCC 441), Bacillus sphaericus (MTCC 11),
and Staphylococcus aureus (MTCC 96), and three
Gram-negative organisms viz. Chromobacterium violace-
um (MTCC 2656), Klebsiella aerogenes (MTCC 39), and
Pseudomonas aeruginosa (MTCC 741) by the broth

Table 1. Minimum inhibitory concentrations (MIC-lg/ml) of 7-O-alkylamin


Compounds


Gram positive


Bacillus


subtilis


Bacillus


sphaericus


Staphylococcus


aureus


Chrysin 50 25 50


3a 12.5 12.5 25


3b 12.5 12.5 25


3c 25 12.5 12.5


3d 25 12.5 12.5


4a 6.25 6.25 12.5


4b 25 6.25 12.5


4c 12.5 12.5 25


4d 6.25 6.25 25


5a 25 25 25


5b 25 25 12.5


5c 25 12.5 25


5d 12.5 12.5 25


Streptomycin 6.25 12.5 6.25


Penicillin 1.562 3.125 1.562


Negative control DMSO, no activity.

dilution method recommended by National Committee
for Clinical Laboratory (NCCL) standards.19 Standard
antibacterial agents like penicillin and streptomycin
were also screened under identical conditions for com-
parison. The minimum inhibitory concentrations are
represented in Table 1. It has been observed that all
the derivatives exhibited interesting biological activity
however, with a degree of variation.


Compounds in series 1, which contain 3-carbon spacer,
displayed good zone of inhibition for C. violaceum and
B. spharicus. In this series, compounds 3a, 3b, 3c, and
3d showed good activity equal to that of streptomycin
against B. spharicus. Similarly, compounds 3a, 3b, and

o derivatives of chrysin


Microorganisms


Gram negative
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— 25 12.5


— 25 6.25
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— 25 6.25
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3c displayed notable activity equal to that of penicillin
and compound 3c showed good activity against C.
violaceum.


Similarly, compounds in series 2, which contain 4-car-
bon spacer, displayed good antibacterial activity
against both Gram-positive and Gram-negative organ-
isms. Compound 4a in which heterocyclic ring (mor-
pholine) and chrysin separated by 4-carbon chain
displayed a high degree of activity against C. violace-
um and B. sphaericus. Accordingly, compound 4b,
which contains 4-carbon spacer in between chrysin
and piperizinyl rings, showed good activity against
C. violaceum.


Compounds in series 3, which contain 6-carbon spacer,
displayed moderate zone of inhibition against both
Gram-positive and Gram-negative organisms, but dis-
played MIC values lower than that of the parent com-
pound chrysin. It is important to note that all the
derived compounds displayed MIC values lower than
that of parent compound irrespective of the spacer. As
shown in Table 1, none of the compounds exhibited
any activity against P. aeruginosa even at the concentra-
tion of 200 lg/ml. The compounds were also inactive
against the tested antifungal strains.


In conclusion, a series of chrysin derivatives were pre-
pared containing 3, 4, and 6 carbon spacers, in between
heterocyclic ring and chrysin, and were evaluated for
antibacterial activity. Most of the compounds showed
a moderate degree of antibacterial activity. Among them
compounds in series 2, which contain 4-carbon spacer in
between chrysin and heterocyclic ring, displayed good
deal of activity. With this set of analogues, we are now
in a position to investigate the multiple biological activ-
ities reported for chrysin.
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Abstract—A new inhibitor of p53–HDM2 interaction was isolated from a culture of marine-derived fungus, Arthrinium sp. The
structure was identified to be (�)-hexylitaconic acid (1) by spectroscopic analysis. The inhibition of p53–HDM2 binding was tested
by the ELISA method, and 1 inhibited the binding with an IC50 value of 50 lg/mL. Although a number of synthetic inhibitors of
p53–HDM2 interaction have been reported so far, 1 is the second inhibitor isolated from natural resources.
� 2005 Elsevier Ltd. All rights reserved.

Ubiquitination of proteins requires the sequential action
of three enzymes, the ubiquitin-activating enzyme (E1),
ubiquitin-conjugating enzyme (E2), and ubiquitin–pro-
tein ligase (E3).1,2 E3s are a large family of enzymes that
recognize huge numbers of target proteins and destine
them for degradation. As E3 definitively determines
which target proteins are ubiquitinated, it can be in-
ferred that a specific inhibitor against an E3 recognizing
a key target protein could be a good lead for therapy of
the disease connected with the turnover of the key target
protein. Among many E3s, MDM2 (mouse double min-
ute 2) or HDM2 (human double minute 2), an E3 for
p53 protein,3,4 is frequently used as a target for inhibitor
development. HDM2 is normally expressed at a low le-
vel, while it is overexpressed in a variety of human can-
cers. p53 is a tumor suppressor that is mutated in more
than 50% human cancers and this protein induces
growth arrest and apoptosis upon activation by various
stimuli such as DNA damage.5 Therefore, targeting
HDM2 is a promising approach to reactivate p53,
inducing apoptosis in human cancer cells. In the course
of our search for new classes of inhibitors against the
ubiquitin-proteasome proteolytic pathway from natural
resources, we already succeeded in isolating agosterol
derivatives6 and secomycalolides A7 as proteasome
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inhibitors and himeic acid A8 as an E1 inhibitor. In
addition, we found that girolline, an anticancer com-
pound, is the first agent inhibiting the recruitment of
polyubiquitinated p53 to the proteasome.9 In this paper,
we describe the isolation of a new inhibitor of p53–
HDM2 interaction, (�)-hexylitaconic acid (1), from a
culture broth of a marine-derived fungus, Arthrinium
sp., and its inhibitory activity against p53–HDM2
interaction (Chart 1).


The fungus, Arthrinium sp.,10 was separated from a mar-
ine sponge, collected in Toyama Bay in the Japan Sea.
The fermentation culture11 (6.0 L) was separated into
the mycelium and culture medium by filtration. The cul-
ture medium, which showed inhibitory activity against
p53–HDM2 binding, was passed through a HP-20 col-
umn. The resin was washed with H2O and then MeOH.
The EtOAc soluble part (2.8 g) of the MeOH eluent was
purified by ODS chromatography with aqueous MeOH.
The fraction (107 mg) eluted with 60% MeOH was puri-
fied by ODS HPLC (YMC-Pack ODS, 5 lm, /

Chart 1.
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Figure 1. Inhibition of p53–HDM2 interaction by 1. Data are


expressed as means ± SE (n = 3).
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20 · 250 mm, YMC Co., Ltd.; 80% MeOH–H2O; flow
rate, 4.0 mL/min; tR 25 min) to afford an inhibitor (1,
75 mg)12 of p53–HDM2 interaction. The compound 1
was identified to be (�)-hexylitaconic acid by comparing
its spectroscopic data with the values previously
reported.13


The inhibition of p53–HDM2 interaction was tested by
ELISA according to the standard procedure using puri-
fied recombinant p53 and HDM2 proteins,14 and the
following primary anti-MDM2 antibody (Santa Cruz,
SMP14). As shown in Figure 1, 1 inhibited p53–
HDM2 interaction in a dose-dependent manner, and
the IC50 value was determined to be 50 lg/mL. To ana-
lyze the structure–activity relationship, three derivatives
of 1, a mono methyl ester 2, a dihydro derivative 3, and
a dihydro derivative of mono methyl ester 4, were pre-
pared15 (Chart 2) and their inhibitory activities were
measured. In contrast to 1, however, 2–4 as well as
two commercially available dicarboxylic acids, itaconic
acid and succinic acid, did not inhibit the interaction
at all at the concentration of 50 lg/mL.


(+)-Hexylitaconic acid was first isolated as a plant
growth regulator from Aspergillus niger cultivated in
field soil. This study was the first report on the isolation
of hexylitaconic acid as a natural product.13 Subsequent-
ly, the (�)-enantiomer was isolated as a metabolite pro-
duced by the marine endophytic fungus Apiospora
montagnei isolated from the alga Polysiphonia violacea.16


In addition, the isolation of hexylitaconic acid from the
marine sponge-derived Aspergillus niger, of which the

Chart 2.

absolute configuration had not been mentioned, has also
been reported so far.17 However, no biological activity of
hexylitaconic acid was reported in the two latter papers.


The crystal structure of the 109-residue amino-terminal
domain of MDM2 bound to a 15-residue transactiva-
tion domain peptide of p53 revealed that MDM2 has
a deep hydrophobic cleft, to which the p53 peptide
binds.18 Thus, MDM2 inhibitors that can bind to the
cleft and inhibit the binding between MDM2 and p53
could be good lead compounds for treatment of cancer.
So far, various peptides have been designed for antag-
onists against MDM2, and non-natural amino acids
were used as components in the peptides to enhance
their binding to the MDM2 cleft.19 In addition, several
types of non-peptidic compounds have been report-
ed.20–23 Among them, nutlins22 bind to the p53-binding
pocket of HDM2 and block p53–HDM2 interaction
in vitro and in vivo. Although a number of synthetic
inhibitors of p53-MDM2 interaction have been report-
ed so far, (�)-hexylitaconic acid (1) is the second inhib-
itor isolated from natural resources. The first
compound, chlorofusin,24,25 was isolated from a culture
of Fusarium sp.
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Abstract—Twenty novel N-diarylalkenyl-piperidinecarboxylic acid derivatives were synthesized and evaluated as c-aminobutyric
acid uptake inhibitors. The biological assay showed that (R)-1-[4,4-bis(3-phenoxymethyl-2-thienyl)-3-butenyl]-3-piperidinecarboxy-
lic hydrochloride (4e) possessed almost as strong GAT1 inhibitory activity as tiagabine. The synthesis and structure–activity rela-
tionships are discussed.
� 2005 Elsevier Ltd. All rights reserved.

c-Aminobutyric acid (GABA) is the major inhibitory
neurotransmitter in the mammalian central nervous sys-
tem (CNS). Dysfunction of GABA-ergic synapses has
been invoked for diseases such as Parkinson�s disease,
Huntington�s chorea, epilepsy, and some forms of
schizophrenia.1–4 Several kinds of methods were intro-
duced to palliate GABA deficiency in human, including
GABA receptor agonists,5 inhibitors of the GABA up-
take,6 or inhibitors of GABA enzymatic breakdown.7


Because the rapid termination of neurotransmitter ac-
tion is an essential property of synaptic transmission,
GABA transporters (GAT) are key functional compo-
nents of GABA transmission in the CNS to regulate
the magnitude and duration of GABA action. Four
GABA transporters (GAT1–GAT4) have been
cloned.8–11 The study of pharmacologic criteria and
immunohistochemical localization suggested that
GAT1 is the predominant neuronal transporter in the
rodent brain.12,13
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Many cyclic amino acids and their derivatives have been
found to inhibit GAT1, such as nipecotic acid (1) and
tiagabine14 (2) (Fig. 1). Tiagabine has been selected as
an anticonvulsant and launched in the treatment of
epilepsy.15


The three-dimensional quantitative structure relation-
ship studies (3D-QSAR)—comparative molecular field
analysis (CoMFA) on N-diarylalkenyl-piperidinecarb-
oxylic acid analogues about GAT1 inhibitory activity
have previously been reported by us.16 It suggests that,
either one or two of the aryl rings substituted with
bulky group in the ortho position may improve the
GAT1 inhibitory activity, and the negative groups

Figure 1. Structures of representative known GABA uptake inhibitors.



mailto:rwen@shmu.edu.cn





Table 1. Biological activity of N-diarylalkenyl-piperidinecarboxylic


acid derivatives


Compounds IC50 (lM)


3a 1.36


5a >100


3b 12.30


4b 2.80


5b >100


3c >100


4c 7.10


5c >100


3d 0.94


4d 0.68


5d 1.24


3e 0.65


4e 0.34


5e 1.50


3f 27.60


4f 0.84


5f 4.34


3g >100


4g 66.30


5g >100


1 81.50


2 0.28
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(e.g., carboxylic acid) in the position 3 of the piperidine
ring would also be beneficial for the interaction of inhib-
itors with GAT1.


To observe the difference of predicted result and that of
practical work, this paper reports the design, synthesis,
and GAT1 inhibitory activities of a series of novel
N-diarylalkenyl-piperidinecarboxylic acid derivatives
3a–g, 4b–g, and 5a–g (Fig. 2). The feature of these
compounds is a bulky group in ortho position on aryl
rings and a carboxylic acid group in different position
on the piperidine ring.


The symmetrical N-diarylalkenyl-piperidinecarboxylic
acid derivatives were prepared as shown in Figure 2.
2-Bromo-3-methyl-thiophene was brominated to afford
2-bromo-3-bromomethyl-thiophene 6, which reacted
with alcohol or phenol to obtain compounds 7b–g.
Then, bromo-3-methyl-thiophene and 7b–g were treated
with n-butyllithium, and then reacted with ethyl 4-bro-
mobutyrate ester at low temperature to afford 8a–g,
subsequently dehydrated to furnish 9a–g. The ethyl pip-
eridinecarboxylate was reacted with 9a–g to afford 10a–
g, 11b–g, and 12a–g, which were saponified under basic
conditions to provide target compounds in the form of
hydrochloride salts.


The newly synthesized N-diarylalkenyl-piperidinecarb-
oxylic acid derivatives were tested on the GAT1 trans-
port assay17 compared to nipecotic acid (1) and

Figure 2. Reagents and conditions: (a) NBS, CCl4, benzoyl peroxide, 76 �, 72
ethyl 4-bromobutyrate, Et2O, �70�, 60%; (d) H2SO4, 2-propanol, 73%; (e)


EtOH, ii—HCl, 59%.

tiagabine (2). The inhibition data of these compounds
are summarized in Table 1.


In conclusion, the IC50 values show that most of the
compounds inhibit GAT1 transport activities. These

%; (b) corresponding alcohol (phenol), Na or K2CO3, 75%; (c) n-BuLi,


ethyl piperidinecarboxylate, K2CO3, KI, acetone, 61%; (f) i—NaOH,
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results, in agreement with our previous 3D-QSAR
study,16 suggest that introduction of suitable bulky moi-
eties such as phenoxymethyl and benzyloxymethyl in
ortho position on an aryl ring may increase GAT1 inhib-
itory activity of the parent compound, for example, the
most potent compound (R)-1-[4,4-bis(3-phenoxymethyl-
2-thienyl)-3-butenyl]-3-piperidine- carboxylic acid
hydrochloride 4e (IC50 = 0.34 lM) showed potent
GAT1 inhibitory activity close to the marketed antiepi-
leptic drug tiagabine (2, IC50 = 0.28 lM). This fact
means that the proper steric effect in ortho position on
thiophene ring may play a critical role for potential
GAT1 inhibitory activity. The influence of the different
position of carboxylic acid group on the piperidine ring
for the activity of GAT1 inhibition is also observed, for
example, the N-diarylalkenyl-3-piperidinecarboxylic
acid derivatives displayed greater potency than corre-
sponding 2 or 4 piperidinecarboxylic acid derivatives.
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Abstract—A novel series of selective HCV NS5B RNA dependent RNA polymerase inhibitors has been disclosed. These compounds
contain an appropriately substituted tetrahydrobenzothiophene scaffold. This communication will detail the SAR and activities of
this series.
� 2005 Elsevier Ltd. All rights reserved.
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Hepatitis C virus (HCV) is a serious disease which often
leads to chronic hepatitis, cirrhosis, and hepatocellular
carcinoma.1 These complications are responsible for
about 10,000–12,000 deaths/year in the US.1 The neces-
sity for liver transplantation in the US is most often the
result of chronic HCV infection.1b Recent worldwide
estimates indicate that approximately 1–3% of the total
population may be infected by HCV.2


Current therapies for HCV involve a combination of
ribavirin and interferon-a.3 Not only does this treatment
regimen cause unfavorable side effects, but also only
about 40% of patients achieve a sustained medical ben-
efit. Recently, a pegylated interferon has been approved
for treatment which appears to slightly improve the pa-
tient response rate.3 Clearly there is a medical need for
additional HCV antiviral agents.


Hepatitis C belongs to the Flaviviridae family of posi-
tive-single-stranded RNA viruses. The HCV genome en-
codes a 3000 amino acid polyprotein which is processed
into structural and non-structural proteins.4 One
of the non-structural proteins that is essential for
viral replication is the NS5B RNA dependent RNA
polymerase.5 This communication will center on a novel
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series of NS5B enzyme inhibitors discovered in our
laboratories.6,7


During the course of our initial studies on HCV poly-
merase, we discovered a tetrahydrobenzothiophene
(THBT) pyrazine carboxylate analog (1) from high
throughput screening of compound libraries that exhib-
ited low micromolar inhibition of HCV NS5B 4a full-
length polymerase and was selective versus human
DNA polymerase and calf thymus polymerase a.8 A li-
brary of structurally related compounds was assembled
which confirmed: (a) a preference for the bicyclic THBT
scaffold over analogous non-cyclic 4,5-dialkyl- substitut-
ed thiophenes; and (b) the preference for an acidic func-
tionality at the position proximal to the scaffold
attachment point (A, Fig. 1).9


The core substituted thiophene scaffolds were assembled
via chemistry first described by Gewald (Scheme 1).10

S H N
HO2C S H


R


HCV 4a Pol 4 uM


CT Pol >100 uM


1


CO2H favored


(vs. H, alkyl, etc.)


A


Figure 1. Tetrahydrobenzothiophene analogs and enzyme inhibition.
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Scheme 2. Reagents: (a) OCNSO2R; (b) triphosgene, then H2NSO2R,


DIPEA.


Table 2. Alkyl substituted derivatives of 4
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Compound R HCV 4a pol IC50 (lM)


4a 4-Me 2.0


4b 5-Me 0.5


4c 6-Me 0.2


4da 6-Dimethyl 0.09


a IC50, 0.4 lM against HCV D-21 BB7 isolate.


Table 3. Modification of the aryl group of 5
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Scheme 1. Reagents and conditions: (a) S8, morpholine, EtOH, D; (b)
pyrazine carboxylate, DCC.
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We found that when the 2-carboxyl-pyrazine group was
replaced in its entirety by an alternative acidic moiety,
such as an acyl sulfonamide,11,12 the activity against
HCV polymerase increased significantly while maintain-
ing selectivity.13 These compounds were assembled
either by reaction of a preformed sulfonylisocyanate
with the 2-amino-tetrahydrobenzothiophene or by con-
version of this aminothiophene into the corresponding
isocyanate followed by reaction with a sulfonamide
(see, Scheme 2).14,15 The structure–activity relationship
within the sulfonamide subgroup was somewhat limited,
although a trend emerged whereby aromatic R groups
appeared to be preferred over alkyl substitution (Table
1). These compounds exhibited significantly higher
IC50 values (>10 lM) when tested against the HCV
polymerase D-21 BB7 isolate.16,17


During the course of exploring the impact of substitu-
tion on the THBT scaffold, we determined that alkyl
substitution (particularly disubstitution) at the 6-posi-
tion was favorable (Table 2). The 6-dimethyl-analog
(4d) was determined to be among the most potent com-

Table 1. SAR of sulfonamide analogs 3


Compound R HCV 4a pol IC50 (lM)


3a Phenyl 0.7


3b 4-Tolyl 1.0


3c 3-Tolyl 0.9


3d 2-Tolyl 0.9


3e 4-Fluorophenyl 1.7


3f 4-Chlorophenyl 1.0


3g 3-Methoxyphenyl 1.2


3h 4-Nitrophenyl 2.8


3i 4-Chlorothiophene 0.6


3j 1-Thiophene 0.6


3k 1-Naphthyl 0.7


3l Me 3.8


3m Bu 4.9

pounds in the series. In addition, compound 4d showed
submicromolar inhibition of the D-21 C-terminally trun-
cated HCV polymerase BB7 isolate.


A subseries of analogs from the dimethyl-substituted
THBT template was assembled (Table 3). All of these
compounds inhibited the HCV 4a full-length and the
BB7 D-21 polymerases at submicromolar levels.


Unfortunately, despite their potent HCV NS5B poly-
merase inhibitory activities and high permeabilities
(>30 nM/s) in the Caco-2 assays,18 these compounds
were poorly active (EC50s > 30 lM) in the subgenomic
HCV replicon cell assay.4a,19 Since sulfonyl ureas have
historically exhibited high plasma protein binding, we
speculated that this proclivity may be one of the contrib-
uting factors for the weak cellular activity.


In an attempt to modulate plasma protein binding by
changing the physicochemical properties (c logP, etc.)
of the inhibitors, we focused our efforts on the SAR-tol-
erant SO2R functionality. Specifically, we prepared a
small sublibrary of more than 15 sulfamylureas in an
attempt to decrease the protein binding.20 These amin-

S
NH H


5


Compound Ar HCV 4a


pol IC50


(lM)


HCV BB7


pol IC50


(lM)


4d 4-Tolyl 0.09 0.4


5a Phenyl 0.09 0.2


5b 4-Fluorophenyl 0.06 0.5


5c 2-Trifluoromethylphenyl 0.05 0.2


5d 2-Trifluoromethoxyphenyl 0.15 0.4


5e 4-Cyanophenyl 0.09 0.4


5f 2-Pyridyl 0.04 0.15


5g 5-Methyl-2-pyridyl 0.05 0.2


5h 2-Pyrimidine 0.05 0.3


5i 1-Methyl-5-pyrazole 0.05 0.26


5j 1-Methyl-2-imidazole 0.08 0.15







Table 4. Sulfamylurea derivatives 7 and enzyme inhibition


S


CO2Et


NH2
S


CO2Et


NH


O


N
H


SO2N
a Het


6 7


Compound Heterocycle HCV 4a


pol IC50


(lM)


HCV BB7


pol IC50


(lM)


7a Morpholine 0.3 2.5


7b Piperidine 0.2 1


7c Homopiperidine 0.5 1.1


7d N-Methylpiperazine 0.4 2


7e N-Acetylpiperazine 0.3 0.6


7f Pyrrolidine 0.2 0.4


7g Tetrahydroisoquinoline 0.1 0.6


7h Indoline 0.2 0.26


(a) Chlorosulfonylisocyanate, Et2O then HNRR0, THF, TEA.
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osulfonylurea compounds were prepared from the pivot-
al 2-amino-tetrahydrobenzothiophene with chlorosulf-
onylisocyanate followed by treatment with a variety of
amines.21 As indicated for a representative subset in Ta-
ble 4, these compounds were submicromolar inhibitors
of HCV 4a polymerase but were less active against the
BB7 D-21 polymerase isolate. Unfortunately, these com-
pounds still exhibited high plasma protein binding and
poor activities in the replicon cell assay.22


In conclusion, we have identified a novel series of tetra-
hydrobenzothiophene compounds that are selective
HCV polymerase inhibitors. In vitro activity for the
6,6-disubstituted analogs was particularly strong. At-
tempts to access corresponding cellular activity in both
the sulfonyl- and aminosulfonyl-urea subseries were
unsuccessful.
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wise addition of triethylamine (5–6 equiv). The mixture
was concentrated and diluted with diethyl ether. The
mixture was filtered through Celite and the filtrate was
concentrated. The isocyanate was used without further
purification. To a solution of isocyanate (3–6 mmol) in dry
THF (20 mL) was added sulfonamide (1 equiv) in THF
(20 mL) with DIPEA (1 equiv) at room temperature. After
16 h, the solution was diluted with brine and extracted
with EtOAc. The combined organics were dried with
Na2SO4, filtered and concentrated. The crude products
were purified by either crystallization from suitable
solvents or by flash chromatography to give the sulfonyl-
ureas (20–60%).


16. The IC50�s are an average of multiple experiments with the
standard deviations generally within 10% of this value.


17. RNA dependent RNA polymerase assay. Plasmid con-
taining full-length BB7 NS5B gene was licensed from
APATH, LLC (St. Louis, MO). The HCV NS5B region
was amplified by PCR from BB7 plasmid DNA containing
HCV genotype 1b (BB7), cloned expressed, and purified
from Escherichia coli. The RNA dependent RNA poly-
merase (RdRp) assay was performed in a final volume of
50 ll per reaction. Twenty microliters of the NS5B enzyme
mix containing 24 nM NS5BdCT21-His, 20 mM HEPES
(pH 7.5), 5 mM MgCl2, 1 mM DTT, 0.05 mg/ml BSA,
0.5 lM UTP, 1 lM ATP, 0.08 lM CTP, and 0.025 lM
GTP (all in final concentrations) was incubated in the
presence of test compounds at varying concentrations
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(3 nM–30 lM) or EDTA dissolved in DMSO (10 ll) for
15 min at room temperature. Concentrations of RNA and
NTPs were kept at apparent Km levels. The final concen-
tration of DMSO present in the reaction was 3%. The
reaction was initiated by adding 3 nM pOF transcribed
RNA substrate, 0.4 U/ll RNasin, and 0.125 lCi
[a-33P]GTP (indicated are final concentrations in the
50 ll reaction mix). After 120 min at room temperature,
the amount of RNA synthesized was quantified by
collecting the radiolabeled product RNA on Millipore
multiscreen membrane filter plates. The filters containing
the reaction products were allowed to dry at room
temperature and counted in a Wallac MicroBeta after an
addition of 50 ll of OptiphaseTM scintillant. Inhibition
data were analyzed using the sigmoidal dose–response
(variable slope) equation in GraphPad Prism (GraphPad
Software Inc., San Diego CA). The 50% inhibitory
concentration (IC50) was the drug concentration that

decreased the enzyme activity by 50% relative to control
samples incubated without compound.


18. Hillgren, K. M.; Kato, A.; Borchardt, R. T. Med. Res.
Rev. 1995, 15, 83.


19. (a) Lohmann, V.; Körner, F.; Koch, J.-O.; Herian, U.;
Theilmann, L.; Bartenschlager, R. Science 1999, 285, 110;
(b) Bartenschlager, R.; Lohmann, V. Antiviral Res. 2001,
52, 1.


20. (a) McManus, J. M.; McFarland, J. W.; Gerber, C. F.;
McLamore, W. M.; Laubach, G. D. J. Med. Chem. 1965,
8, 766; (b) Wiseman, E. H.; Pereira, J. N.; Finger, K. F.;
Pinson, R. J. Med. Chem. 1965, 8, 777.


21. (a) Picard, J. A.; O�Brien, P. M.; Sliskovic, D. R.;
Anderson, M. K.; Bousley, R. F.; Hamelehle, K. L.;
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22. In general, these compounds displayed high cellular
penetrations as determined by the Caco-2 assay.
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Abstract—We investigated the structure–activity relationships for the interactions of fatty acid amide analogs of the endocannab-
inoid anandamide with human recombinant cannabinoid receptors. Thirty-five novel fatty acid amides were synthesized using five
different types of acyl chains and 11 different aromatic amine �heads.� Although none of the new compounds was a more potent
ligand than anandamide, we identified three amine groups capable of improving the metabolic stability of arachidonoylamides
and their CB1/CB2 selectivity ratio to over 20-fold, and several aromatic amines capable of improving the affinity of short chain
or monosaturated fatty acids for cannabinoid CB1 receptors. For the first time a tertiary amide of arachidonic acid was found
to possess moderate affinity (Ki = 300 nM) for cannabinoid CB1, but not CB2, receptors.
� 2005 Elsevier Ltd. All rights reserved.

Anandamide (N-arachidonoyl-ethanolamine) is one of
the two best studied endogenous ligands of cannabinoid
receptors. This compound binds both the CB1 and CB2


subtypes of cannabinoid receptors with sub-micromolar
affinity (Ki ranging between 40 and 250 nM depending
on the assay conditions),1,2 although it behaves as a par-
tial agonist at CB1 receptors and is almost functionally
inactive at CB2 receptors.3 The structure–activity rela-
tionships for the interactions of anandamide with both
cannabinoid receptors have been widely investigated,2


and have led, among other things, to the only selective
CB1 receptor ligands identified to date,4 N-arachido-
nyl-2-chloroethylamide and N-arachidonyl-cyclopro-
pylamide. However, these compounds lack metabolic
stability.4 With the present study we aimed at: (1)
expanding our knowledge of the structure–activity rela-
tionships for anandamide interactions with human CB1


and CB2 receptors, and (2) developing CB1-selective li-
gands with higher metabolic stability, by studying the
affinity of 35 novel N-acyl-amides obtained from the
condensation of 5 different fatty acids with 6 or, as in
the case of arachidonic acid, 11 different aromatic amine
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�heads.� We report for the first time the development of
weak non-arachidonoyl-containing CB1 ligands with
some selectivity over CB2, and of metabolically stable
and moderate affinity, CB1-selective, arachidonic acid
amide ligands.


As shown in Scheme 1, the synthesis of the amides was
accomplished by direct condensation between trans-2-un-
decenoic acid (tail 1), 10-undecenoic acid (tail 2), erucic
acid (tail 3), oleic acid (tail 4), or arachidonic acid (tail
5), and several amines, that is, 4-methoxyaniline (head
A), 4-methoxybenzylamine (head B), 4-methoxy-phen-
ethylamine (head C), 3,5-di-methoxybenzylamine (head
D), 2,4-di-methoxybenzylamine (head E), 4-(4-morpholi-
no)aniline (headF), using 1-propylphosphonic acid cyclic
anhydride (PPAA) as catalyst, with 65–75% yields5 (see
Supplementary materials). For the arachidonoyl tail, we
utilized five more amines, that is, 2,5-dimethoxybenzyl-
amine (UP61), 2,4-di-methoxy-benzylamine (UP63),
1-(3,4-dimethylphenyl) piperazine (UP67), 1-(4-chloro-
phenyl)piperazine (UP69), and 1-(4-fluoro-phenyl)piper-
azine (UP70). The affinity for cannabinoid receptors of
the synthesized amides was assessed by binding assays,6


and the results obtained are reported in Table 1.


Data obtained from the binding assays allow us to make
the following considerations regarding the importance



mailto:vdimarzo@icmib.na.cnr.it





 “Tails” “Heads” 


1 A 


2 
B 


3 C 


4 D 


5 E 


 a= PPAA, Et3N,
CH2Cl2


F 


X OH


O


+  H2N-Y a


X N
H


O


Y
65-75%


Scheme 1. General scheme for the synthesis of the new compounds.
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of the alkyl chain in fatty acid amide ligands of cannab-
inoid receptors:


(1) In the trans-2-undecenoic acid series, some notable
affinity for CB1 receptors was observed and the most
active compounds were UP3-238 and UP4-14, which,
however, exhibited only a �2-fold selectivity over CB2


receptors. UP1-13 showed a slightly higher affinity for
CB2. Interestingly, the affinity for both CB1 and CB2


receptors was lost if the double bond in the acyl chain
was moved to D10. This indicates that a certain rigidity
near the amide group is necessary for these �short� fatty
acid amides to interact with the two receptors.


(2) When long-chain mono-unsaturated acyl chains were
used, notable affinity for CB1 receptors was observed
mostly for oleic acid derivatives, which were almost all
more potent than the corresponding trans-2-undecenoic
acid derivatives. In particular, we observed the following
rank of activity: UP28 > UP27-18 > UP30 > UP29 >
UP26-7 > UP31-8. A higher than 20-fold selectivity over
CB2 receptors was also found, for example, with UP28
and UP27-18. Interestingly, the same order of activity
was not observed for those erucic acid derivatives that
exhibited some affinity for cannabinoid receptors.


(3) The derivatives of arachidonic acid yielded, as
expected, the most potent ligands. They exhibited not
only the highest affinity for CB1 receptors, but also
selectivity for this receptor type over CB2 receptors.
For this reason we tested five more arachidonate deri-

vates (UP61, 63, 67, 69 and 70), which also showed quite
good affinity and selectivity for CB1 receptors.


These findings are in full agreement with previous find-
ings on the role of the alkyl chain in fatty acid amide
interactions with the cannabinoid receptors.2,8 However,
we have also shown here that the affinity of alkyl chains
(i.e., trans-2-undecenoic, oleic and erucic) that, when
amidated with ethanolamine, were previously found to
be inactive at these receptors (Ki > 5 lM, V. Di Marzo�s
unpublished observations) can be significantly improved
when using certain aromatic amines.


UP61 (CB1 Ki = 0.5 µM; UP63 (CB1 Ki = 0.2 µM;
CB2 Ki = 4.1 µM)  CB2 Ki = 4.0 µM)


UP67 (CB1 Ki = 0.4 µM; UP69 (CB1 Ki = 0.6 µM; CB2


Ki = 4.2 µM)   CB2 Ki > 10 µM) 


UP70 (CB1 Ki = 0.3 µM; CB2 Ki = 5.1 µM)
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We also identified new structural requirements for the
design of fatty acid amides not only with improved affin-
ity with cannabinoid receptors, but also with higher
selectivity over CB2 than anandamide. In particular:


(1) The addition of a methylene group between the
amide and the para-methoxy-phenyl group increases
affinity for CB1 receptors in the oleic acid series, decreas-
es affinity for both CB1 and CB2 in the trans-2-undece-
noic acid series and, unlike the para-hydroxy-phenyl
�head�,7 has no effect in the case of the arachidonoyl
derivative.


(2) The addition of a second methylene group between
the amide and the para-methoxy-phenyl group increases
affinity for both CB1 and CB2 receptors of the trans-2-
undecenoic acid derivative, and worsens it in the case
of arachidonate derivative, with no effect on the oleic
acid derivative.


(3) The addition of an ortho-methoxy group to the para-
methoxy-phenylethyl derivatives decreases affinity for
CB1 receptors of the trans-2-undecenoic and oleic acid
derivatives and also for CB2 receptors in the case of
trans-2-undecenoic acid; it improves affinity for both
receptors in the case of the arachidonic acid derivative;
and it improves affinity only for CB1 receptors for the
erucic acid derivative. Addition of a ortho-methoxy-
group (UP63) to the para-methoxy-benzyl derivative of
arachidonic acid (UP58) also slightly improves affinity
for CB1. Methylation of the para-phenyl group results







Table 1. Affinity constants for human recombinant cannabinoid CB1


and CB2 receptors as calculated in binding assays


Compounds X Y Human CB1 Human CB2


Ki (lM) Ki (lM)


UP1-13 1 A 4.9 2.5


UP2 1 B >10 >10


UP3-238 1 C 2.4 5.1


UP4-14 1 D 2.8 5.2


UP5 1 E >10 >10


UP7-229 1 F >10 >10


UP10 2 A >10 >10


UP11-5 2 B >10 >10


UP12 2 C >10 >10


UP13 2 D >10 >10


UP14 2 E >10 >10


UP16-28 2 F >10 >10


UP19 3 A >10 >10


UP20-2 3 B >10 >10


UP21 3 C >10 >10


UP22-3 3 D 5.4 >10


UP23 3 E 3.7 >10


UP24-11 3 F 6.4 >10


UP26-7 4 A 1.6 >10


UP27-18 4 B 0.5 >10


UP28 4 C 0.4 >10


UP29 4 D 1.3 >10


UP30 4 E 0.8 >10


UP31-8 4 F >10 >10


UP57 5 A 0.5 4.0


UP58 5 B 0.6 4.5


UP59 5 C 2.4 >10


UP62 5 D >10 >10


UP60 5 E 0.5 4.0


UP66 5 F 0.15 4.3


Anandamide 0.072 0.18


WIN55,212 0.021 0.002


CP55,940 0.013 0.0007


AM404 1.767 —


Ki values of reference compounds tested here are also shown. Data are


means of three measurements. SD values were never higher than 10%.


Table 2. Affinity constants of some of the most potent ligands


developed in this study as calculated in binding assays carried out in


the absence or presence of PMSF (200 lM)


Compounds Human CB1 FAAH


IC50 (lM)
Ki (lM) without


PMSF


Ki (lM) with


PMSF


UP26-7 1.6 1.5 >25


UP27-18 0.5 0.6 >25


UP28 0.4 0.3 >25


UP29 1.3 1.0 >25


UP30 0.8 0.6 >25


UP63 0.2 0.2 >25


UP66 0.15 0.15 >25


UP70 0.3 0.3 >25


Data are means of three measurements. SD values were 610%.
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in a 3-fold higher affinity for CB1 receptors (compare
UP57 and AM404).


(4) The shift of the two methoxy groups from ortho–para
to meta–meta in di-methoxyphenylethyl derivatives im-
proves affinity for both CB1 and CB2 receptors with
trans-2-undecenoic acid, decreases affinity for both
receptors in the case of arachidonic acid, and decreases
affinity for CB1 receptors in the case of the oleoyl and
erucoyl derivatives. In the case of the dimethoxybenzyl
derivatives of arachidonic acid, also the shift of just
one methoxy group from para to meta causes a slight de-
crease of affinity for CB1 receptors (compare UP63 and
UP61).


(5) The amidation of arachidonic acid, but not of the
other fatty acids, with 2,5-dimethoxybenzylamine
(UP61), 2,4-dimethoxybenzylamine (UP63), 1-(3,4-dim-
ethylphenyl)piperazine (UP67), 1-(4-chloro-phenyl)pi-
perazine (UP69), 1-(4-fluoro-phenyl)piperazine (UP70)
and, particularly, 4-(4-morpholino)aniline (UP 66) was
shown here for the first time to result in moderate to
high affinity ligands for CB1 but not CB2 receptors.

(6) Again for the first time, tertiary amides of arachidon-
ic acid were found to significantly bind to CB1 but not
CB2 receptors; the affinity seems to improve in the pres-
ence of not too hindering para electronegative groups in
the aromatic moiety.


The stability of these compounds to enzymatic hydroly-
sis was assessed in two ways: (1) by testing the effect of
the thirty-five compounds on [14C]anandamide hydroly-
sis by rat brain membranes, where a very abundant fatty
acid amide hydrolase (FAAH) activity is present;9 (2) by
assaying some of the highest affinity ligands in binding
assays carried out in the presence of the non-selective
hydrolase inhibitor PMSF (200 lM). The fact that none
of the new compounds was capable of inhibiting
anandamide hydrolysis up to a 25 lM concentration
(Table 2 and data not shown) indicates that they are
not substrates for FAAH, and hence not hydrolysed
by this enzyme. The fact that the affinity of some of
the most potent compounds did not improve in the pres-
ence of PMSF (Table 2) indicates that, unlike the other
previously identified CB1-selective fatty acid amides,4


they were not easily hydrolysed during the binding assay
conditions.


In conclusion, we have identified here: (1) at least three
novel (UP63, UP66 and UP70) moderate affinity
(Ki = 150–300 nM) ligands for cannabinoid CB1 recep-
tors with 17- to 28-fold selectivity over CB2 receptors
andmetabolic stability to enzymatic hydrolysis; addition-
ally, one of these compounds, UP70, by containing a ter-
tiary amine, might yield an ammonium salt under acidic
conditions, which might result in more water-soluble
CB1 ligand than those currently available; and (2) new
chemical features necessary to fatty acid amides to inter-
act with cannabinoid CB2 and, particularly, CB1 recep-
tors; in particular, three amine groups, when amidated
to oleic acid, which is less expensive and less sensitive to
oxidation than arachidonic acid, yield fatty acid amides
(UP27-18, UP28 andUP30) that exhibit metabolic stabil-
ity, sub-micromolar affinity for CB1 receptors (Ki =
400–800 nM) and 10- to >20-fold selectivity over CB2


receptors. To the best of our knowledge these three com-
pounds are the first ligands of cannabinoid receptors to be
developed from oleic acid and might therefore be suitable
for in vivo use. The agonist or antagonist activity of these
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new compounds will have to be tested next, using the
appropriate functional assays.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bmcl.2005.
09.023.
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Abstract—A series of 1-aryl-3,5-dihydro-7,8-ethylenedioxy-4H-2,3-benzodiazepin-4-ones 2a–f, were synthesized and screened as
anticonvulsant agents in DBA/2 mice against sound-induced seizures. The new compounds display anticonvulsant properties
although the ED50 values are higher than those of prototypes 1-aryl-3,5-dihydro-7,8-methylenedioxy-4H-2,3-benzodiazepin-4-ones
(1) and GYKI 52466, well-known noncompetitive AMPA receptor antagonists. Functional tests were performed to evaluate the
antagonistic activity at the AMPA and kainate receptors.
� 2005 Elsevier Ltd. All rights reserved.
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Figure 1.

There is increasing evidence of the potential therapeutic
utility of AMPA receptor antagonists in the treatment
of several neurodegenerative disorders, including stroke
and epilepsy. The discovery of GYKI 52466 as the pro-
totype of noncompetitive AMPA antagonists endowed
with anticonvulsant and neuroprotective properties, in-
duced wide-ranging research activities focused on 2,3-
benzodiazepines.1


Highly active analogs of GYKI 52466 (Fig. 1) have been
found among its 3,4-dihydro-3-N-methylcarbamoyl
(GYKI 53655) and 3,4-dihydro-3-acetyl (GYKI 53405)
derivatives.2 In particular, the 4-R enantiomer of GYKI
53405 was chosen as drug candidate and is now in clin-
ical investigation as LY 300164 (talampanel).3


We have previously investigated4 a new series of 1-aryl-
3,5-dihydro-7,8-methylenedioxy-4H-2,3-benzodiazepin-
4-ones, e.g., 1a, and their 3-N-alkylcarbamoyl derivatives,
e.g., 1b–1c, which have been shown to possess remarkable
anticonvulsant properties and are endowed with a higher
potency compared to GYKI 52466.
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In this context we noticed that substitution of the imi-
nohydrazone portion of the diazepine nucleus of GYKI
52466 by the iminohydrazide moiety as well as the pres-
ence of the substituent appended at the N-3-position
positively affect the anticonvulsant activity. Further-
more, we demonstrated that these derivatives compete
with GYKI 52466 for the same allosteric binding site
of the AMPA receptors.5


As an extension of our studies on the structure–activity
relationships of this set of derivatives, we designed and
screened for anticonvulsant activity new 3,5-dihydro-
7,8-ethylenedioxy-4H-2,3-benzodiazepin-4-ones 2a–c,
in order to check how the substitution of the dioxole



mailto:nmicale@pharma.unime.it





168 M. Zappalà et al. / Bioorg. Med. Chem. Lett. 16 (2006) 167–170

nucleus by the dioxane homologue affects the anticon-
vulsant activity.


Moreover, we synthesized derivatives 2d–2f since it has
been reported6 that, within a new set of 2,3- benzodiaze-
pines, the introduction of an additional substituent at
the 1-phenyl moiety, e.g., 3-methyl-, markedly length-
ened the time course of AMPA receptor blocking action.


The involvement of AMPA and KA receptors has been
assessed by means of functional tests.
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a, R = R' = H
b, R = CONHCH3, R' = H 
c, R = CONHC2H5, R' = H 
d, R = H, R' = 2-Cl
e, R = H, R' = 3-CH3


f, R = H, R' = 3-Cl


The synthesis of 1-(4-aminophenyl)-3,5-dihydro-7,8-
ethylenedioxy-4H-2,3-benzodiazepin-4-ones (2a, 2d–2f)
and their 3-N-alkylcarbamoyl derivatives (2b–c) was
accomplished according to the reaction sequence report-
ed in Scheme 1.


Methyl 3,4-dihydroxyphenylacetate (3), obtained
according to a reported procedure,7 was reacted with
dibromoethane in the presence of potassium carbonate
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Scheme 1. Reagents and conditions: (a) (CH2Br)2, K2CO3, acetone, D, 42 h,
41% (5e); (c) NH2NH2ÆH2O, n-butanol, D, 20 h, 28% (2d), 64% (6a), 47% (6e)


CHCl3, rt, 3 h; for the two-step sequence: 18% (2b), 20% (2c); (f) Ni-Raney, H


33% (2f).

in DMF to afford methyl 3,4-ethylenedioxyphenylace-
tate 4. Ketoesters (5a, 5d, 5e) were prepared by acylation
of derivative 4 with the appropriate 4-nitrobenzoic acid
in the presence of an excess of phosphorous pentoxide.
The subsequent treatment of 5a and 5e with hydrazine
afforded 1-aryl-3,5-dihydro-7,8-ethylenedioxy-4H-2,3-
benzodiazepin-4-ones 6a and 6e in satisfactory yields.
Conversely, ketoester 5d in the same reaction conditions
afforded directly 1-(4-amino-2-chlorophenyl)-2,3-benzo-
diazepine 2d through a cyclization and reduction of the
nitro group. Compounds 6a and 6e were then converted
into the corresponding aminoderivatives 2a and 2e by
reduction with ammonium formate in the presence of
Ni/Raney. Compound 2a was reacted with N-chlorosuc-
cinimide (NCS) to give 2f. 1-(4-Nitrophenyl)-2,3-benzo-
diazepine (6a) was also treated with an excess of an
methyl or ethyl isocyanate in the presence of triethyl-
amine to give the corresponding 3-N-methyl or ethylcar-
bamoyl derivatives which afforded compounds 2b–c by
catalytic hydrogenation with 5% Pd/C. Analytical and
spectral data of all the synthesized compounds are in full
agreement with the proposed structures.8


The anticonvulsant activity of derivatives 2a–f against
audiogenic seizures was evaluated 30 min after intraperi-
toneal administration into DBA/2 mice, a strain geneti-
cally susceptible to sound-induced seizures. This test has
been considered the best animal model for generalized
epilepsy and for screening new anticonvulsant drugs.9


The results are compared with those previously reported
for the set of derivatives 1 and reference compound
GYKI 52466 (Table 1). 4

COOCH3


O


NO2


R


R'


N
NH


O


R


O


O N
NH


O


NH2


Cl


O


O N
NH


O


NH
2


R


c


f


'=Cl
, R'=H


2d


c


=H
=CH3


2a, R=H
2e, R=CH3


2f, R=Cl
g


64% (4); (b) ArCOOH, P2O5, (CH2Cl)2, rt, 16 h, 54% (5a), 60% (5d),


; (d) CH3NCO or C2H5NCO, CH2Cl2, Et3N, rt, 24 h; (e) H2/5% Pd-C,


COONH4, EtOH, D, 2 h, 92% (2a), 100% (2e); (g) NCS, DMF, rt, 20 h,







Table 1. Anticonvulsant activity of compounds 1, 2 and GYKI 52466 against audiogenic seizures in DBA/2 mice and TD50 values on locomotion


assessed by rotarod testa


Compounds ED50 (lmol/kg) TD50 (lmol/kg locomotor deficit) PI,b TD50/ED50


Clonic phase Tonic phase


1a 15.4 (10.1–23.5) 10.9 (4.60–24.6) 99.1 (72.4–135) 4.5


1b 12.4 (6.44–23.8) 8.70 (4.61–16.4) 48.6 (31.4–54.6) 3.9


1c 35.0 (18.5–66.3) 23.8 (13.4–42.1) 134 (70.7–255) 3.8


2a 61.3 (41.2–91.1) 44.8 (36.2–58.8) 102 (80.6–130) 1.7


2b 45.5 (36.1–57.3) 32.1 (22.0–46.8) 96.4 (62.7–148) 2.1


2c 48.1 (32.6–70.9) 41.7 (28.3–61.4) 95.3 (64.5–140) 2.0


2d >100 >100 ND ND


2e 48.2 (32.2–72.3) 24.6 (12.1–50.2) 115 (82.1–163) 2.4


2f 70.8 (42.7–117) 27.2 (15.1–49.0) 99.1 (68.4–143) 1.4


GYKI 52466 35.8 (24.4–52.4) 25.3 (16.0–40.0) 76.1 (47.5–122) 2.1


nd, not detectable.
a All compounds were given ip (at doses spanning the range 3.3–200 lmol/kg) 30 min before auditory stimulation. All data were calculated according


to the method of Litchfield and Wilcoxon.12 Ninety-five percent confidence limits are given in parentheses. At least 32 animals were used to


calculate each ED50 and TD50 value.
b PI, protective index, represents the ratio between TD50 and ED50 (from the clonic phase of the audiogenic seizures).
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As shown in Table 1, the new compounds possess anti-
convulsant properties lower than those of prototypes 1
as well as of lead compound GYKI 52466. In particular,
a comparison among the activity of 2a–c with that of
the corresponding derivatives 1a–1c suggests that the
replacement of the methylenedioxy moiety with the
ethylenedioxy homologue is detrimental to the anti-
convulsant activity.


The introduction of a methyl group in the 3 0-position
slightly enhanced the anticonvulsant activity (ED50


48.2 lmol/kg for 2e vs ED50 61.3 lmol/kg for 2a); this
result parallels that previously noticed in the GYKI
52466 series.6 The presence of a chlorine atom (2d, 2f)
in the 4-aminophenyl group negatively influences the
activity.


Compounds 2a–b were tested for their ability to inhibit
the kainate-induced increase of the [Ca2+]i in a primary
culture of rat cerebellar granule cells (CGC) which ex-
press AMPA receptors; GYKI 52466 was used as the
control (Table 2). 10


Noteworthy, compounds 2a and 2b showed a concentra-
tion-dependent inhibition of the calcium influx in CGC
test and were more potent than the corresponding deriv-
atives 1a and 1b (IC50 2.9 lM for 2a and 5.4 lM for 2b
vs IC50 12 lM for 1a and 11 lM for 1b) and GYKI
52466 (IC50 22 lM). Furthermore, the insertion of a

Table 2. Binding and functional assays for compounds 1,2 and GYKI


52466


Compounds [3H]CP-526,427 IC50 (lM) KA-[Ca2+]i IC50 (lM)


1a 32 12


1e 12 11


2a 2.9


2b 5.4


2c 9.3


2d >20


2e 1.8


2f 2.0


GYKI52466 12.6 22

chlorine or a methyl group at C-3 0 of the phenyl substi-
tuent (2e and 2f) does substantially affect the antagonis-
tic potency of these derivatives, as confirmed by binding
assay.10


For compound 2a, another functional test was carried
out in rat HEK293 cells expressing GluR5, a kainate
receptor subtype, stimulated by domoic acid; SYM
2081 was used as the control.11 Compound 2a did
not inhibit responses in the GluR5 cell line
(IC50 > 10 lM).


To sum up, the in vivo results on DBA/2 mice reported
in this study suggest that the replacement of the dioxole
fragment with the dioxane moiety led to a reduction in
the anticonvulsant activity even if the in vitro data from
functional [Ca2+]i measurements clearly indicate for
compounds 2 a selective antagonistic activity at the
AMPA receptor higher than that displayed by 1 and
GYKI 52466.
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Abstract—For the systematic SAR study on mansonone F, a series of C6 and C9 analogs of mansonone F have been synthesized
and their anti-MRSA activities were evaluated. Most of the analogs exhibited good or excellent anti-MRSA activities. In particular,
the 6-n-butylmansonone F showed fourfold higher antibacterial activities compared to that of vancomycin.
� 2005 Published by Elsevier Ltd.
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Figure 1. Structure of mansonone F (1).

Life-threatening infection caused by methicillin-resistant
Staphylococcus aureus (MRSA) is one of the most seri-
ous problems for the management of nosocomial infec-
tions. Particularly, S. aureus is known to be easily able
to develop resistance to the commonly used antibiotics
due to its high adaptability.1 Though several new anti-
bacterial agents such as quinupristin/dalfopristin,2 lin-
ezolid,3 vancomycin as well as teicoplanin4 are
currently available, the increase of resistant strains to
those antibiotics is still a major clinical problem. This
prompted many scientists to investigate a new class of
anti-MRSA agents having a new mode of action.


Recently, we have reported isolation, synthesis, and pre-
liminary SAR study of mansonone F, which is structur-
ally unique and highly potent in anti-MRSA activity.5


The structural feature of mansonone F may impose that
the mode of antibiotic action would be different from
that of the antibiotics currently used for anti-MRSA
therapies. The new mode of action has been expected
to provide a solution to overcome the resistance prob-
lem of the common antibacterial agents (see Fig. 1).
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Our preliminary SAR studies on mansonone F have re-
vealed that (1) both the quinone moiety and the tricyclic
system of mansonone F are essential for anti-MRSA
activities, (2) the alkyl and the electron-withdrawing
groups at C-3 do not significantly affect antibacterial
activities, (3) the polar substituents at C-3 eliminate
the antibacterial activities, and 4) the C2,3-olefin is
slightly beneficial for the higher antibacterial activities.5c


We herein report the syntheses and anti-MRSA activi-
ties of the C6 and C9 mansonone F analogs for the sys-
tematic structure–activity relationships of mansonone F.
In particular, a novel candidate for the promising anti-
MRSA therapy is also reported.


All analogs were synthesized via a divergent synthetic
route developed in our laboratory. The 5-alkyl-1-meth-
oxynaphthalenes (3a–3c) were synthesized from the
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tetralone 2 by a sequence of organocerium reactions,
dehydroaromatization and demethylation, to provide
the naphthols 4a–4c. The naphthol 4d was prepared by
monoetherification of 1,5-dihydroxynaphthalene. The
ortho methyl groups of 4a–4d were introduced by
hydroxymethylation of the corresponding 4a–4d fol-
lowed by hydrogenolysis of the resulting alcohols to af-
ford 5a–5d. The 2-methylnaphthol 5e is commercially
available. O-Alkylation of 5a–5e with bromoacetate fol-
lowed by ester hydrolysis and ring closing Friedel–
Crafts acylation gave the tricyclic ketones 6a–6e, which
were transformed into the alcohols 7a–7e by two-step
process of Grignard reaction and nitration. Finally,
the quinones 8a–8e were prepared by sequential catalyt-
ic hydrogenation of the nitro group, Teuber oxidation6


of the resulting amines, and dehydration (Scheme 1).


The C6-substituents of 14a–14e were introduced by
palladium-catalyzed coupling reaction of the O-triflate
12 with the corresponding tin reagents7 (Scheme 2).
The transformations of 13a–13e into 14a–14e were
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carried out by analogy with the procedure employed
for 8a–8e.


The syntheses of the C9 mansonone F analogs (19a–19f)
are summarized in Scheme 3. The bromonaphthol 15,
prepared by bromination of 5-methylnaphthol,5b was
transformed into the 9-bromo-2,3-dihydrooxaphenalene
16 via combination of the procedure employed for 6 in
Scheme 1 and Grignard reaction. The 9-substituted
dihydrooxaphenalenes 17b–17e, prepared from 16 by
palladium-catalyzed coupling reaction,8 were converted
to 19a–19f by analogy with 8a–8e. It is noticeable that
the reduction condition (Pd/C, HCO2NH4 in MeOH)
for 18a also induced a debromination, which resulted
in production of 19f (Scheme 3).


The synthesized mansonone F analogs were tested for
anti-MRSA activities.9,10 Most of the C6 mansonone
analogs exhibited good antibacterial activities against
the standard MRSAs as shown in Table 1. The analogs
possessing alkyl substituent at C6 displayed almost equi-
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Table 1. Antibacterial activities of the synthesized mansonone F analogs against MRSAs


Compound R1 R2 MIC50 (lg/ml) MIC90 (lg/ml)


Vancomycin 2 2


1 (Mansonone F) CH3 CH3 2 4


8e H CH3 8 8


14a CH2CH3 CH3 8 16


14b CH2CH2CH3 CH3 1 4


14d CH(CH3)2 CH3 4 16


8a CH2(CH2)2CH3 CH3 0.5 0.5


8b CH2(CH2)3CH3 CH3 4 8


14c CH2CH2CH(CH3)2 CH3 8 16


8c CH2(CH2)4CH3 CH3 8 16


8d


O


R1


R2


O
O


OCH3 CH3 8 8


14e CO2CH3 CH3 16 16


19f CH3 H 8 16


19a CH3 Br 8 16


19b CH3 CH2CH3 16 >32


19c CH3 CH2CH2CH3 4 8


20 CH3 CH2Br 16 16


19d CH3 COCH3 16 32


19e CH3 CO2CH3 16 32


21 H H >32 >32


The clinical isolates were obtained from Seoul National University Hospitals in Seoul, Korea.
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potent anti-MRSA activities compared with mansonone
F (1). In particular, the 6-n-butylmansonone F (8a)
exhibited 0.5 lg/ml of MIC90, which is fourfold potent
than that of vancomycin and it turned out to be the
most potent analog among the C6-analog series. Con-
trary to our expectations, neither the electron-donating
group (8d) nor the electron-withdrawing one (14e) at
C6 enhanced the anti-MRSA activities. However, the
lipophilicity of the C6 substituents seems quite impor-
tant, and the butyl substituent is likely to impose the
optimal length of the C6 alkyl chain.


The C9 substituents were anticipated to provide signifi-
cant effects on the anti-MRSA activities because they
are adjacent to quinone moiety, which proved to be cru-
cial for the anti-MRSA activity of the mansonone F in
the preliminary studies.5c However, the C9 alkyl substit-
uents of the analogs 19b, 19c, and 19f have little effect on

anti-MRSA activities. The analogs 19a, 19d, and 19e
possessing the electron-withdrawing substituents at C9
such as bromide, acetyl or methoxycarbonyl group were
disappointingly less potent than the parent mansonone
F (1). The 9-bromomethyl analog 20 exhibited only
16 lg/ml of MIC90 and the 6,9-demethylmansonone F
(21) showed no anti-MRSA activities up to 32 lg/ml.


The antibacterial activity of the 6-butylmansonone F
(8a) was further examined against additional MRSAs
and other Gram-positive strains. As shown in Table 2,
the 6-butylmansonone F (8a) exhibited more potent
antibacterial activities than mansonone F and
vancomycin.


A series of the C6 and C9 mansonone F analogs were
synthesized and their antibacterial activities were evalu-
ated for the investigation of the substituent effects on







Table 2. Antibacterial activities of 8a against MRSA and Gram-positive strains


Strains MIC (lg/ml)


Mansonone F 8a Vancomycin


1 B. subtilis ATCC 6633 2 0.5 0.5


2 B. cereus ATCC 27348 4 1 4


3 S. aureus ATCC 25923 1 0.25 8


4 S. aureus ATCC 6538P 4 0.25 1


5 S. epidermidis ATCC12228 0.5 0.25 8


6 K. pneumoniae ATCC10031 8 2 >32


7 S. aureus TMS 33 8 0.5 4


8 M. luteus ATCC 9341 1 0.25 8


9 S. aureus ATCC 29213 4 0.25 4


10 M. luteus ATCC 10240 1 0.25 4


11 S. aureus TMS 64 8 0.25 4


12 S. aureus TMS 417 4 0.25 1


13 S. aureus Smith 4 0.25 4


The clinical isolates were obtained from Seoul National University Hospitals in Seoul, Korea.
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anti-MRSA activities. A variety of the formidable
mansonone F analogs were synthesized by the palladi-
um-catalyzed reaction of the C6-triflate and the C9-bro-
mide. The quantitative structure–activity relationships
of mansonone F were established via our intensive sys-
tematic studies on the antibacterial activities of C6 and
C9 mansonone F analogs. The steric effect (lipophilicity)
of the substituents turned out to be more important than
the electronic effect. In particular, the 6-butylmanso-
none F (8a), which is fourfold potent than vancomycin,
was identified as a new candidate for MRSA therapy.
Currently, the optimization of 8a is in progress and
the successful result will be reported in due course.
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Abstract—The design, synthesis, and evaluation of two N-alkylmaleimide aldehydes have been achieved, which upon reductive
alkylation with the C3 0-amino group of doxorubicin (DOX) permits the preparation of DOX conjugates via Michael addition of
thiol-containing vectors. This method enables the mild, facile, and high-throughput preparation of DOX conjugates that retain
the basic C3 0-nitrogen, a pre-requisite for topoisomerase II inhibition. Seven DOX–amino acid conjugates were prepared, each
displaying similar inhibitory activity as the parent drug.
� 2005 Elsevier Ltd. All rights reserved.

Anthracycline cytotoxic agents, in particular doxorubi-
cin (DOX) and daunorubicin, have been employed in
the area of cancer chemotherapy for more than 30 years.
Side effects, such as cardiotoxicity, in conjunction with
the development of spontaneous and acquired resis-
tance, however, limit the effectiveness of these drugs.
To improve efficacy, various tumor targeting approach-
es have been explored wherein the anthracycline is
attached to a vector.1


Examples of anthracycline conjugates incorporating tu-
mor-specific or selective vectors have been reported
which contain hydrazone linkages at the C13 carbonyl,2


an ester linkage at the C14 hydroxyl,3 and/or amide4 or
alkylamine5 linkages at the C3 0-amine. Most reported
C3 0-amine conjugates comprise peptides or proteins at-
tached via amide bonds, which are later removed
exploiting prodrug strategies such as proteolysis. Such
prodrug approaches have been taken in order to release
the free drug with a basic anthracycline C3 0-nitrogen,
known to be a pre-requisite for topoisomerase II activi-
ty. Conjugates at the C3 0-nitrogen employing alkyl-
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amines have also been prepared, which are stable to
proteolysis and retain the basic nitrogen. One example
of a proteolytically stable conjugate, which does not
contain a basic C3 0-nitrogen, is a DOX–DD-penetratin
conjugate prepared as a C3 0-amide. This conjugate lost
5-fold of the cytotoxic activity compared to the parent
drug in K562 cells, but importantly displayed a 20-fold
improvement in MDR cells. Such a toxicity profile how-
ever may be ascribed to a difference in bio-distribution.6


Alkylamine derivatives at the C3 0-nitrogen of DOX
have been prepared by reductive alkylation.4a,b,7 How-
ever, the reaction requires an excess (2–3 equiv) of alde-
hyde as the vector input to ensure complete reaction.
Even then only poor, or at best modest, yields are often
observed.


To avoid laborious syntheses and to permit parallel
attachment of a series of vectors to DOX while retaining
the topoisomerase II inhibition, we have designed, syn-
thesized, and evaluated two potentially universal
DOX-linkers (Scheme 1), which feature a basic C3 0-
nitrogen and a maleimide terminus that would permit
direct attachment of a wide variety of vectors through
formation of a maleimido–thioether linkage. The
structures of the universal DOX-linkers (1a and b) are
illustrated in Scheme 1, in conjunction with a general
reaction scheme for attachment of thiol-bearing vectors.
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The prospective DOX-3 0-aminoalkylmaleimide deriva-
tives (1a and b) were prepared via the route depicted
in Scheme 2. The respective maleimide alcohols 3a and
b were constructed via the literature protocols,8 involv-
ing the condensation of amino alcohols 2a and b with
N-methoxycarbonyl maleimide in saturated aqueous
NaHCO3. The resultant alcohols were then oxidized
with Dess–Martin periodinane9 to furnish the corre-
sponding aldehydes 4a and b, respectively. Aldehyde
4a had been reported to be unstable due to rapid poly-
merization10 and therefore not readily isolable in pure
state. We were however able to alleviate this problem
by using 4a and b immediately in the next step after
purification by silica gel column chromatography. A
small sample of 4a was diverted for characterization
by NMR.11


Treating a mixture of DOX and freshly prepared alde-
hydes 4a and b under reductive alkylation conditions,
employing NaCNBH3, provided 1a and b in modest
yield (ca. 20–30%).12 The major side products, observed
in both cases, were tentatively assigned to be the corre-
sponding dihydroquinones, based on the observation of
parent ions with two higher mass units (LC/MS) than
those of the DOX conjugates. To verify that the side
reactions were not associated with the aminosugar or
with the maleimido aldehydes, daunosaminide 5 was
condensed with aldehyde 4a via reductive alkylation
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hydrochloride, 1 M NaCNBH3, cat. AcOH, MeCN/H2O, (a) 21%, (b)


21%.

(Scheme 3). As expected the mono-alkylated product 6
was produced in 88% yield after HPLC purification.


Topoisomerase II catalyzes the formation of relaxed
conformations of DNA from the super-coiled plasmid.13


The mechanism of action of DOX is believed to involve
inhibition of topoisomerase II activity, which leads to
the eventual breakage of genomic DNA.


With the prospective universal DOX–maleimide linkers
in hand, we prepared a small set of DOX–amino acid
conjugates to evaluate their ability to inhibit topoiso-
merase II activity. We selected amino acid conjugates
of Asp, Lys, Ser, and Cys based on the following consid-
erations. First, given that many targeting vectors will be
peptides, a prodrug approach using the DOX-linkers
described herein will likely result in an amino acid
conjugate. Second, by employing amino acids with
common and representative peptide functionalities, such
as amino, carboxyl, and hydroxyl groups, we would at
the same time examine the compatibility of the Michael
addition between thiols and maleimides in the presence
of these common functional groups.


Seven DOX–amino acid conjugates were prepared in a
parallel fashion by mixing, under neutral conditions,
the DOX–maleimides 1a or b with cysteine or related
amino acids pre-equipped with a thiol functional group
(Scheme 4). The coupling reactions in general proved to
be fast (completed within 30–60 min), with high conver-
sion rates. Amino, carboxyl, and hydroxyl groups do
not appear to interfere with the reaction. Yields after
HPLC purifications are listed in Table 1.


The DOX derivatives 9a–g were then directly compared
to DOX for their inhibitory effect in a standard topoiso-
merase II activity assay, at 10, 3, 1, 0.3, 0.1, and
0.03 lmol concentrations. All compounds revealed first
inhibition effects at 1–10 lmol levels, similar to that of
the parent drug.







Table 1. Examples of DOX–amino acid conjugates prepared via 1a,b


Compound X Y Conversion (%)b Yield (HPLC, %) First effective concentration for


topo II inhibition (lmol)


DOX 1–3


9a –CH2– H-Asp-NHCH2CH2S- >95 46 1–3


9b –CH2– –SCH2CH2CO-Lys-OH >95 38 1–3


9c –CH2– H-Cys(�)-OHa 80c 19 3–10


9d –CH2OCH2– H-Asp-NHCH2CH2S– >95 44 3–10


9e –CH2OCH2– –SCH2CH2CO-Lys-OH >95 43 1–3


9f –CH2OCH2– H-Ser-NHCH2CH2S– >95 49 1–3


9g –CH2OCH2– H-Cys(�)-OHa 85c 26 3–10


a The cysteine conjugates are linked through the side-chain thiol.
b A mixture of 1a or b and 9a,b,d–f was stirred in DMSO for 30 min before LC/MS determination of the conversion rate and HPLC purification.
c Cysteine was suspended in DMSO with 5% H2O and stirred with 1a or b for 1 h to ensure complete consumption of the latter compounds.
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In summary, two new DOX-3 0-aminoalkylmaleimide
derivatives designed to be versatile DOX-linkers for
the preparation of stable conjugates and/or prodrugs
have been designed and synthesized. When conjugated
with a series of amino acids pre-equipped with thiol
groups, the conjugates retained the parent drug�s activi-
ty toward topoisomerase II. The availability of this
methodology holds the promise for high-throughput
synthesis of DOX conjugates, as well as conjugates of
other anthracycline drugs.
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J = 7.0 Hz, 3H). Electrospray (ESI) m/z 681.2 (M+H+,
C34H36N2O13 required 681.2).


13. All DOX conjugates were assayed for their ability to
inhibit topoisomerase II (topo II) using the topo II Drug
Screening Kit (TopoGEN Inc, Columbus, OH). Specifi-
cally the kit was used to assay whether DOX derivatives
alter the ability of topo II to catalyze the formation of
relaxed conformation DNA from a super-coiled plasmid.
The substrate DNA is a plasmid called pRYG that
contains a 54 base pair series of alternating purine/
pyrimidine DNA specifically acted on by topo II. In the
absence of any drug topo II produces a relaxed confor-
mation DNA from super-coiled starting DNA. The two
forms of DNA can be distinguished on an agarose gel: the
super-coiled DNA appearing as a single band and the
relaxed DNA as a series of usually three bands close
together. DOX usually inhibited this process at about 1–
3 lmol. DOX derivatives were compared directly to DOX
at 10, 3, 1, 0.3, 0.1, and 0.03 lmol concentrations.
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Abstract—A novel series of 4-phenyl-4-[1H-imidazol-2-yl]-piperidine derivatives has been prepared and their synthesis described
herein. In vitro affinities for d-, l-, and j-opioid receptors, as well as the functional activity in the [35S]GTPcS assay are reported.
The most potent and selective d-opioid agonist 18a exhibited a Ki of 18 nM, and was >258-fold and 28-fold selective over l- and
j-receptors, respectively; the compound is a full agonist with an EC50 value of 14 nM.
� 2005 Elsevier Ltd. All rights reserved.
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Figure 1. Set of selective non-peptidic d-opioid agonists 1–4.

Selective non-peptidic d-opioid agonists have been sub-
ject of great interest over the last 20 years as potential
analgesic agents that may lack some of the undesired ef-
fects of l-opioid agonists.1,2 Besides pain conditions,
this intensive research has led to the discovery of new
potential applications of d-opioid agonists to treat a
wide range of conditions, such as urinary incontinence,3


depression,4 neuroprotection,5 cocaine addiction,6 cardi-
ac ischemia7 amongst others.8


The discovery of non-peptidic d-opioid agonists TAN-
67 (1)9 and SNC80 (2)10 has contributed to the rapid
expansion of the opioid research based on the d-receptor
subtype (Fig. 1).11,12 We have recently described at
Johnson & Johnson PRD, new families of tropane deriv-
atives represented by compounds 313 and 4,14 showing
impressive potency and selectivity for the d receptor.
One possible drawback of compounds 1, 2, 3, and 4 is
their complex stereochemistry which makes their synthe-
sis difficult, requiring either chiral separations or enan-
tiomeric synthesis routes.
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High throughput binding screening of our corporate
compound collection against the human d-opioid recep-
tor resulted in the identification of the non-chiral
4-phenyl-4-[1H-imidazol-2-yl]-piperidine derivative 5
(Fig. 2) as a weak to moderate d-opioid ligand
(Ki = 81 nM) with selectivity over l and j receptors
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Scheme 2. Reagents and conditions: (i) n-BuLi, 1-benzylimidazole
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Figure 2. Binding affinities of compound 5.
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(>5- and 1.5-fold, respectively). The compound was
found to be a weak agonist in our functional assays.


These results prompted us to start a limited chemical
exploration around 5 to evaluate its hit potential. The
synthesis and preliminary pharmacological evaluation
of these analogues are reported.


The preparation of analogues of compound 5 inwhich the
substitution of the imidazole nitrogen is different than
benzyl (12) is shown in Scheme 1. Thus, reaction of the
2-lithium salt of the commercially available 1-tritylimi-
dazole (7) with 1-carbethoxy-4-piperidone (6) led to the
corresponding addition product 8 in moderate yield.
The trityl-protecting group was removed under acidic
conditions to give the unprotected imidazole derivative
9. The Friedel–Crafts reaction of 9with benzene occurred
with simultaneous hydrolysis of the carbamate function
affording the key intermediate 10 in good yield (77%).


Selective reaction of 10 with phenylisocyanate gave 11 in
almost quantitative yield. The alkylation of the imidaz-
ole nitrogen in 11 was carried out by reaction with dif-
ferent alkyl halides in THF, using sodium hydride
as base. The targeted compounds 12 were obtained in
moderate to good yields.


For the synthesis of modified analogues on the piperi-
dine nitrogen a similar synthetic strategy, starting from
1-benzyl imidazole, was followed. First, addition of
the corresponding lithiated heterocycle to 1-carbeth-
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Scheme 1. Reagents and conditions: (i) n-BuLi, 1-tritylimidazole (7),


THF, �78 �C to rt, 2 h, 48%; (ii) AcOH (5% in MeOH), reflux, 6 h,


85%; (iii) AlCl3, benzene, 60 �C, 1 h, 77%; (iv) phenylisocyanate,


CH2Cl2, rt, 3 h, 95%; (v) NaH, THF, rt, 10 min, then RHal, reflux, 8 h,


56–87%.

oxy-4-piperidone (6) gave the hydroxy derivative 14 in
56% yield. Then, Friedel–Crafts reaction with benzene
led to the 4-phenyl substituted piperidine 15. This piper-
idine intermediate (15) was transformed into the final
compounds 16, 17, and 18 under the standard reaction
conditions shown in Scheme 2.


The preparation of the disubstituted urea 19 is shown in
Scheme 3 and was carried out by direct alkylation of 5
with methyl iodide.


The pharmacological profile of the compounds was
determined in radioligand binding studies and function-
al GTPcS assays. The binding affinities (Ki) of the com-
pounds against cloned human d, l and j receptors were
determined. Agonist potency values (EC50) were ob-
tained by monitoring the ability of test compounds to
activate [35S]GTPcS binding in comparison to the selec-
tive d agonist DPDPE in C6-Glioma cells expressing
cloned human d-opioid receptors. The opioid binding
affinities of analogues of 5 are listed in Table 1. Func-
tional data for a set of selected analogues of compound
5 are shown in Table 2.







Table 1. Binding affinity of 4-phenyl-4-[1H-imidazol-2-yl]-piperidine derivatives to d, l, and j-receptorsa,b


N


N


N
R2


R1


Compound R1 R2 d l j l/d j/d
Ki (nM) Ki (nM) Ki (nM)


5 N-Phenylaminocarbonyl Benzyl 81 >465 126 5.7 1.6


12a N-Phenylaminocarbonyl 2-Fluorobenzyl 72 428 116 5.9 1.6


12b N-Phenylaminocarbonyl 3-Fluorobenzyl 128 >4652 1877 >36 15


12c N-Phenylaminocarbonyl 4-Fluorobenzyl 203 >4652 2156 >23 11


12d N-Phenylaminocarbonyl 3-Methoxybenzyl 217 3246 2059 15 9


12e N-Phenylaminocarbonyl 2-Pyridylmethyl 3074 1417 46 0.46 0.015


12f N-Phenylaminocarbonyl a-Methylbenzyl 43 497 >465 12 11


12g N-Phenylaminocarbonyl Benzoyl 3696 >4652 1185 >1.2 0.32


12h N-Phenylaminocarbonyl H >465 >465 >4652 — —


19 N,N-Methylphenylaminocarbonyl Benzyl 9 >4652 397 >516 44


16a Aminocarbonyl Benzyl 99 >4652 334 >51 3.4


16b N-Ethylaminocarbonyl Benzyl 39 >4652 242 >47 6.2


16c N-Methylpiperazinylcarbonyl Benzyl 161 >4652 858 >29 5.3


16d N-(2-fluorophenyl)Aminocarbonyl Benzyl 29 2520 318 87 11


16e N-(3-fluorophenyl)Aminocarbonyl Benzyl 29 >4652 >4652 >160 >160


16f N-(4-fluorophenyl)Aminocarbonyl Benzyl 97 1206 148 12 1.5


16g N-(2-methoxyphenyl)Aminocarbonyl Benzyl 31 >4652 782 >150 25


16h N-(3-methoxyphenyl)Aminocarbonyl Benzyl 46 1385 152 30 3.3


16i N-(4-methoxyphenyl)Aminocarbonyl Benzyl 44 >465 n.t. >10 —


17a Methylsulfonyl Benzyl 46 >4652 2012 >101 44


17b Aminosulfonyl Benzyl 106 >4652 >4652 >44 >44


17c N-Phenylaminosulfonyl Benzyl 3.2 980 346 306 108


18a 2-Pyrimidyl Benzyl 18 >4652 505 >258 28


18b 2-Thiazolyl Benzyl 79 >4652 2533 >58 32


18c 2-Benzothiazolyl Benzyl 73 >4652 n.t. >63 —


18d 2-N-Methylbenzimidazolyl Benzyl 138 235 40 1.7 0.29


a The binding activity of compounds is represented as means of two independent and confirmatory experiments. Only differences in pIC50 up to 0.6


(SD < 0.5) were considered as reproducible and were maintained. The Ki values represent the concentration giving half-maximal inhibition of


[3H]DPDPE (d), [3H]DAMGO (l), [3H]U69593 (j) to cloned human receptors.
b n.t., not tested.


Table 2. Functional activity data for 5 and a set of selected analoguesa


Compound d GTPcS
EC50 (nM)


5 1479


19 776


16b 117


16g 117


16h 436


17c 832


18a 14


18b 98


18c 26


a Agonism values (pEC50s) were measured in membranes expressing


human d receptors from three-parameter logistic curve fits of percent


stimulated [35S]GTPcS binding vs log(molar ligand).


148 A. A. Trabanco et al. / Bioorg. Med. Chem. Lett. 16 (2006) 146–149

To investigate the structure–activity relationship of this
series, the following structural modifications were made:
(a) substitution on the benzyl group of 5; (b) replace-
ment of the benzyl substituent; (c) modifications of the
urea substituents of compound 5; (d) substitution
of the urea functionality in 5 by sulfonamides and
2-aminoheterocyclic groups.

As it can be deduced from the data shown in Table 1, in
general, most of the new analogues showed affinities in
the nanomolar range for the d-opioid target. Most com-
pounds were highly selective over l and j receptors in
the region of 10- to 100-fold. The introduction of elec-
tron-withdrawing (12a–c) or electron-donating (12d)
groups on the benzyl group of the hit 5 was well tolerat-
ed and led to compounds with comparable or slightly
lower affinity for the d receptor but, in general, higher
selectivity with respect to the other opioid receptors.
The attempts to replace the benzyl substituent in 5 by
other groups such as 2-pyridylmethyl (12e), benzoyl
(12g) or hydrogen (12h) resulted in a complete loss of
affinity for the d receptor. Surprisingly, the pyridyl
derivative 12e showed moderate binding affinity
(Ki = 46 nM) and selectivity (j/d 67-fold) for the j-opi-
oid receptor. Compound 12f, that presents a methyl sub-
stituent at the benzylic position, showed higher affinity
for the d-opioid receptor, with selectivity versus l and
j receptors being slightly better than that of 5.


Regarding the influence of the substitution on the urea
functionality compound 19, a tetrasubstituted urea,
showed the highest affinity and selectivity for the d recep-
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tor among all the ureas prepared. In general, alkyl (16b,c)
and aryl groups (16d–i) proved to be good substituents in
terms of affinity and selectivity. Moreover, both electron-
withdrawing and electron-donating groups have a posi-
tive influence on the binding affinity for the d receptor
regardless of their substitution position (ortho-, metha-
or para-). Interestingly, sulfonamides (17a–c) and
aromatic heterocycles (18a–d) were good replacements
for the urea moiety. The phenylsulfonamide derivative
17c and the pyrimidyl analogue 18 were the most potent
and selective compounds found in this preliminary
exploration.


A small set of compounds was selected to evaluate their
functional activity in the [35S]GTPcS assay, the results ob-
tained are listed inTable 2.All the compounds testedwere
found to be full agonists within a range of nanomolar
activities and were found to have no potential to antago-
nize DPDPE-induced [35S]GTPcS incorporation. Com-
pounds 18a and 18c were the most potent agonists,
EC50 = 14 and 26 nM, respectively, despite having only
moderate binding activity. Conversely, compounds 19
and 17c showed good binding affinity but weak agonism.


In summary, we have shown the viability and potential
of a new chemical class of selective d-opioid agonists
based on the 4-phenyl-4-[1H-imidazol-2-yl]-piperidine
scaffold. Further pharmacological characterization and
chemical exploration of the series in order to broaden
the SAR around its structure are currently in progress.
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Abstract—The discovery of a new series of selective and high-affinity a1-adrenoceptor (a1-AR) ligands, characterized by a 1H-pyr-
rolo[2,3-d]pyrimidine-2,4(3H,7H)-dione system, is described in this paper. Some synthesized compounds, including 20, 22, and 30,
displayed affinity in the nanomolar range for a1-ARs and substantial selectivity with respect to 5-HT1A and dopaminergic D1 and D2


receptors. Functional assays, performed on selected derivatives, showed antagonistic properties.
� 2005 Elsevier Ltd. All rights reserved.

The adrenoceptors (ARs) play a key role in the modula-
tion of sympathetic nervous system activity and are a
site of action for many important therapeutic agents.
The ARs, members of the G-protein-coupled receptors
superfamily, are divided into three principal groups:
a1, a2, and b.1a–f


The a1-ARs are further subdivided into a1A, a1B, and
a1D subtypes, and play a prominent role in regulating
vascular tone and hypertrophic growth of smooth
muscle and cardiac cells.1a–f


Particularly, a1A-AR seems to be primarily involved in
the development of benign prostatic hypertrophy
(BPH) and, in the last few years, it became an interesting
target for symptomatic treatment of BPH with reduced
side effects.1c,f


Although a great number of a1-AR ligands are known,
there is still the need for high-affinity and selective
ligands with respect to 5-HT1A and dopaminergic

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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D1 and D2 receptors, and with respect to the different
a1-AR subtypes to finally clarify the pharmacological
profile of each receptor type and subtype.


As a part of our program addressed to the development
of selective a1-AR ligands, we have designed new
molecules based on an arylpiperazinyl moiety, a
well-known pharmacophoric portion present in several
classes of a1-AR ligands.2
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Recently, we reported the discovery of 3-aryl-
piperazinylalkylpyrrolo[3,2-d]pyrimidine-2,4-dione deriva-
tives (A) as ligands for the a1-AR subtypes endowed
with an excellent selectivity with respect to 5-HT1A


and dopaminergic D1 and D2 receptors.3 These mole-
cules, bearing between the pyrrolo[3,2-d]pyrimidine-
2,4-dione moiety and the phenylpiperazine (PPz) residue
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a connecting alkyl chain with two or three carbon atoms
(n = 1 and 2), were structurally related to RN5, a known
a1-AR antagonist with affinity in the nanomolar range.2


Besides, some thienopyrimidine-2,4-dione derivatives,
related to compounds A, were described in a patent
and claimed as ligands selective for a1D- with respect
to a1A- and a1B-AR subtypes.4


In this paper, we report on the synthesis and pharmaco-
logical profile of novel a1-AR ligands (B) characterized
by the isomeric 1H-pyrrolo[2,3-d]pyrimidine-
2,4(3H,7H)-dione system, with the aim of getting a
new insight into the structural requirements that direct
selectivity toward a1-ARs.


Novel derivatives were synthesized as reported in
Scheme 1 and the synthetic route follows a strategy sim-
ilar to the one used for the preparation of compounds A.
Briefly, the appropriate 2-amino-5-substituted phenyl-
1H-pyrrole-3-carboxylic acid ethyl esters 3–9 were easily
accessible utilizing procedures described in the litera-
ture,5 starting from 3-amino-3-iminopropanoic acid eth-
yl ester and condensing it with the appropriate 2-bromo-
1-substituted phenylethanone. Aminoesters 3–9 were
then reacted with 2-chloroethyl isocyanate in refluxing
toluene. Obtained ureas 10–16 were reacted with the
suitable 1-(2-substituted phenyl)piperazine in THF in
the presence of NaI and NaHCO3, to afford intermedi-
ates that were converted into final products 17–30 in
refluxing methanolic potassium hydroxide solution.


A detailed synthetic procedure, along with analytical
characterization, is given for 3-[2-[4-(2-chlorophenyl)-
1-piperazinyl]ethyl]-6-(4-methylphenyl)-1H-pyrrolo[2,3-d]-
pyrimidine-2,4(3H,7H)-dione (26) and its precursors 7
and 14.6


All synthesized compounds were characterized by 1H
NMR spectra, IR, and elemental analysis and analytical
data were consistent with the proposed structures.


New compounds were evaluated in binding assays that
were performed as previously reported,3 and Ki values
of compounds 17–30 for a1-ARs and related receptors
are summarized in Table 1. In it, for sake of clarity,
affinity values of compounds 1 and 2, the most interest-
ing derivatives in the series A, are also reported. Note-
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Scheme 1. Reagents and conditions: (a) ClCH2CH2NCO, toluene, reflux, 6 h


reflux, 24 h (65–70%); (c) KOH/MeOH, reflux, 3 h (85–98%).

worthy, all the compounds described herein presented
affinity for the a1-ARs in the low nanomolar range.


These results confirmed that the isomeric 1H-pyrrolo-
[2,3-d]pyrimidine-2,4(3H,7H)-dione system is a good
scaffold that, bearing appropriate substituents, can confer
to new ligands high affinity for a1-ARs.


Regarding the selectivity, as general trend, derivatives in
which R2 is a chlorine residue showed an interesting
preference for a1-ARs with respect to 5-HT1A receptors
so that they were evaluated for their affinity toward D1


and D2 dopaminergic receptors, demonstrating often
good selectivity (20, 22, and 30). These results finally
confirmed that a chlorine residue at the 2-position of
the PPz moiety, instead of a methoxy group, is crucial
to address selectivity to a1-ARs (as previously reported
for compounds A).3


The effects of the nature and the position of substituents
on the phenyl ring linked to heterobicyclic system were
investigated by introducing a methyl a methoxy or a
chlorine residue at the 2- or the 4-position. These substi-
tutions did not significantly affect affinity at a1-ARs,
while a modulation of the selectivity with respect to
the other tested receptors was observed. The introduc-
tion of a methyl or a methoxy residue at the 2-position
afforded interesting derivatives in terms of affinity and
selectivity (20 and 22). On the contrary, the same substi-
tution at the 4-position of the phenyl ring lead to a slight
loss of affinity for a1-ARs (26 and 28) and, as a conse-
quence, the selectivity ratios 5-HT1A/a1, D1/a1, and
D2/a1 were reduced (26 vs 20 and 28 vs 22).


The substitution at the 2-position of the phenyl ring
with a chlorine residue (23 and 24), while maintaining
affinity, was detrimental for selectivity.


Compound 30 possesses one of the highest affinity val-
ues at a1-ARs and, although bearing chlorine residues
both at the 4-position of the phenyl ring linked to the
heterobicyclic nucleus and at the 2-position of the PPz
moiety, is the most selective derivative identified in this
study.


Derivatives 26, 28, and 30, along with compound 1, were
selected for further evaluation in functional assays for
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Table 2. Antagonist potency, expressed as pKb ± SEM values, and selectivities of compounds 26, 28, 30, and 1 at a1-ARs in isolated rat prostatic vas


deferens (a1A), spleen (a1B), and thoracic aorta (a1D)


Compound R2 R3 pKba1A
a or [pA2]


b pKba1B or [pA2] pKba1D or [pA2] a1D/a1A
c a1D/a1B a1B/a1A


26 Cl 4-CH3 7.25 (±0.07) 7.50 (±0.10) 7.78 (±0.07) 3 2 2


28 Cl 4-OCH3 7.48 (±0.06) 8.03 (±0.06) 7.69 (±0.13) 2 0.5 4


30 Cl 4-Cl 6.41 (±0.09) 6.64 (±0.09) 7.66 (±0.05) 18 10 2


1 6.72 (±0.11) 6.37 (±0.03) 6.44 (±0.05) 0.5 1 0.4


WB4101 [9.51] (±0.06) [8.20] (±0.10) [8.80] (±0.12) 0.2 4 0.05


a pKb values were calculated according to van Rossum7 at a single concentration and each concentration was investigated at least four times.
b pA2 values were calculated according to Arunlakshana and Schild plots.8


c Antilog of the difference between the pKb values for a1A-, a1B-, and a1D-AR subtypes.


Table 1. Binding properties of 3-arylpiperazinylethyl-1H-pyrrolo[2,3-d]pyrimidine-2,4(3H,7H)-dione derivatives 17–30


Compound R2 R3 Ki (nM)a 5-HT1A/a1
b D1/a1


b D2/a1
b


a1 5-HT1A D1 D2


17 OCH3 H 1.99 (±0.45) 122.3 (±15.2) ND ND 61


18 Cl H 4.71 (±0.71) 1540 (±145.6) 516 (±45.2) 137.2 (±10.8) 327 110 29


19 OCH3 2-CH3 1.19 (±0.01) 295.1 (±11.7) ND ND 248


20 Cl 2-CH3 2.80 (±0.47) 1450 (±79.9) 1040 (±155.3) 626.5 (±99.6) 518 371 224


21 OCH3 2-OCH3 1.63 (±0.10) 157.3 (±8.83) ND ND 97


22 Cl 2-OCH3 3.32 (±0.58) 1030 (±21.8) 8550 (±1480) 363.2 (±55.7) 310 >2500 109


23 OCH3 2-Cl 2.18 (±0.33) 19.10 (±3.60) ND ND 8.8


24 Cl 2-Cl 6.28 (±2.14) 64.90 (±12.8) 566.8 (±41.5) 356.1 (±53.1) 10 90 57


25 OCH3 4-CH3 4.97 (±0.36) 333.34 (±22.5) ND ND 67


26 Cl 4-CH3 11.71 (±2.36) 1815 (±39.3) 388.7 (±45.4) 1720 (±506) 155 33 147


27 OCH3 4-OCH3 5.47 (±0.36) 113.4 (±8.46) ND ND 21


28 Cl 4-OCH3 16.40 (±2.93) 1070 (±83.8) 271.6 (±41.1) 164.6 (±16.4) 65 17 10


29 OCH3 4-Cl 4.08 (±0.31) 401.3 (±26.3) ND ND 98


30 Cl 4-Cl 2.64 (±0.25) 1513 (±172.8) 544.4 (±71.7) 2370 (±770) 573 206 898


RN5c 0.21 (±0.02) 50.00 (±4.70) 238


1d 17.26 (±4.14) >10,000 >10,000 >10,000 >500 >500 >500


2d 11.70 (±0.25) >10,000 >10,000 >10,000 >800 >800 >800


aKi values were calculated as in Ref. 3 and are means (±SD) of three separate experiments.
b Ratio between Ki 5-HT1A/Ki a1; Ki D1/Ki a1; and Ki D2/Ki a1.
c Data taken from Ref. 2.
d Data taken from Ref. 3.
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their activity at a1A-, a1B-, and a1D-AR subtypes. Tested
compounds, as shown in Table 2, behave as a1-AR
antagonists and their affinity was calculated at a single
concentration according to van Rossum.7 WB4101 was
included as a standard compound.


The results in Table 2 show for derivatives 26 and 28
higher values of affinity at the three a1-AR subtypes
with respect to 30 and 1. However, compound 30 be-
haves as an a1D-AR selective antagonist displaying a
18 and 10 times higher affinity for this subtype when
compared with a1A- and a1B-AR ones.


In conclusion, we have discovered a new class of ligands
endowed with noteworthy affinity toward a1-ARs, char-
acterized by a 1H-pyrrolo[2,3-d]pyrimidine-2,4(3H,7H)-
dione moiety. Furthermore, the 1H-pyrrolo[2,3-d]pyrim-
idine-2,4(3H,7H)-dione system showed to be able to ad-
dress properly a1-ARs selectivity over 5-HT1A, D1, and
D2 dopaminergic receptors (20, 22, and 30). In particu-
lar, compound 30, endowed with affinity in the nanomo-
lar range for the a1-ARs, showed the best profile in
terms of selectivity toward other tested receptors, and,
in functional assays, a preference for the a1D- with re-
spect to a1A- and a1B-AR of one order of magnitude.

Further structural modifications of the 1H-pyrrolo[2,3-
d]pyrimidine-2,4(3H,7H)-dione system are currently
ongoing with the aim of ameliorating receptor subtype
selectivity.
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Abstract—We report the synthesis of kinase targeted libraries based on the thienopyrazole scaffold. Several thienopyrazole analogs
have been identified as submicromolar inhibitors of KDR.
� 2005 Elsevier Ltd. All rights reserved.

As part of our group�s ongoing effort to enhance the Ab-
bott compound collection with novel and/or rare chem-
otypes, we have initiated an effort to design new kinase
inhibitors for current and future kinase programs.
Kinases have emerged in recent years as targets in a
variety of therapeutic areas such as cancer,1 diabetes,2


inflammation,3 cardiovascular,4 and neurodegenerative5


diseases, and several kinase inhibitors have been
approved by the FDA for use in human.6


Much work has been directed toward the design and
synthesis of kinase inhibitors,7 including computational8


and fragment-based9 approaches. De novo design of
new kinase inhibitors is greatly facilitated by the archi-
tecture of kinases having a mostly conserved catalytic
site that binds ATP. ATP forms key hydrogen bond
interactions in the hinge region of the catalytic site of
protein kinases. Therefore, small and relatively flat het-
erocyclic molecules containing hinge-binding elements
are expected to form weak interactions with the enzymes
that can be amplified by functionalization to access
additional pockets in the active site.


In the above context, we have decided to investigate
the underexplored class of thienopyrazole structures as
kinase inhibitors.10 We expected to obtain the key
donor/acceptor hydrogen bond hinge interactions from

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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the amino groups of the pyrazole ring.11,12 Subsequent-
ly, we were planning to explore the surrounding space
by functionalizing the scaffold in different regions. A
survey of the literature revealed very few references for
their preparation, all of which were unsuitable for
obtaining versatile scaffolds. Therefore, we developed a
new route for the synthesis of thienopyrazoles and
chemistries that provided access to all sites of the
molecule.


We have prepared three small libraries around thienopy-
razole scaffolds as well as various smaller groups of ana-
logs to probe the various sites. Emphasis was placed on
preparing a variety of structurally diverse analogs rather
than closely following SAR trends. Our ultimate goal
was to create a lead generation set that would provide
good starting points for medicinal chemistry lead opti-
mization exercises. The libraries were designed to have
lead-like physicochemical properties.13 In all, we have
prepared a collection of 95 compounds with an average
MW of 292, an average clogP of 2.5, and an average
polar surface area of 71.


Scheme 1 illustrates the initial hurdles encountered
with the synthesis of the basic thienopyrazole core.
Reaction of the commercially available methyl dihy-
dro-pyrazolone 1 with POCl3 provided the intermedi-
ate 4-formyl-5-chloro Vilsmeier product, which was
protected with p-methoxybenzyl chloride to yield two
different regioisomers 2a and 3a in a two to one ratio,
respectively. The identity of each regioisomer was con-
firmed by NMR experiments. An NOE was observed
between the benzylic methylene protons and the meth-
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yl group in 3a but not in 2a. Interestingly, only regio-
isomer 2a participated in the subsequent reaction with
mercapto-acetic acid methyl ester to provide the fused
thienopyrazole product, while 3a remained completely
unreactive.15 Deprotection of the p-methoxybenzyl
group was easily achieved by heating 4a in the micro-
wave with a one- to one-mixture of TFA/dichloro-
methane. Alternatively, the bulkier and more acid
labile bis(4-methoxyphenyl)methyl group provided a
better yield of the desired regioisomer 2b over 3b
and can be readily removed at room temperature with
4 M HCl in dioxane. Thus, bis(4-methoxyphenyl)meth-
yl became the protecting group of choice. Protection
of 5 (Scheme 1) with Boc, subsequent NBS bromina-
tion of the methyl group, and reaction of the bromo
intermediate 6 with amines provided final products 7
in good yields.


Similar sequences were followed starting from phenyl
dihydro-pyrazolone16 to provide the 3-phenyl thieno-
pyrazole of Scheme 2. Both 3-methyl and 3-phenyl
thienopyrazoles in Scheme 2 were first saponified with
NaOH in MeOH to provide the carboxylic acids and
then the pyrazole ring was deprotected. We have ob-
served that this sequence was cleaner and higher yield-
ing than first deprotecting the pyrazole and then
saponifying. The final unprotected thienopyrazole
acids were used for the synthesis of small amide li-
braries 8 and 9.

An interesting diversion from the above synthetic proto-
col was the formation of 4-amino substituted analogs 13
(Scheme 3). Aldehyde 2b was transformed in two steps
to the corresponding cyano product 11, which under-
went reaction with 2-mercapto-acetamide to provide 4-
amino thienopyrazole 12. The 4-amino group could be
further reacted with acyl chlorides in pyridine to yield
the acylated products 13.


All compounds were tested against a panel of 5 kinases
of interest.17 Although exploration of the 3-position
(Table 1) was limited to a few analogs, low micromolar
activity was already observed against some of the ki-
nases. Simple analog 5 was active against KDR and
CK2, while the benzylamine analog 7a exhibited activity
against Plk1, Pak4, CK2, and Akt. Piperidinyl analog 7b
was inactive indicating an initial preference of the site
for benzylamine analogs. It should be noted that mole-
cules such as 5, which exhibit high binding efficiency
(BEI = 24), i.e., strong binding in relation to their
molecular weight,18 represent excellent starting points
for followup libraries to improve upon activity and
selectivity.


Table 2 summarizes the activity of amides 8 and 9 against
an extended panel of 9 kinases.19 In general, amides 8
showed similar trends in activity as the ester 5 inhibiting







Table 3. Kinase inhibitory activity of position 4-analogsa


N
N
H


S


NH NH2


O


O


R


Compd R IC50 (lM)


KDR Plk1 Pak4 CK2 Akt1


13a Me 19b >20 >20 9b >20


13b CO2Me 17 8 >100 3c >100


13c CH2Oph 11 >100 >100 6 >100


13d 2-Thienyl 6 >100 >100 >100 17


13e 2-ClPh 8 23 >100 9c >100


13f 3-ClPh >100 >100 >100 >100 >100


13g 4-ClPh >100 >100 >100 >100 >100


13h NHPh 20 >20 13b 11 9b


a IC50 values are based on 11 point curves at 10 lM ATP; >100 indi-


cates less than 50% inhibition at that concentration or an


IC50 > 100 lM.
bAverage of two IC50 values.
c Average of three IC50 values.


Table 1. Kinase inhibitory activity of position 3 analogsa


N
N
H


S


O


O
R


Compd R IC50 (lM)


KDR Plk1 Pak4 CK2 Akt1


5 H 23b >100 >100 38 >100


7a NHPh >100 21 37 5b 16


7b Piperidinyl >100 >100 >100 >100 >100


a IC50 values are based on an 11 point curves at 10 lM ATP; >100


indicates less than 50% inhibition at that concentration or an


IC50 > 100 lM.
bAverage of two values.
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KDR and CK2 with low micromolar potency. However,
replacement of the methyl group with a phenyl separated
the KDR and CK2 activity, and resulted in submicromo-
lar hits against KDR. Depending on the amide substitu-
tions some 3-phenyl analogs have also showed activity
against MK2 (9c and 9e) and CDK2 (9b).


4-Amino analogs 13 (Table 3) also showed a preference
for KDR and CK2 kinases. However, depending on the
substitution on the 4-amino group, leads for Plk1 13b
and 13e, and Akt1 13d and 13h were obtained. Urea
analog 13h20 is an interesting case in that it inhibits most
of the kinases with low micromolar potency.


In conclusion, we have prepared a diverse set of thieno-
pyrazole-based lead-like molecules that were evaluated
in a panel of kinase assays. This lead generation exercise
was quite successful, as we have identified numerous

Table 2. Kinase inhibitory activity of analogs 8 and 9a


N
N
H


R1


S


R


Compound R1 R2 R3


KDR Plk1 P


8a Me H H 17b >20 >


8b Me H n-Bu 16 >20 >


8c Me Me n-Bu >20 >20 >


8d Me H Cyclohexyl >20 >20 >


8e Me H Bn 12 16 >


9a Ph Me n-Bu 0.35 >20 >


9b Ph H Cyclohexyl 0.49 12b >


9c Ph H Bn 0.5 ND >


9d Ph H CH2Bn 2 17 >


9e Ph H p-MeOBn 0.51 >20 >


9f Ph -CH2CH2N(Me)CH2CH2- 4 >20 >


a IC50 values are based on 11 point curves at 10 lM ATP; >20 indicates less t


determined.
b Average of two IC50 values.
c Average of four IC50 values.
d 100 lM ATP.
e IC50 values are based on seven point curves.

leads with low micromolar potency against a variety of
kinase targets. In addition, a subset of 3-phenyl substi-
tuted thienopyrazoles exhibited submicromolar potency
against KDR.

Acknowledgments


The authors thank Vincent Stoll, Cele Abad-Zapatero,
Kent Stewart, James Metz, and Phillip Hajduk for ideas
and suggestions regarding the thienopyrazole scaffold,

N


O


R32


IC50 (lM)


ak4 CK2 Akt1 CDK2d,e p-38d,e MK2e COTd,e


20 4c >20 ND ND >20 >20


20 21 >20 ND ND >20 >20


20 24b >20 ND ND >20 >20


20 >20 >20 ND ND >20 >20


20 19b >20 ND ND >20 >20


20 5 >20 >20 >20 >20 >20


20 >20 >20 11 >20 >20 >20


20 2 15 ND ND 17 >20


20 >20 >20 >20 >20 >20 >20


20 >20 >20 >20 >20 16 >20


20 >20 >20 >20 >20 >20 >20


han 50% inhibition at that concentration or an IC50 > 20 lM; ND, not







I. Akritopoulou-Zanze et al. / Bioorg. Med. Chem. Lett. 16 (2006) 96–99 99

Jan Waters for the NOE experiments, and the Abbott
High Throughput Purification and Structural Chemistry
groups for their support with purification and analytical
data, respectively.

References and notes


1. (a) Medinger, M.; Drevs, J. Curr. Pharm. Des 2005, 11,
1139; (b) Mazitschek, R.; Giannis, A. Curr. Opin. Chem.
Biol. 2004, 8, 432; (c) Levitzki, A. Acc. Chem. Res. 2003,
36, 462.


2. (a) Bridges, A. J. Biochem. Soc. Trans. 2005, 33, 343; (b)
Cohen, P.; Goedert,M.Nat. Rev. DrugDiscov. 2004, 3, 479.


3. (a) Karin, M. Ann. Rheum. Dis. 2004, 63(Suppl. II), ii62–
ii64; (b) Wong, W. S. F.; Leong, K. P. Recent Res. Dev.
Immun. 2003, 5, 57.


4. Force, T.; Kuida, K.; Namchuk, M.; Parang, K.; Kyriakis,
J. M. Circulation 2004, 109, 1196.


5. Resnick, L.; Fennell, M. Drug Discovery Today 2004, 9,
932.


6. For a list of approved drugs and late clinical development
candidates as well as their profiling in a panel of 119
kinase assays, see: Fabian, M. A.; Biggs, W. H.; Treiber,
D. K.; Atteridge, C. E.; Azimioara, M. D.; Benedetti, M.
G.; Carter, T. A.; Ciceri, P.; Edeen, P. T.; Floyd, M.;
Ford, J. M.; Galvin, M.; Gerlach, J. L.; Grotzfeld, R. M.;
Herrgard, S.; Insko, D. E.; Insko, M. A.; Lai, A. G.;
Lelias, J.-M.; Mehta, S. A.; Milanov, Z. V.; Velasco, A.
M.; Wodicka, L. M.; Patel, H. K.; Zarrinkar, P. P.;
Lockhart, D. J. Nat. Biotechnol. 2005, 23, 329.


7. (a) McInnes, C.; Fischer, P. M.Curr. Pharm. Des. 2005, 11,
1845; (b) Parang, K.; Sun, G. Curr. Opin. Drug Disc. Dev.
2004, 7, 617; (c) Prien, O. Chem. Biochem. 2005, 6, 500.


8. Woolfrey, J. R.; Weston, G. S. Curr. Pharm. Des. 2002, 8,
1527.


9. Gill, A. Mini-Rev. Med. Chem. 2004, 4, 301.
10. (a) Recently, two patent applications have been disclosed


describing thienopyrazoles as kinase inhibitors: Ohi, N.;
Sato, N.; Soejima, M.; Doko, T.; Terauchi, T.; Naoe, Y.;
Motoki, T. WO 2003101968, 2003; (b) Bigot, A.; Clerc, F.;
Doerflinger, G.; Mignani, S.; Minoux, H. U.S.
2005026984, 2005.


11. The bioisosteric indazoles have shown kinase inhibitory
activity against a number of kinases, for example Atsuya,
T. I.; Masayuki, O.; Yuji, K.; Takehisa, O. H.; Takahashi,
N.; Shindo, K.; Kimura, K.; Tagami, Y.; Miyake, M.;
Fukushima, K.; Inagaki, M.; Amano, M.; Kaibuchi, K.;
Iijima, H. Bioorg. Med. Chem. 2004, 12, 2115.


12. Further proof of the pyrazole amino groups interacting
with the hinge region provided the synthesis of N-
methylated thienopyrazoles following procedures similar
to the ones shown in Schemes 1 and 3, which were void of
any inhibitory activity against kinases.

13. Hann, M. M.; Oprea, T. I. Curr. Opin. Chem. Biol. 2004,
8, 255.


14. Prepared by refluxing for 3 h 4,4 0-dimethoxybenzhydrol in
SOCl2 and then evaporating the reaction mixture to
dryness.


15. Also, no reaction was observed with the unprotected
4-formyl-5-chloro Vilsmeier intermediate derived from 1.


16. Prepared in one step by heating 3-oxo-3-phenyl-propionic
acid ethyl ester, hydrazine hydrate, and acetic acid in
ethanol at 90 �C for 2 h.


17. In vitro kinase assays.RecombinantCK2 (Calbiochem, San
Diego, California) was commercially obtained. His-tagged
AKT1[S378A, S381A, T450D, S473D] (139–480), His-
tagged KDR (789–1354), His-tagged PAK4 (290–581),
and GST-tagged PLK1 (1–331) were expressed using the
FastBac baculovirus expression system (GIBCO BRL,
Gaithersburg, MD) and purified using either nickel (His-
tag) or glutathione (GST) affinity chromatography. Peptide
substrates had the general structure biotin-Ahx-peptide
with sequences: AKT, EELSPFRGRSRSAPPNLWA
AQR; CK2, RRADDSDDDDD; KDR, AEEEYFFLFA-
amide; PAK4, KEVPRRKSLVGTPYWMAPE; PLK1,
AKMETTFYDDALNASFLPSEKKK-Amide. Inhibition
of kinase activity was assessed using a radioactive Flash-
Plate-based assay platform as previously described in Luo,
Y.; Smith,R.A.;Guan,R.; Liu,X.;Klinghofer, V.; Shen, J.;
Hutchins, C.; Richardson, P.; Holzman, T.; Rosenberg, S.
H.; Giranda, V. L. Biochemistry 2004, 43, 1254.


18. Abad-Zapatero, C.; Metz, J. T. Drug Discovery Today
2005, 10, 464.


19. Additional in vitro kinase assays. The kinase assays were
performed using the homogeneous time-resolved fluores-
cence (HTRF) method (G. Mathis, Clin. Chem. 1993, 39,
1953–1959). COT (made in-house) assay contained
13.7 nM COT, 0.5 lM biotin-MEK-peptide, 0.1 mM
ATP, and compound in a buffer containing 50 mM Tris–
HCl, pH 7.5, 10 mM MgCl2, 1 mM EGTA, 2 mM DTT,
0.01% Brij 35, 5 mM b-phosphoglycerol. MK2 (made in
house) assay contained 1.8 nM MK2, 1 lM biotin-cdc25-
peptide, 10 lM ATP and compound in the MK2 Buffer
(20 mM Mops, pH 7, 10 mM MgCl2, 5 mM EGTA, 5 mM
b-phosphoglycerol, 1 mM Na3VO4, 0.01% Triton X-100,
and 1 mMDTT). p38a and CDK2 (UBI) assays contained
either 7.8 nM p38a or 2.7 nM CDK2/cyclin A, and 0.5 lM
biotin-MBP-peptide, 0.1 mM ATP, and compound in the
MK2 Buffer. All assays were carried out at RT for 60 min
and stopped by addition of EDTA. The products were
detected by addition of revelation reagents containing
Europium labeled phospho-specific antibodies and SAXL.
The plates were incubated in dark at 4 �C overnight or RT
for 10 min (for MK2) and read in the HTRF reader
RUBYstar (BMG).


20. Synthesized from 12 upon reaction with phenyl-isocyanate
in dichloromethane and subsequent deprotection with 4 M
HCl in dioxane.





		Scaffold oriented synthesis. Part 1: Design, preparation, and biological evaluation of thienopyrazoles as kinase inhibitors

		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters 16 (2006) 44–48

Synthesis and biological activity of novel
4-phenyl-1,8-naphthyridin-2(1H)-on-3-yl ureas: Potent


acyl-CoA:cholesterol acyltransferase inhibitor
with improved aqueous solubility


Hitoshi Ban,* Masami Muraoka, Katsuhisa Ioriya and Naohito Ohashi


Research Division, Sumitomo Pharmaceuticals Co., Ltd 1-98, Kasugadenaka 3-chome, Konohana-ku, Osaka 554-0022, Japan


Received 11 July 2005; revised 8 August 2005; accepted 21 September 2005


Available online 18 October 2005

Abstract—4-Aryl-1,8-naphthyridin-2(1H)-on-3-yl urea derivatives with hydrophilic groups were synthesized in order to improve
aqueous solubility and pharmacokinetic property. SMP-797 possessing (4-aminophenyl)ureido and 3-(hydroxypropoxyphenyl)
moieties showed potent ACAT inhibitory activity and excellent oral efficacy.
� 2005 Elsevier Ltd. All rights reserved.
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Figure 1.

An enzyme acyl-CoA:cholesterol acyltransferase
(ACAT), which catalyzes the intracellular cholesterol
esterification,1 plays important roles in several physio-
logical processes: (1) absorption of dietary and biliary
cholesterol in the intestines2; (2) determination of cho-
lesteryl ester content and the secretion of hepatic very
low density lipoprotein (VLDL)3; (3) accumulation of
cholesteryl esters in macrophage in the arterial wall.4


Inhibition of ACAT, therefore, is expected to reduce
plasma lipid levels by inhibiting intestinal cholesterol
absorption and hepatic VLDL secretion, and to prevent
progression of atherosclerotic lesions by inhibiting the
accumulation of cholesteryl esters in macrophage. For
this reason, ACAT inhibitor is an attractive target for
the treatment of hypercholesterolemia and atherosclero-
sis5 (Fig. 1).


Classical ACAT inhibitors6 such as CL-277082,7


which are considered to inhibit absorption of choles-
terol in the intestines, failed in the clinical trials for
their insufficient efficacy on hypercholesterolemia and
atherosclerosis. The main reason should be their low
systemic bioavailabilities expected from their lipophilic
structural features. Therefore, recent interest in the
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development of ACAT inhibitors is switching the tar-
get from the intestinal ACAT to the liver and the
arterial wall ACAT.6 CI-1011, an ACAT inhibitor
currently in clinical trial, has been found to show high
efficacy not only in a variety of cholesterol-fed animal
models but also in noncholesterol-fed animal models
such as a rabbit model fed a casein-rich diet,8 and is
considered to inhibit ACAT in both the intestines
and the liver.
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We previously found a naphthyridinyl urea SM-32504
as a potent inhibitor of ACAT,9 which showed the cho-
lesterol-lowering effect in cholesterol-fed animal models.
Despite the excellent efficacy, however, this compound
showed only poor oral absorption due to low aqueous
solubility; its maximum drug concentration (Cmax) value
in mice was under the lowest detectable concentration
(<0.01 ng/mL) after oral administration at the dosage
of 30 mg/kg. The cholesterol lowering effect of SM-
32504, therefore, may be due to ACAT inhibitory activ-
ity in the intestines and not to ACAT inhibitory activity
in the liver. The results led us to modify SM-32504 and
develop compounds possessing better pharmacokinetic
properties.


We considered that the pharmacokinetic properties of
SM-32504 would be improved by increasing its aqueous
solubility, especially solubility under acidic conditions.
Drugs administered orally are absorbed mainly in the
stomach and/or the small intestine; pH values of gastric
juices are 1.4–2.1 (fasting) or 4.3–5.4 (non-fasting); pH
values of small intestinal fluids are 5.0–7.0.10 We report
herein the synthesis, aqueous solubility, and biological
activity of hydrophilic derivatives of SM-32504.


We examined two modifications of SM-32504 to afford
the hydrophilic derivatives: (i) introduction of an amino
group on the 2,6-diisopropylphenyl moiety; (ii) replace-
ment of the 3-methoxy group at the 4-phenyl moiety
with a hydrophilic group. Although a number of ACAT
inhibitors possessing 2,6-diisopropylphenyl moiety were
reported, the effect of amino group on the aromatic moi-
ety has not been examined.


The synthesis of 2,6-diisopropylanilines 4a, 4b, 8, and 9
required in the present study is shown in Scheme 1.
Deprotection of N-tosyl-4-nitroaniline 2, readily avail-
able from 2,6-diisopropylaniline (1) in two steps, gave
4-nitroaniline 3b according to the known procedures.11


In contrast, it was found that the direct nitration of
aniline 1 with concd HNO3 in concd H2SO4 gave 3-nit-
roaniline 3a.12 Pd/C-catalyzed hydrogenation of 3a and
3b followed by the selective protection of the less hin-
dered amino group with triphenylmethyl group gave 4a
and 4b, respectively. 4-Iodoaniline 5, readily prepared
from 1 by a known iodination method,13 was converted
to 6 by Pd-catalyzed carbonylation in MeOH-DMF.14


Reduction of 6 with LiAlH4 followed by protection
of the hydroxy group gave a silyl ether 8. A pyridine
intermediate 9 was prepared according to the
literature.15


Syntheses of naphthyridinyl ureas 15a, 15b, 16, 18a, and
18b are shown in Scheme 2. Curtius rearrangement16 of
acid 109 with diphenylphosphoryl azide gave amine 11,17


which was converted to phenyl carbamate 12. Then, 12
was treated with 4a, 4b, 8, and 9 in the presence of
DMAP in DMF and was converted to the correspond-
ing naphthyridinyl ureas 14a–d, respectively. Deprotec-
tion of 14a and 14b was conducted with 10% HCl in
MeOH at room temperature, and 15a and 15b were
obtained. Treatment of 14c with 1 M HCl in ether gave
the corresponding salt 16. 17 was synthesized by the

desilylation of 14d followed by bromination with PBr3.
Ammonium salt 18a was obtained by reaction of 17 with
potassium phthalimide, cleavage of the phthaloyl group,
and treatment with 1 M HCl in ether. Amination of 17
with N,N-diethylamine followed by treatment with
1 M HCl in ether gave 18b.


The ACAT inhibitory activity and solubility of 15a, 15b,
16, 18a, and 18b are shown in Table 1. All compounds
exhibited enhanced aqueous solubility compared to that
of SM-32504, and 15b and 16 showed more potent
ACAT inhibitory activity than SM-32504. However,
16 was not examined further, since gradual degradation
of the urea moiety took place in an aqueous solution at
pH 2.5 at room temperature.


We next focused on the synthesis and activity of 15
derivatives possessing hydrophilic substituents on the
4-phenyl group. The syntheses of 22a–c and 26a–c
are summarized in Scheme 3. Treatment of 11 with
BBr3 in CH2Cl2 gave 19, which was treated with
several x-acetoxyalkyl bromides in the presence of
K2CO3 and KI in DMF to afford 20a–c and 23.
The naphthyridine ureas 21a–d were prepared by the
reaction of 20a–c with 4a or 4b in the presence of
DMAP in DMF at room temperature. Deacylation
of 21a–d with NaOMe in MeOH followed by
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97%; (e) 1 M HCl/ether, AcOEt, rt, 30 min; 16, 80%; 18a, 63%; 18b, 80%; (f) concd HCl, EtOH, rt, 3 h, 89%; (g) PBr3, CH2Cl2, rt, 3 h, 45%


(h) potassium phthalimide, DMF, rt, overnight, 88%; (i) H2NNH2ÆH2O, EtOH, rt, 3 days, 81%; (j) Et2NH, K2CO3, DMF, rt, 1 h, 62%.


Table 1. ACAT inhibitory activity and solubility of 15a, 15b, 16, 18a,


and 18b


Compound ACAT inhibitory


activitya IC50 (nM)


Solubilityb (mg/mL)


pH 7.4 pH 5.5 pH 2.5


SM-32504 11 <0.001 <0.001 <0.001


15a 14 0.001 0.001 0.70


15b 8.3 <0.001 0.001 0.022


16 5.4 0.005 0.019 >1.0


18a 382 0.036 0.023 0.22


18b 680 0.062 1.0 >1.0


a ACAT inhibition in vitro measured in rat macrophages. See Ref. 18


for the detailed protocol.
b Solubility in phosphate buffer (5.53% aq citric acid/1.75% aq


Na2HPO4) at rt was determined by HPLC analysis.
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detritylation with 10% HCl in MeOH gave 22a–d.
Urea 24 prepared from 23 was coupled with N,N-
diethylamine, pyrrolidine, or piperidine followed by
deprotection with 10% HCl in MeOH, and naphthy-
ridinyl ureas 26a–c, respectively, were obtained.


The activity and aqueous solubility of 22a–d and 26a–c
are summarized in Table 2. All the compounds showed
enhanced solubility compared to SM-32504 and 15b.
Notably, the length of alkylene exhibits some effect on
the activity as indicated by 22a–d and 22b (SMP-

797)19, with the propylene group turning out be the most
potent (IC50, 21 nM) with appreciable improvement of
solubility at broad pH range (pH 2.5–7.4). The amino
derivatives 26a–c showed weak activity in spite of their
higher solubility.


SMP-797 (22b) exhibited excellent pharmacokinetic
properties in mice (Cmax, 21.3 lg/mL; after oral admin-
istration at the dosage of 30 mg/kg) and rabbits (Cmax,
16.0 ng/mL; area under the blood time curve (AU-
C0–24 h), 39.8 ng h/mL after oral administration at the
dosage of 1.0 mg/kg/day for 21 days). The results are
highly contrasted to those of SM-32504, which was
not absorbed orally at all in the same models. SMP-
797 (22b) was then subjected to evaluation with a rab-
bit model fed a casein-rich diet, which was considered
to exhibit the cholesterol-lowering effect due to the
inhibitory of secretion from the liver. Rabbits were
fed a casein-rich diet for 1 week, and then SMP-797
was orally administered at the dosage of 1.0 mg/kg/
day for further 3 weeks with a casein-rich diet. Under
these conditions SMP-797 decreased the serum total
cholesterol level by 53% compared with control. It
was reported that atorvastatin, the HMG-CoA reduc-
tase inhibitor with the most potent cholesterol lowering
effect currently in clinical use, decreased the cholesterol
level by 54% at a dose of 10 mg/kg/day when it was
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83%; 21d, 78%; 24, 49%; (d) NaOMe, MeOH, rt to reflux, 8 h to overnight, then 10% HCl/MeOH, rt, overnight; 22a, 72%; 22b, 83%; 22c, 80%; 22d,


85%; (e) 10% HCl/MeOH, rt, overnight; 26a, quant.; 26b, 84%; 26c, 87%; (f) 1-bromo-3-chloropropane, K2CO3, KI, DMF, rt, overnight, 67%;
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Table 2. ACAT inhibitory activity and solubility of 22 and 26


Compound ACAT inhibitory


activitya IC50 (nM)


Solubilityb (mg/mL)


pH 7.4 pH 5.5 pH 2.5


SM-32504 11 <0.001 <0.001 <0.001


15b 8.3 <0.001 0.001 0.022


22a >1000 0.030 0.032 >1.0


22b (SMP-797) 21 0.010 0.014 >1.0


22c 61 0.005 0.007 0.68


22d 43 0.017 0.019 >1.0


26a 452 0.64 0.69 >1.0


26b 427 0.13 0.20 >1.0


26c 540 0.20 0.18 >1.0


a ACAT inhibition in vitro measured in rat macrophages. See Ref. 18


for the detailed protocol.
b Solubility in phosphate buffer (5.53% aq citric acid/1.75% aq


Na2HPO4) at rt was determined by HPLC analysis.
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administered to rabbits fed a casein diet for 6 weeks.20


These results suggest that the cholesterol-lowering
effect of SMP-797 at a dose of 1.0 mg/kg/day is almost
the same as with that of atorvastatin at a dose of
10 mg/kg/day.


In summary, we have developed SMP-797 possessing a
potent ACAT inhibitory activity and significantly en-
hanced aqueous solubility under acidic conditions. The
compound is a promising agent for oral treatment of
hypercholesterolemia. The details of pharmacological
and toxicological studies will be discussed in due course.
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Abstract—The identification and evaluation of aryl-[1,4]diazepane ureas as functional antagonists of the chemokine receptor
CXCR3 are described. Specific examples exhibit IC50 values of �60 nM in a calcium mobilization functional assay, and dose-depen-
dently inhibit CXCR3 functional response to CXCL11 (interferon-inducible T-cell a chemoattractant/I-TAC) as measured by T-cell
chemotaxis, with a potency of approximately 100 nM.
� 2005 Elsevier Ltd. All rights reserved.

Chemokines are a class of chemotactic cytokines, be-
tween 70 and 90 amino acids in length, that play an
important role in inflammatory and immune responses.
They are subdivided into different classes based on the
structural separation of conserved cysteine residues in
the chemokine sequence. The CXC subtype of chemo-
kines displays a single amino acid residue between the
first two conserved cysteines.1,2 CXCR3 is a chemokine
receptor belonging to the superfamily of seven trans-
membrane spanning G-protein-coupled receptors
(GPCRs) and is highly expressed in activated T cells.
Its natural chemokine ligands, CXCL9 (monokine in-
duced by interferon-c/Mig), CXCL10 (interferon-induc-
ible protein 10/IP-10), and CXCL11 (interferon-
inducible T-cell a-chemoattractant/I-TAC),1,2 are
thought to play a key role in directing activated T cells
to sites of inflammation.3 Consequently, inhibition of
CXCR3 activation provides potential therapeutic uses
for the treatment of a number of inflammatory disorders
including inflammatory bowel disease, multiple sclero-
sis, rheumatoid arthritis, and diabetes.4 As such, there
is significant interest in the identification of small-mole-
cule antagonists of CXCR3.5
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High-throughput screening of an extensive series of
Encoded Combinatorial Libraries on Polymeric Support
(ECLiPSTM)6 libraries (90 Libraries, >4 million com-
pounds) employing a FLIPR7-based calcium mobiliza-
tion assay resulted in the identification of 4-aryl-
[1,4]diazepane ethyl ureas (6) as functional antagonists
of CXCR3. Distinct structural features were observed
in the screening hits, particularly the [1,4]diazepane ring
system and urea functionality, and further investigation
was initiated to define the SAR of this class of com-
pounds. Initial benzamide analogs 6 were prepared in
six steps as shown in Scheme 1. Thus, 4-fluoro-3-nitro
benzoic acid (1a) was converted to acid chloride 1b
and reacted with a primary amine to provide amide 2.
N-Arylation of homopiperazine with 2 and subsequent
urea formation with ethyl isocyanate was followed by
nitro-reduction to the aniline 5 using sodium hydrosul-
fite8 under mildly basic conditions. Final functionaliza-
tion of 5 with a range of acid chlorides provided the
target compounds 6 in good overall yield. A similar syn-
thetic approach was used to generate carboxylic acid 11
(Scheme 2) to allow direct modification of the carbox-
amide substituent on the central aromatic ring via
EDC-mediated amide formation.


A range of urea and carbamate analogs were also effi-
ciently constructed through utilization of intermediates
3 and 8 to investigate alternative functionalizations of
the diazepane ring.
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Functional antagonism was measured by monitoring the
reduction in CXCL11-stimulated calcium release for a
cell line (HEK293) over-expressing recombinant human
CXCR3 and the chimeric G protein Gqi5,9 following
stimulation with 40 nM CXCL11 in a FLIPR-based cal-
cium mobilization assay10 (no agonist activity was ob-
served for the compounds described). As a specificity
control, antagonists were tested at 25 lM for effect on
activation of endogenous muscarinic receptors in the
same cell line by carbachol. Inhibition was found to be
specific for CXCR3. Furthermore, no cytotoxicity was
observed in CXCR3 HEK293 cells at 100 lM com-
pound concentration using a WST-1 readout (Roche)
after a 24 h incubation.11


An investigation of the secondary carboxamide substitu-
ent (R) and the benzamide substituent (Ar) was initially
conducted to probe the steric and electronic require-
ments at these two positions for CXCR3 activity. A
strong preference for phenethyl-based functionality
was observed for the secondary amide, with 2,4-dichloro
substitution (6a–o) being optimal based on the analogs
synthesized (Table 1). Phenethyl-based systems incorpo-
rating mono halo substitution (6p–u) also maintained
reasonable activity superior to the unsubstituted phen-

ethyl derivative (6v). Incorporation of the racemic
trans-cyclopropylphenethyl derivative (6w) also dis-
played a moderate increase in potency in comparison
to the parent phenethyl system. The unsubstituted ben-
zylic analog (6y) resulted in only moderate activity.
However, as observed for the phenethyl-based analogs,
a �5-fold increase in potency was realized on inclusion
of a 4-chloro substituent (6z). Small aliphatic compo-
nents such as isopropyl (6aa) and cyclopropylmethyl
(6bb) resulted in a significant reduction in activity, dis-
playing IC50 values in the micromolar range. Com-
pounds involving removal of the amide carbonyl
acceptor (not shown) displayed no activity versus
CXCR3.


Evaluation of the benzamide substituent (Ar) showed
good activity for the unsubstituted system (6a) and
electron-deficient systems substituted in the 3-position
(6c, 6e, and 6g), achieving potencies of 60–80 nM.
The analogous 2-substituted derivatives (6b and 6f)
resulted in a �10-fold reduction in potency. Inclusion
of simple heterocycles was tolerated (6k–o); however,
the 4-pyridyl analog (6m) displayed significantly better
potency than the corresponding 3-pyridyl derivative
(6l) (Table 1).







Table 1. IC50 values for 4-N-aryl-[1,4]diazepane ethyl ureas


HN


O
NH


N
R


N
O


HN


ArO


6


Compound R Ar IC50 ± SEMa


(lM)


6a 2,4-Dichlorophenethyl Ph 0.07 ± 0.00


6b 2,4-Dichlorophenethyl 2-Cl Ph 0.70 ± 0.14


6c 2,4-Dichlorophenethyl 3-Cl Ph 0.06 ± 0.01


6d 2,4-Dichlorophenethyl 3-MeO Ph 0.17 ± 0.03


6e 2,4-Dichlorophenethyl 3-CN Ph 0.08 ± 0.03


6f 2,4-Dichlorophenethyl 2-F Ph 0.59 ± 0.11


6g 2,4-Dichlorophenethyl 3-F Ph 0.06 ± 0.01


6h 2,4-Dichlorophenethyl 4-F Ph 0.20 ± 0.04


6i 2,4-Dichlorophenethyl 3,4-F2 Ph 0.29 ± 0.07


6j 2,4-Dichlorophenethyl 3,5-F2 Ph 0.24 ± 0.12


6k 2,4-Dichlorophenethyl 2-Thiophene 0.13 ± 0.02


6l 2,4-Dichlorophenethyl 3-Pyridyl 3.10 ± 0.40


6m 2,4-Dichlorophenethyl 4-Pyridyl 0.25 ± 0.05


6n 2,4-Dichlorophenethyl 3-Thiophene 0.49 ± 0.01


6o 2,4-Dichlorophenethyl 2-Furan 0.64 ± 0.11


6p 2-Chlorophenethyl 3-Cl Ph 0.19 ± 0.04


6q 3-Chlorophenethyl 3-Cl Ph 0.30 ± 0.08


6r 4-Chlorophenethyl 3-Cl Ph 0.12 ± 0.02


6s 2-Fluorophenethyl 3-Cl Ph 0.34 ± 0.10


6t 3-Fluorophenethyl 3-Cl Ph 0.34 ± 0.10


6u 4-Fluorophenethyl 3-Cl Ph 0.32 ± 0.06


6v Phenethyl 3-Cl Ph 0.51 ± 0.08


6w Cyclopropylphenethylb 3-Cl Ph 0.24 ± 0.06


6x 3,4-Dimethoxyphenethyl 3-Cl Ph 0.42 ± 0.06


6y Benzyl 3-Cl Ph 1.25 ± 0.41


6z 4-Chlorobenzyl 3-Cl Ph 0.25 ± 0.04


6aa iPr 3-Cl Ph 2.16 ± 0.44


6bb Cyclopropylmethyl 3-Cl Ph 2.15 ± 0.12


a IC50 ± standard error mean in response to stimulation with 40 nM


CXCL11.
b trans-Racemic.


Table 2. IC50 values for 1-substituted-4-N-aryl-[1,4]diazepanes
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N
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Cl


Cl


Cl


12


Compound R IC50 ± SEMa (lM)


6c –NHEt 0.06 ± 0.01


12a –NHnPr 0.06 ± 0.01


12b –NHiPr 0.06 ± 0.01


12c –NHnBu 0.05 ± 0.00


12d –NHMe 0.80 ± 0.12


12e –NMe2 0.89 ± 0.21


12f –OMe 9.8 ± 1.9


12g –OEt 13.0 ± 1.7


a IC50 ± standard error mean in response to stimulation with 40 nM


CXCL11.
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Figure 1. Inhibition of CXCL11 induced T-cell chemotaxis by 6c.
aArbitrary fluorescence units.
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Modification of the ethyl urea functionality (Table 2) to
generate the n-propyl (12a), i-propyl (12b), and n-butyl
(12c) analogs resulted in maintenance of 660 nM activ-
ity. Carbon deletion to generate the methyl urea (12d)
and incorporation of the N,N-dimethyl tertiary urea
(12e) resulted in >10-fold reduction in potency. Devia-
tion from the urea functionality to generate the methyl
carbamate (12f) and ethyl carbamate (12g) derivatives
resulted in the loss of activity to P10 lM.


Alteration of the central core of 6 to investigate the
importance of the disubstituted [1,4]-diazepane ring sys-
tem was also conducted (not shown). Reduction in ring
size to generate the piperazinyl analog, and incorpora-
tion of isosteric acyclic variants exhibit no activity
against CXCR3. This suggests that the geometry adopt-
ed by the [1,4]-diazepane is a preferred conformation of
the 1- and 4-substituents for activity.


The activity of 6c was also measured by monitoring the
reduction in CXCL10 (IP-10)-stimulated calcium release

in the same HEK293 cell line.9 Stimulation with 100 nM
CXCL10 in the FLIPR-based calcium mobilization as-
say resulted in an IC50 value of 20 nM for 6c, demon-
strating that antagonism is not limited to receptor
activation by CXCL11.


The functional activity of 6c was further investigated
with respect to its ability to inhibit CXCL11 induced
T-cell chemotaxis in vitro. Cultured human T cells ex-
press both CXCR3 and CCR7, which respond to the li-
gands CXCL11 and CCL21 (secondary lymphoid-tissue
chemokine/SLC), respectively. Compound 6c successful-
ly inhibited the CXCR3 (CXCL11)-mediated migration,
whereas migration through CCR7 (CCL21) was unaf-
fected (Fig. 1).12 In other experiments 6c was able to
dose-dependently inhibit CXCR3-mediated migration
with an IC50 of approximately 100 nM.


The specificity of 6c was also evaluated against a panel
of 14 human GPCRs in radioligand binding assays.13


The GPCRs included adrenergic receptors a2B and
b2; chemokine receptors CCR1, CCR2B, CCR4,
CXCR1 (IL-8A), and CXCR1 (IL-8B); dopamine recep-
tors D1, D2S, D3, and D4.2; muscarinic receptors M1 and
M2; and the serotonin receptor 5-HT1A. For each of
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these GPCRs, less than 50% inhibition was observed at
10 lM.


In conclusion, novel small-molecule functional antago-
nists of the chemokine receptor CXCR3 have been iden-
tified, as determined by inhibition of both calcium
mobilization and T-cell chemotaxis on stimulation with
CXCL11. In addition, compounds were shown to be
non-cytotoxic and display good general selectivity.
These initial findings provide a structural template for
the further optimization of potency and evaluation of
pharmacokinetic properties.
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Abstract—Anovel biotin-tagged photoaffinity probe was synthesized and evaluated as a vascular endothelial growth factor receptor-2
(VEGFR-2) tyrosine kinase inhibitor. The probe (2) is a potent VEGFR-2 inhibitor with an IC50 value of 7.1 lM, and inhibits VEGF-
induced proliferation in human umbilical vein endothelial cells (HUVEC), with an IC50 value of 40.3 lM. This probe will be a useful
reagent for investigating ligand–protein interactions.
� 2005 Elsevier Ltd. All rights reserved.
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Photoaffinity labeling is a useful method for the identifi-
cation of ligand-binding sites of target proteins and the
investigation of ligand–receptor interactions. Photoac-
tive moieties, such as an azido or a diazirine group, have
been used as precursors for the highly reactive inter-
mediate nitrene or carbene, which is generated upon
photolysis. Perfluorophenyl azides are the most widely
applied photolabeling reagents and belong to a new
class of photolabeling reagents with improved C–H
insertion efficiency compared with their nonfluorinated
analogues.1,2 Biotin-labeling is a powerful technique
for the radioisotope-free detection of photolabeled pro-
teins based on the strong interaction of biotin with
either avidin or streptavidin. Therefore, biotinylated
photoaffinity probes can be applied to separate photola-
beled proteins from complex mixtures as well as to study
the interactions of ligand–protein in living cells using ad-
vanced imaging techniques.3 Recently, much attention
has been devoted to the application of this method to
the investigation of small molecule–target protein
interactions.4


Vascular endothelial growth factor receptors (VEG-
FRs) are located on the surfaces of vascular endothelial
cells and their activity is crucial for the induction of
tumor angiogenesis, which is the process of new blood
vessel formation from preexisting blood vessels.5 For
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this reason, VEGFRs are attractive therapeutic targets
for the development of novel agents to treat diseases
such as cancer.6,7 Several inhibitors of VEGFRs have
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Figure 1. Structures of CB676475 (1) and a biotinylated photoactive


quinazoline analogue (2).
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been shown to inhibit tumor angiogenesis and the
growth of tumors in animal models.8 Recently, 4-anili-
noquinazoline derivatives that selectively inhibit VEG-
FRs (KDR and Flt) have been reported by Hennequin
et al.6 To design probes that are bioactive in the same
range as its parent compound, we analyzed the struc-
ture–activity relationships reported in the various
synthetic derivatives. Structure–activity studies of 4-
anilinoquinazoline inhibitors indicated that the addi-
tion of various substituents at the C-7 position of the
quinazoline ring can retain good inhibitory activity.6,7


In order to synthesize small molecule probes that can
be applied for the study of VEGFRs, we investigated
the introduction of a photoactive moiety and a biotin
group at the C-7 position of the quinazoline ring,
and synthesized chemical probes with perfluorophenyl
azide and/or biotin moiety.


4-[(4 0-Chloro-2 0-fluoro)phenylamino]-6,7-dimethoxyqui-
nazoline (CB676475, 1) is a potent inhibitor of VEGFR
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Scheme 2. Synthesis of compound 12. Reagents and conditions: (i) CH3CO2


rt, 12 h, 65%; (iii) MsCl, NEt3, THF/DMF, 0 �C, 1 h, 99%; (iv) NaN3, EtOH

(KDR and Flt) tyrosine kinases. IC50 values for KDR
and Flt are 0.1 and 2 lM, respectively (Fig. 1).6 Based
on the structure of CB676475 (1), a novel biotinylated
photoaffinity probe (2) was synthesized and evaluated.
As shown in Scheme 1, the key intermediate 4-(4 0-chlo-
ro-2 0-fluorophenylamino)-6-methoxyquinazolin-7-ol (3)
was prepared from 3,4-dimethoxybenzoic acid, as de-
scribed previously.7,9 The side chain at the C-7 position
of quinazoline ring of compound 4 was introduced by
the reaction of 7-hydroxyanilinoquinazoline 3 with 2-
bromoethanol. The azide 6 was synthesized by the mesy-
lation of alcohol 4 and the replacement of the mesyl
group using NaN3. 7-(2 0-Aminoethoxy)quinazoline
derivative 7 was obtained by the reduction of the azido
group. The amine 12 was prepared as illustrated in
Scheme 2. The intermediate 9 was synthesized by the
O-alkylation of 3 with 2-acetoxyethyl-2 0-tosyloxyethyl
ether followed by the deprotection of the O-acetyl
group.10 Compound 9 was treated with methansulfonyl
chloride to give O-mesylated quinazoline 10. Finally,
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compound 12 was obtained from 10 in high yield, under
the same conditions as those used to prepare the amine
7. As shown in Scheme 3, the biotinylated quinazoline
derivatives (13a,b) were prepared by the condensation
of amines 7 or 12 with (+)-biotin 4-nitrophenyl ester.
The 4-azidotetrafluorobenzamide derivatives (15a,b)
were obtained by the condensation of amines 7 or 12
with N-succinimidyl 4-azidotetrafluorobenzoate 14.1


The synthesis of the novel biotinylated photoreactive
derivative 2 is summarized in Scheme 4. The intermedi-
ate 18 was synthesized by the condensation of commer-
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Scheme 4. Synthesis of compound 2. Reagents and conditions: (i) NaOH, D


DMF, rt, 4 h, 77%; (iii) 12, DMF, rt, overnight, 98%.

cially available biocytin 16 with 14 followed by the
succinimidyl activation of acid 17 with N-hydroxy-
succinimide.11,12 Finally, the target biotin-tagged
photoprobe 2 was obtained by the condensation of the
NHS ester 18 with 12 in excellent yield.


In order to confirm whether a series of quinazoline
derivatives (2, 13a,b, 15a, and b) effectively inhibit VEG-
FR-2, we measured their inhibitory activities against
VEGFR-2 tyrosine kinase.6,13a All compounds were
found to be potent VEGFR-2 inhibitors as shown in
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Table 1. Inhibitory activity of 4-anilinoquinazoline derivatives


Compound IC50 (lM)a


VEGFR-2 HUVEC


1 1.5 1.0


13a 4.8 14.7


13b 1.5 1.9


15a <1 4.1


15b <1 3.2


2 7.1 40.3


a IC50 values are expressed as the average of at least three


determinations.
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Figure 2. UV spectra for the photolysis of 2 (6 lM) in methanol at (a)


0, (b) 5, (c) 10, (d) 20, (e) 40, and (f) 60 s. The inset shows the UV


absorption spectrum of N-succinimidyl 4-azidotetrafluorobenzoate 14


(10 lM) in methanol.


132 S.-Y. Han et al. / Bioorg. Med. Chem. Lett. 16 (2006) 129–133

Table 1. The biotin-tagged photoaffinity probe 2 was a
potent VEGFR-2 inhibitor (IC50 = 7.1 lM) being only
4.7-fold less potent than CB676475 (IC50 = 1.5 lM).
On the basis of their activities against VEGFR-2, qui-
nazoline derivatives were evaluated in the VEGF-stimu-
lated HUVEC proliferation assay (Table 1).13b The
biotinylated compounds 13a,b inhibited VEGF-depen-
dent HUVEC proliferation with IC50 values of 14.7
and 1.9 lM, respectively. The 4-azidotetrafluoroaryl
derivatives 15a,b were found to be more potent inhibi-
tors, with IC50 values of 4.1 and 3.2 lM, respectively.
The extension of side chain at the C-7 position of quinaz-
oline ring resulted in more potent inhibitors 13b and 15b
compared to compounds 13a and 15a. The probe 2 inhib-
ited HUVEC proliferation with an IC50 value of
40.3 lM. The inhibitory ability of probe 2 was 40-fold
less potent than that of CB676475, which could be ex-
plained by unfavorable steric interactions of the bulky
biotinylated photoactive moiety with the target enzymes.
Although the inhibition effect was slightly decreased
compared to that of CB676475, the probe 2 is potentially
useful in selective photolabeling of target proteins.


Photodecomposition of probe 2 was examined by
monitoring the UV absorbance change in the range
between 200 and 400 nm in quartz cell.14 The absorp-
tion spectra of photolysis are presented in Figure 2.
The absorption maxima of 2 were observed at 250
and 330 nm. The photolysis of 2 in methanol was test-
ed by UV irradiation at 254 or 365 nm at a distance
of 5 cm from a UV lamp (VL-4LC, 4 W). Upon UV
irradiation, the photolysis rate of 2 at 254 nm was
faster than that at 365 nm (data not shown), and
the decrease in absorption at 250 nm after 254 nm
UV irradiation was greater than that at 330 nm, sug-
gesting that the photodecomposition of the azidotetra-
fluorophenyl group resulted in the decrease in
absorption at 250 nm. These results demonstrated that
the probe 2 could be a powerful photoaffinity reagent
to label VEGFRs involved in various aspects of tumor
angiogenesis.


In conclusion, we have designed and synthesized a novel
biotin-tagged photoaffinity probe 2 that is a potent
VEGFR-2 inhibitor. This compound can be a useful
photoaffinity labeling reagent for the identification and
purification of target proteins as well as for the investi-
gation of ligand–protein interactions in living cells using

advanced imaging techniques. Further studies of VEG-
FRs using this probe are in progress.
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Abstract—A series of 1-alkyl-3-phenylthiourea analogues were prepared and evaluated as HDL- and Apo A-I-elevating and
triglyceride-lowering agents. Several derivatives were superior to gemfibrozil (1). The optimal analogue 8d (HDL376) was shown
to raise HDL cholesterol in the rat, hamster, dog, and monkey models.
� 2005 Elsevier Ltd. All rights reserved.

Atherosclerosis is a complex disease where the progres-
sive accumulation of cholesterol within the arterial wall
eventually results in occlusion of the coronary or cere-
bral arteries ultimately leading to myocardial infarction
or stroke. It is well known that major risk factors for
atherosclerotic cardiovascular disease include such
dyslipidemias as elevated low-density lipoprotein
(LDL) cholesterol, low levels of high-density lipopro-
tein (HDL) cholesterol, and high levels of triglycerides.
Extensive epidemiological studies have shown a strong
inverse relationship between serum HDL cholesterol
levels and coronary heart disease.1–3 The Framingham
Heart Study showed that a 10 mg/dL increase in HDL
cholesterol was associated with a 19% decrease in coro-
nary artery disease death and a 12% decrease in all-
cause mortality.4 The Helsinki Heart Study5,6 and the
Veterans Administration HDL Intervention Trial7 dem-
onstrated a reduced incidence of cardiovascular events
with increased HDL cholesterol levels in response to
treatment with the PPARa agonist gemfibrozil (1).
These two clinical trials raised HDL cholesterol by 9%
and 6%, respectively.


One of the possible mechanisms for the protective nat-
ure of HDL against the development of atherosclerosis
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is its ability to mediate cholesterol efflux in the reverse
cholesterol transport pathway. The HDL particle ex-
tracts cholesterol from cells,8 thus counteracting the ef-
fects of LDL cholesterol and subsequently preventing
the formation of foam cells, the genesis of atherosclerot-
ic lesions.9,10 The cholesterol-laden HDL particle is then
transported to the liver where the cholesterol is recycled
or removed by excretion in bile.3,10


Apolipoprotein A-I (Apo A-I), the major protein com-
ponent of HDL, actively regulates the function of
HDL. It has been demonstrated that transgenic mice
which overexpress the human Apo A-I gene resulted in
elevated levels of HDL cholesterol and significant pro-
tection from the development of aortic fatty streak
lesions.11 This protection was also seen in spontaneously
atherosclerotic Apo E-deficient mice.12,13


We have previously disclosed a series of N-phenylthio-
ureas as a new class of HDL-elevating agents.14,15 The
initial lead SDZ45-904 (2) was identified from our cor-
porate compound archive. Initial modifications com-
bined structural features from both gemfibrozil (1) and
2 to produce a �hybrid� molecule 3, which was shown
to be as effective as 1 in raising HDL cholesterol and
Apo A-I levels.16 We then focused on probing the
SAR around compound 2. Varying the substitution pat-
tern in the aromatic ring did not improve on the overall
profile of 2 and generally elicited substantial reductions
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in body weight gain.17,18 Chain modifications of 2 led
to conformationally restricted analogue (R)-4, which
was approximately 50% more potent than 1 in elevat-
ing HDL cholesterol and nearly twice that of 1 in rais-
ing Apo A-I levels. Total cholesterol was also raised
significantly with moderate reduction in body weight
gain. The (S)-enantiomer of 4 was equally efficacious
at raising HDL cholesterol but had no effect on apo
A-I.


21


3


O
COOH


CH3


CH3


S


CH3


Cl


COOH
N
H


N
H


N
H


N
H


OH


Cl


CH3


S


4


S


CH3


Cl


NN
H


OH

A common feature of 2 and its analogues is the primary
alcohol, a potential metabolic liability. We were interest-
ed in exploring whether the alcohol could be replaced
and maintain potency. We also incorporated fast pro-
tein liquid chromatography (FPLC) as another method
for analyzing serum lipoproteins. This report will dis-
cuss the SAR around structural modifications to 2 as
well as differences in results obtained with both ultracen-
trifugation and FPLC techniques.


The aromatic substituted thioureas (6) were readily
prepared by reaction of a phenyl isothiocyanate with
propylamine in methylene chloride (Scheme 1). Con-
versely, chain variants 8 were synthesized by reaction
of 5-chloro-2-methylphenyl isothiocyanate (7) with an
appropriate amine. All amines were commercially avail-
able with the exception of the chiral 2-ethylpiperidine
derivatives. (S)-2-Ethylpiperidine was obtained by
resolution of 2-ethylpiperidine with (R)-mandelic acid.19


The corresponding (R)-enantiomer was obtained by
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Scheme 1. General preparation of arylthiourea derivatives.

resolution with (S)-mandelic acid. These were reacted
with 7 to give 9 and 10, respectively.
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Compounds were administered in diet (ad libitum) to
groups of six male Sprague–Dawley rats for 8 days
as described in an earlier publication.16 Serum lipopro-
teins were separated by classical ultracentrifugation
(UC) techniques and cholesterol was quantitated by
enzymatic colorimetric methods. Serum Apo A-I was
measured by SDS–polyacrylamide gel electrophoresis20


or a rat competition ELISA.16 Concurrently, serum
lipoproteins were also analyzed by FPLC,21 which
was modified for robotic automation.22,23 Within each
study, gemfibrozil (1) was used as an internal positive
control.

Initial FPLC analysis of 2 provided conflicting results
when compared with the UC method. HDL cholesterol
values obtained by FPLC were significantly higher
than the UC values. We then analyzed the serum sam-
ples using density gradient ultracentrifugation.24 In
contrast to classical UC where a static density of
1.06 g/ml is used, we used seven escalating densities.
As seen in Figure 1, a density of 1.06 g/ml is sufficient
to account for virtually all of the HDL cholesterol of 1
(fractions 20–44) but not for 2 when the same fraction
numbers were collected. The HDL peak is shifted left
(toward the b-VLDL region) indicating the presence
of larger, more buoyant particles. However, all of the
fractions of this peak contain Apo A-I and no Apo
B, thus confirming the presence of HDL particles.
Within the series of compounds listed in Tables 1
and 2 the HDL cholesterol values measured by classi-
cal UC at a density of 1.06 g/ml were underestimated
in more than half of the cases.


The first structural change of 2 was the replacement of
the hydroxyl group with methyl (6a, Table 1). Satisfy-
ingly, it exhibited a profile similar to that of 2 with a
smaller increase in total cholesterol (TC) and a smaller
decrease in body weight gain (WG). We then made some
minor changes to the aromatic substituents. Replacing
chlorine with fluorine or bromine (6b and 6c) retained
the HDL effects, however, TC levels were higher than
that of 6a. Replacing methyl with ethyl (6d) resulted in
a further increase of HDL cholesterol, although Apo
A-I levels were statistically no different from controls.
Replacement of methyl with methoxy (6e–g) resulted
in a loss of activity relative to 6a. The 2,5-dimethyl ana-
logue 6h, which has the same substitution pattern as
gemfibrozil, had a similar profile as 6a, although TC
levels were elevated relative to 6a and the WG effects
were decreased. Within this series of compounds, it ap-
pears that the 5-chloro-2-methyl analogue 6a has the
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Figure 1. Rat serum density gradient cholesterol of SDZ45-904 (2) and gemfibrozil.


Table 1. Lipid profiles of aromatic variants 6 in cholesterol-fed male rats


6a R1 R2 Dose (mg/kg/day) HDL UC (%)b HDL FPLC (%)b Apo A-I (%)b Total cholesterol (%)b TG (%)b WG (%)c


a Cl Me 55f 83f 292f 54f 6f �54f �78f


b F Me 57 152 312 18 54 �58 �77


c Br Me 63 142 306 46 47 �53 �29


d Cl Et 70 101 369 43 (NS) 28 �61 �33


e Cl OMe 78 99 97 58 (NS) 49 �43 �6


f OMe OMe 79 108 97 19 (NS) 60 �23 (NS) 14


g Me OMe 71 84 63 133 71 �54 �16


h Me Me 62 127 278 72 29 �59 �38


1d 50 104 139g 54 �23 �29 2


2e 55 75 241h 48 39 �53 �104


UC, ultracentrifugation; TG, triglycerides; WG, weight gain.
a Satisfactory elemental analysis obtained for all compounds.
b Relative to untreated controls. Values are significantly different (p < 0.05) relative to untreated controls unless otherwise indicated (NS).
c % change in body weight gain relative to untreated controls.
dMean value of 160 studies.
eMean value of 26 studies.
fMean value of 25 studies.
gMean value of 97 studies.
hMean value of 12 studies.
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most desirable overall profile. This aromatic substitu-
tion pattern is consistent with earlier analogues reported
by us14–17 as well as others.25


We next focused our attention on optimizing the alkyl
chain (Table 2). Either decreasing or increasing the
chain length by one methylene unit (8a and 8b) de-
creased the HDL and Apo A-I response relative to 6a
while raising TC. The t-butyl (8c) and closely related
1,1-dimethylpropyl analogue 8f suffered dramatic loss
of activity. The isobutyl analogue 8d retained HDL
activity, increased Apo A-I relative to 6a, reduced TC le-
vel, and lowered adverse WG parameters to an accept-
able level. Addition of another methyl group to the
end of the chain (8e) resulted in some loss of HDL activ-
ity and an additional methyl next to the nitrogen (8g)
further reduced HDL activity.


The carbon versions (9 and 10) of the most active con-
formationally restricted alcohol analogue (4) previously

reported17,26 were also the most active in this series,
raising HDL cholesterol 404% and 614%, respectively;
however, TC levels were also dramatically elevated
and large reductions in WG were observed.


In general, nearly all of the thiourea analogues were
effective at lowering TG levels. The liver enzymes
ALT, AST, and ALP were measured for all compounds.
Derivatives 6c, 6e, and 8b elevated ALP 44–49% and 6h,
75%. Elevation of ALT and AST was observed for 8a
(81%, 162%), 8b (93%, 79%), and 8e (111%, 49%). Com-
pounds 9 and 10 elevated both AST (85% and 80%,
respectively) and ALP (129% and 105%, respectively).
Compounds 2, 6a, 8d, 9, and 10 were measured for
PPARa and 6a, 8d, 9, and 10 were measured for PPARd
activity. All of them were found to be inactive in both
assays (EC50 > 100 lM).


Inspection of the data obtained for all compounds
indicated that 8d possessed the optimal overall profile.







Table 3. Percent increase of HDL cholesterol of HDL376 (8d) and gemfibrozil in alternate animal models


Model HDL376 Dose (mg/kg/day) Gemfibrozil Dose (mg/kg/day)


NF rat 75 80 25 50


CF hamster 15 64 NA 45


NF hamster 44 52 NA 45


NF dog 50 35 NA 250


CF rhesus monkey 75 12


CF cynomolgus monkey 100 12


NF, normal-fed; CF, chow-fed; NA, not active. Good dose responses were observed in each of the species mentioned in this table.


Table 2. Lipid profiles of chain variants 8, 9, and 10 in cholesterol-fed male rats


8a R Dose (mg/kg/day) HDL UC (%)b HDL FPLC (%)b Apo A-I (%)b Total cholesterol (%)b TG (%)b WG (%)c


a Et 73 110 215 27 32 �64 �107


b n-Bu 55e 100e 203e 38e 39e �44 �53e


c t-Bu 77 30 22 60 �15 (NS) �31 9 (NS)


d CH2CHMe2 79f 104f 260f 77f �11f �54f �12f


e CH2CMe3 88 122 196 89 3 (NS) �66 7


f CMe2Et 81 55 39 64 �10 �14 (NS) 15


g CHMeCMe3 82 93 109 34 15 (NS) �35 �24


h CH2Ph 77 135 136 27 97 �21 41


9 62 124 404 39 126 �56 �88


10 63 129 614 30 167 �54 �105


1d 50 104 139g 54 �23 �29 2


UC, ultracentrifugation; TG, triglycerides; WG, weight gain.
a Satisfactory elemental analysis obtained for all compounds.
b Relative to untreated controls. Values are significantly different (p < 0.05) relative to untreated controls unless otherwise indicated (NS).
c % change in body weight gain relative to untreated controls.
dMean value of 160 studies.
eMean value of 2 studies.
fMean value of 51 studies.
gMean value of 97 studies.
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HDL cholesterol and Apo A-I levels were elevated near-
ly twice that of gemfibrozil, while TC was reduced by
11%. It was also twice as effective as gemfibrozil at
reducing TG levels. Compound 8d (designated
HDL376) was further profiled against 1 in additional
animal models (Table 3). In all models, HDL376 elevat-
ed HDL cholesterol, whereas 1 was not active in the CF
hamster and NF hamster and dog. This suggests that the
mechanism of action of this class of compounds, while
currently unknown, may be broadly relevant to mam-
mals and not specific to the rat.


In conclusion, 1-alkyl-3-phenylthioureas have been
shown to be effective HDL and Apo A-I-elevating
agents which also exhibit TG-lowering properties.
Some analogues produced larger, more buoyant
HDL particles. The optimal analogue 8d was effective
at raising HDL cholesterol in the CF and NF rat, CF
and NF hamster, and NF dog and CF monkey
models.
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Abstract—Metastin has been identified as a metastasis suppressor gene product that mediates its function through a G protein cou-
pled receptor, GPR54. To refine insight into the critical pharmacophore for the activation of GPR54, we have conducted alanine
and DD-amino acid scanning on a biologically active metastin fragment (45–54). Based on these data and structures of peptides pre-
viously reported to activate GPR54, a series of shortened metastin (45–54) derivatives were synthesized and tested for the ability to
induce GPR54 signaling. These biological experiments were performed in yeast containing human GPR54 that was coupled to the
pheromone response pathway and a pheromone responsive lacZ reporter gene. Compounds 32, 33, and 39, which possess an N-ter-
minal basic group and a C-terminal RW-amide motif, were strong agonists, similar to the level of metastin. This may provide an
approach to reverse the pro-metastatic effect of metastin deletion in multiple malignant tumors.
� 2005 Elsevier Ltd. All rights reserved.

A metastasis suppressor gene that was originally desig-
nated KiSSl was found to have decreased expression in
metastatic melanoma, but not in non-metastatic coun-
terparts.1 The activity of this gene product was found
to be mediated by an orphan GPCR (hOT7T175,
AXOR12, GPR54).2 Metastin, consisting of 54 amino
acid residues, was recently identified as an endogenous
ligand of GPR54 from a human placental extract.2a


It was also demonstrated that this peptide was a
post-translationally modified derivative of the 145 resi-
dues KiSS1/metastin precursor. The biological activity
of metastin was localized to a 10 residues (45–54)
C-terminally amidated peptide. Metastin (45–54) has
been shown to oppose the proliferation and mobility
of multiple tumor cell types in vitro. Clinical correla-
tions in human tumors are limited to the finding of an
inverse relationship between metastatic potential of
malignant melanoma and KiSS1 expression by in situ
hybridization.3

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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The biological significance of so-called �Kisspeptins� is
not limited to the negative regulation of the metastatic
phenotype. KiSS1/metastin is expressed in placenta at
high levels and lower copy numbers are detected in brain
and testis.2 The metastin receptor is expressed in placen-
ta, brain, pituitary, spinal cord, pancreas, and carcino-
mas of the breast, ovary, and thyroid. Deficiency of
metastin receptor function has been associated with
hypogonadotropic hypogonadism in humans and genet-
ically modified mouse models.4


Thus, metastin may be a candidate for a novel therapy
to prevent metastatic spread of multiple malignancies,
as well as having implications for hormonal therapy.
The therapeutic use of metastin (45–54) possesses many
limitations that include limited bioavailability and prob-
lematic stability. Downsizing and reduction of the pep-
tide nature of metastin are critical to the future
therapeutic targeting of its receptor in malignant and
endocrine disorders. In this study we expressed the
metastin receptor in yeast coupled to a pheromone-re-
sponsive lacZ reporter gene to select downsized metastin
analogs possessing an N-terminal basic group and a
C-terminal RW-amide motif.
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Ohtaki et al. described that N-terminally truncated
metastin analog, metastin (45–54), possessed higher
affinity for GPR54 compared to full length metastin,
but metastin (46–54) was less potent.2a They presumed
that C-terminally amidated sequence from Tyr45 to
Phe54 is mostly involved in receptor interaction and that
N-terminal portion of metastin is not essential for recep-
tor binding, but it may be involved in another biological
process such as stabilization and protection from prote-
olytic digestion. Therefore we envisioned that modifica-
tion of metastin (45–54) would provide a novel low
molecular GPR54 agonist.


First, we carried out Ala-scanning and DD-amino acid
scanning of metastin (45–54) in order to identify impor-
tant residues for GPR54-agonistic activity. All peptides
were synthesized by standard Fmoc-based solid phase
peptide synthesis (Fmoc-SPPS). The activities of the
peptides based on the structure of metastin (45–54) were
determined in an assay system in yeast in which GPR54
was linked to the pheromone response signaling cascade
via a hybrid G alpha subunit, modified from the ap-
proach previously described in our laboratory.5 The
agonistic activities of the synthetic peptides were deter-
mined by quantification of b-galactosidase activity
encoded by a pheromone-sensitive FUS1-lacZ reporter
gene. Following incubation with the candidate peptides
for three hours at 37 �C, lysates were incubated with
fluorescein di-b-DD-galactopyranoside (FDG) (Molecular
Probes, Eugene, OR), a fluorescent b-galactosidase sub-
strate and analyzed in a FUSION (Packard) at appro-
priate excitation and emission wavelengths. The
magnitude of GPR54 activation by the various mutants
was compared to that of the metastin (45–54) parental
template (Fig. 1).
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Figure 1. Ala-scanning and DD-amino acid scanning of metastin (45–54) by la

In the Ala-scanning experiments, substitution of Phe50,
Leu52 and Phe54 resulted in complete loss of agonistic
activities (peptides 6, 8, and 10). The DD-amino acid scan-
ning showed the importance of stereochemistry of the C-
terminal five residues for activation of GPR54 (peptides
16–20). These data suggested that five amino acid resi-
dues, Phe50 to Phe54 play an especially important role
for binding and activation of GPR54.


Recently, we reported that cyclic pentapeptide format
can serve as an efficient template as a Pharmacophore
displaying unit in the development of antagonists of
the CXCR4 chemokine receptor.6 It was reasoned
that cyclic peptides containing Phe50 to Phe54 in meta-
stin (45–54), which were shown to be important for
the receptor activation in experiments described
above, might show high agonistic activity because of
the fixation of active conformation(s) by the ring
structure.


We synthesized cyclic peptides 21–26 consisting of Ser46


to Phe54 without exchanging the order of the amino
acids (Fig. 2). Gly51 was not deleted due to synthetic
utility (racemization free, ease of cyclization). Protected
peptides were constructed from Gly by Fmoc-SPPS on
the 2-chlorotrityl resin. After cleavage from the resin
without deprotection of side chain, the resulting pep-
tides were cyclized by use of DPPA. Final deprotection
with 95% TFA aq was followed by HPLC purification to
yield the desired cyclic peptides. Agonistic activities of
these peptides were evaluated by the pheromone-respon-
sive lacZ reporter gene assay as described for the alanine
scanning mutants. Disappointingly, these peptides
showed no agonistic activities for GPR54 in this assay
system.
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At the same time that metastin was identified as an
endogenous ligand for GPR54, it was revealed that sev-
eral invertebrate neuropeptides also possessed agonistic
activity for this receptor. Some of sequences of reported
peptides and their EC50 values determined by Clements
et al. are shown in Table 1.2b It was confirmed that the
potency of metastin and metastin (45–54) were more ac-
tive than peptide 27 (reported EC50 (lM) value by Muir
et al.2c: peptide 27: 1.86; metastin: 0.0012; metastin (45–
54): 0.00050). The sequences of these peptides are simi-
lar to that of the metastin C-terminal region. Comparing
peptide 28 with 29, increased activity was associated
with replacement of the C-terminal Phe with Trp. Pep-
tide 30, which contains an N-terminal side Arg as basic
group and G-L-R-W-NH2 sequence identical to the
metastin C-terminus except for Trp residue, was the
most potent of these short peptides. Therefore, modifi-
cations of metastin (45–54) were performed utilizing
these data in order to develop downsized metastin
analogs.


We designed several short metastin derivatives based on
the sequence of metastin (45–54) (Fig. 3). All peptides
possess an N-terminal basic group, for example a gua-
nide group or a pyridine ring which are often found in
GPCR ligands, and the C-terminal RW-amide motif.
Several peptides were incorporated DDPhe-Pro, Phe-DDAla
or Phe-DDPro sequence as a turn inducing spacer instead
of Phe-Gly. All peptides were synthesized by standard
Fmoc-SPPS. BisPy group and Gu group were construct-
ed on the resin by reductive amination using 2-pyridin-
ecarboxy aldehyde and NaBH3CN or commercially
available guanilation reagent, respectively (Fig. 4).


The agonistic activities of these peptides were evaluated
using the GPR54 pheromone responsive lacZ reporter

Table 1. EC50 values of several invertebrate neuropeptides for human


GPR54 reported by Clements et al.


Peptide Sequence EC50 (lM)


27 pEGLRW-NH2 1.5


28 NRNFLRF-NH2 8.0


29 NRNFLRW-NH2 2.1


30 NRNGLRW-NH2 0.2

gene in yeast (Fig. 5). In this experiment, peptides 32
(FM052a), 33 (FM053a), and 39 (FM059a) showed high
agonistic activities at the same level as full length meta-
stin. The molecular weights of these peptides (32: 992;
33: 852; 39: 1175) are lower than those of metastin
and metastin (45–54) (5857 and 1302, respectively).
Thus, the molecular size of metastin was dramatically
downsized with maintenance of its agonistic potency.
On the other hand, peptides 36–38 and 40–42, which
contained a turn inducing spacer, were less effective.
The efficiencies of turn inducer for improvement of ago-
nistic activity were not observed in this experiment.


In this study, Ala-scanning and DD-amino acid scanning
of metastin (45–54) were performed to determine the
essential structures required for GPR54 agonistic activ-
ity. This analysis revealed that the C-terminal five resi-
dues of metastin (45–54) were critical to its GPR54
agonistic activity. Next, several metastin derivatives
were synthesized based on the structures of metastin
(45–54) and invertebrate neuropeptides previously
reported as GPR54 agonists. It was demonstrated that
significantly downsized analogs, including peptides 32
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ened derivatives 31–42 in lacZ reporter gene assay on yeast.
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(FM052a), 33 (FM053a) and 39 (FM059a), showed high
agonistic activity, similar to the potency of metastin.
These downsized peptides are potential lead compounds
for development of a novel drug targeted to GPR54.

Acknowledgments


This research was supported in part by 21st Century
COE Program �Knowledge Information Infrastructure
for Genome Science,� a Grant-in-Aid for Scientific Re-
search from the Ministry of Education, Culture, Sports,
Science and Technology, Japan Society for the Promo-
tion of Science (JSPS), and the Japan Health Science
Foundation. A.N. is grateful for Research Fellowships
of the JSPS for Young Scientists.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmcl.2005.09.054.

References and notes


1. Lee, J.-H.; Welch, D. R. Int. J. Cancer 1997, 71, 1035.
2. (a) Ohtaki, T.; Shintani, Y.; Honda, S.; Matsumoto, H.;


Hori, A.; Kanehashi, K.; Terao, Y.; Kumano, S.; Takatsu,

Y.; Masuda, Y.; Ishibashi, Y.; Watanabe, T.; Asada, M.;
Yamada, T.; Suenaga, M.; Kitada, C.; Usuki, S.; Kurok-
awa, T.; Onda, H.; Nishimura, O.; Fujino, M. Nature 2001,
411, 613; (b) Clements, M. K.; McDonald, T. P.; Wang, R.;
Xie, G.; O�Dowd, B. F.; George, S. R.; Austin, C. P.; Liu,
Q. Biochem. Biophys. Res. Commun. 2001, 284, 1189; (c)
Muir, A. I.; Chamberlain, L.; Elshourbagy, N. A.; Mic-
halovich, D.; Moore, D. J.; Chalamari, A.; Szekeres, P. G.;
Sarau, H. M.; Chambers, J. K.; Murdock, P.; Steplewski,
K.; Shabon, U.; Miller, J. E.; Middleton, S. E.; Darker, J.
G.; Larminie, C. G. C.; Wilson, S.; Bergsma, D. J.; Emson,
P.; Faull, R.; Philpott, K. L.; Harrison, D. C. J. Biol. Chem.
2001, 276, 28969; (d) Horikoshi, Y.; Matsumoto, H.;
Takatsu, Y.; Ohtaki, T.; Kitada, C.; Usuki, S.; Fujino,
M. J. Clin. Endocr. Metab. 2003, 88, 914; (e) Hori, A.;
Honda, S.; Asada, M.; Ohtaki, T.; Oda, K.; Watanabe, T.;
Shintani, Y.; Yamada, T.; Suenaga, M.; Kitada, C.; Onda,
H.; Kurokawa, T.; Nishimura, O.; Fujino, M. Biochem.
Biophys. Res. Commun. 2001, 286, 958; (f) Kotani, M.;
Detheux, M.; Vandenbogaerde, A.; Communi, D.; Van-
derwinden, J.-M.; Le Poul, E.; Brézillon, S.; Tyldesley, R.;
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Abstract—Four enantiomerically pure monoseco-analogues, 5, 7, 9, and 11, of the phenanthroquinolizidine alkaloid julandine (1)
and four of congener cryptopleurine (2), viz. compounds 6, 8, 10, and 12, have been prepared and subjected to preliminary biological
evaluation. These analogues show dramatically reduced cytotoxicity compared with the parent system 2 but they are, nevertheless,
potent anti-angiogenic agents.
� 2005 Elsevier Ltd. All rights reserved.
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Plant-derived phenanthroquinolizidine alkaloids such as
julandine (1)1,2 and cryptopleurine (2)3 exert interesting
anti-viral, anti-fungal, and cancerostatic effects as well
as inhibiting proteosynthesis in eukaryotic cells.4 Closely
related phenanthroindolizidine alkaloids such as (�)-tyl-
ophorine (3) have recently been shown to inhibit the
growth of various human cancer cell lines, especially
multi-drug resistant ones such as KB-V1, with IC50 val-
ues in the low nanomolar range and being comparable,
therefore, to certain clinically used drugs.5 In addition,
compound 3 and some readily accessible derivatives
have proven to be active, both in vitro and in vivo,
against HEPG2 tumor cells and the unique mode of ac-
tion involved has led to suggestions that this natural
product and its analogues may have potential clinical
utility in the treatment of certain refractory cancers.6


As a consequence of their interesting biological profiles,
the phenanthroquinolizidine and phenanthroindolizi-
dine alkaloids have been the subject of a number of syn-
thetic studies4 most of which have been summarized in a
recent review by Huang and co-workers.4a In addition, a
number of analogues of these natural products have
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been prepared and subjected to various forms of biolog-
ical screening.4a,7 These generally rather dated studies
indicate that certain analogues can display useful prop-
erties including anti-fungal and cytotoxic activities.4a


However, almost nothing appears to be known about
the anti-angiogenic profile of the title alkaloids and their
derivatives and this is despite their rather close structur-
al resemblance to the potent anti-mitotic and anti-angio-
genic agent combretastatin A4 (4) which is now in
clinical trials (in a pro-drug form) for the treatment of
patients with advanced solid tumors.8 Herein, therefore,
we report on the identification of new and readily acces-
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sible C8c–C15 monoseco-analogues, 5–12, of the title
alkaloids that do indeed exhibit significant anti-angio-
genic activity whilst being orders of magnitude less cyto-
toxic than the parent natural product 2.


We have recently detailed9 the preparation of certain
C15-functionalized C8c–C15 monoseco-analogues of
compounds 1 and 2 by using gem-dihalocyclopropanes
as (readily available) building blocks for this purpose.10


Unfortunately, and contrary to expectations engendered
by an earlier report,11 these analogues failed to cyclize,9


in the presence of base, to give the title alkaloids. Nev-
ertheless, as detailed immediately below, this chemistry
has allowed for the rapid assembly of the hitherto
unreported and biologically interesting C8c–C15
seco-analogues 5–12 of the (+)- and (�)-forms of the
title natural products. In order to develop some
understanding of the SAR profile of the title class of
analogues the simpler phenanthrenes 13 and 14 were
also prepared.
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The route used in the synthesis of analogues 5–12 is
shown in Scheme 1 and starts with alkylation of the pre-
viously described9 allylic chloride 15 using the relevant
enantiomeric form, 16 or 17, of 2-methylpiperidine, each

of which is readily obtained from the commercially
available racemate using the resolving agent (+)-mandel-
ic acid to give the R-enantiomer and (�)-mandelic acid
to give the S-enantiomer.12 The resulting conjugates,
18 and 19 (obtained in ca. 98% yield in each case), were
subjected to Suzuki–Miyaura cross-coupling with the
previously reported aryl boronates 209 or 2113 to give
cis-stilbenes 5 (74%), 7 (73%), 22 (73%) or 23 (69%),
the first two of which represent the enantiomeric forms
of the C8c–C15 seco-analogues of julandine (1). The
assignment of the illustrated Z-configuration associated
with the double bond in each of these products follows
from the observation of significant NOE interactions be-
tween the relevant olefinic hydrogen and the methylene
protons attached to the carbon linking the cis-stilbene
moiety to the nitrogen of the piperidine ring. Reaction
of compounds 22 and 23 with tetra-n-butylammonium
fluoride (TBAF) afforded the C6-hydroxy analogues 9
(85%) and 11 (87%), respectively. Access to the equiva-
lent cryptopleurine-type analogues involved oxidative
cyclization of the cis-stilbenes 5, 7, 22, and 23 with Lie-
pa�s reagent (VOF3)


14 followed by treatment with triflu-
oroacetic acid (TFA). In this manner, the corresponding
phenanthrenes 6 (63%), 8 (48%), 24 (68%), and 25
(58%), respectively, were obtained. Removal of the
TBDPS-groups associated with the last two of these
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products was achieved using TBAF and thereby
affording the remaining target analogues, namely phe-
nols 10 (93%) and 12 (82%), respectively. The spectral
data obtained on each of compounds 5–12 were con-
sistent with the assigned structures and each member
of the relevant enantiomeric pair displayed optical
rotations of essentially the same magnitude but oppo-
site sign. The R-configured materials were laevorotatory
in each case.


The reaction sequence (Scheme 2) leading to the trim-
ethoxyphenanthrene 13 started with the condensation
of the commercially available aldehyde 26 and arylacetic
acid 27 under conditions defined by Oishi and Kurosa-
wa.15 The resulting a-arylcinnamic acid 28 (45%) was
decarboxylated by heating with copper(II) sulfate in
refluxing quinoline16 and the major product of the reac-
tion was the cis-stilbene 29 (70%), although this was
accompanied by small amounts (5%) of the correspond-
ing trans-isomer. Attempts to convert the former prod-
uct into the target phenanthrene 13 by treating it with
Liepa�s reagent then TFA only resulted in the formation
of the trans-stilbene observed in the previous step. How-
ever, when an ether/dichloromethane solution of com-
pound 29 containing catalytic amounts of iodine was
irradiated with light from a medium-pressure mercury
vapor lamp17 the desired phenanthrene 1318 could be
obtained in 51% yield. The preparation of the N,N-
dimethylaminomethyl derivative, 14, of phenanthrene
13 involved initial conversion of the acid 28 into the cor-
responding N,N-dimethylamide 30 (68%) under stan-
dard conditions. LiAlH4-promoted reduction of the
latter compound to the corresponding amine 31 (74%)
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followed by oxidative cyclization of this material using
VOF3 and TFA then gave target 1419 in 56% yield.


Each of compounds 5–12 was screened, at eight different
concentrations, against a panel of nineteen human and
other cancer cell lines as listed in Table 1.20 An authentic
sample of natural product 2 was also tested against the
same panel. As a consequence it became clear that the
monoseco-analogues (6, 8, 10, and 12) of cryptopleurine
(2) are ca. three orders of magnitude less cytotoxic than
the parent compound while the related cis-stilbenes
show essentially no toxicity whatsoever. Furthermore,
the configuration (R vs S) at the single stereogenic center
within these analogues has essentially no impact on
activity. Clearly, then, the scission of the C8c–C15 bond
within the title natural products leads to derivatives with
dramatically reduced cytotoxicity profiles. The phe-
nanthrenes 13 and 14 also proved to be only weakly
cytotoxic.


The anti-angiogenic properties of compounds 5–14
were determined in an in vitro assay using rat aorta
blood vessel fragments.21 Unfortunately, solubility
problems prevented analogous testing of cryptopleu-
rine itself. Nevertheless, the results shown in Table 2
indicate that most of the analogues 5–12 completely
inhibited blood vessel growth at 100 lg/mL. Even
more significantly, compounds 6 and 8 also completely
inhibited blood vessel growth at the 10 lg/mL level,
while several others were still able to inhibit growth
by more than 50% at the 1 lg/mL level. It is worth
noting that every single one of these analogues of
alkaloids 1 and 2 is more active, at least at the
100 lg/mL level, than PI-88, a polysulfated oligosac-
charide which exhibits anti-angiogenic properties in vi-
vo and which is now in clinical development as an
agent for the treatment of certain cancers.22 A further
important facet of these results is that the phenanth-
renes seem to be more active than the corresponding
cis-stilbenes, while chirality has little or no impact
on the anti-angiogenic properties of the title ana-
logues. In addition, those phenanthrenes incorporating
a free hydroxy group are slightly less active than their
methoxy counterparts, perhaps because of a reduction
in their lipophilic properties. Interestingly, the phenan-
threne and aminomethyl subunits associated with
compounds 5–12 both seem to be making important
contributions to their anti-angiogenic properties as
judged by the test results observed for the simpler
analogues 13 and 14.


The origins of the significant anti-angiogenic proper-
ties of compounds 5–14 have not been established
thus far. However, the capacity of certain combretast-
atin A4 derivatives/analogues to act as vascular target-
ing agents, by binding to tubulin in newly formed
endothelial cells lining the tumor vasculature,23 sug-
gests this mode of action may be involved in the pres-
ent case. This situation, coupled with the considerable
interest in the possibility of separating any cytotoxic
activity of combretastatin-type compounds from
their ability to effect vascular shutdown,8,23b serves
to highlight the therapeutic potential of C8c–C15







Table 1. IC50 values (lM) determined for compounds 2 and 5–14 in cytotoxicity testing against a range of cancer cell linesa


Cell lineb Compound


(�)-2c 5 6 7 8 9 10 11 12 13 14


TFI — >20 7.65 >20 7.20 >20 8.40 >20 9.80 >20 6.75


CTLL2 — >20 8.10 >20 7.61 >20 8.10 >20 9.09 17.50 3.39


BT20 0.003 >20 10.89 >20 10.24 >20 11.57 >20 13.73 >20 7.38


MatLyLu 0.003 >20 �15 >20 �15 >20 >20 >20 >20 >20 17.34


KHOS-NP 0.010 >20 13.99 >20 12.28 >20 13.42 >20 15.43 >20 17.14


A431 0.003 >20 8.09 >20 8.12 >20 20.00 >20 13.77 >20 5.37


A375 0.003 >20 10.05 >20 8.96 >20 9.38 >20 11.25 >20 7.1


A549 0.003 >20 12.02 >20 11.25 >20 15.18 >20 16.55 >20 17.03


HCT-15 0.003 >20 8.33 >20 7.82 >20 7.97 >20 8.41 >20 8.27


HT1376 0.004 >20 9.51 >20 9.68 >20 6.04 >20 8.31 >20 7.88


PA-1 0.002 >20 7.27 >20 7.38 >20 — >20 �8 >20 4.16


HEPG2 — >20 7.27 >20 8.12 >20 — >20 8.33 — —


HEK293 — >20 17.08 >20 15.50 >20 — >20 14.83 — —


BUD-8 0.006 >20 >20 >20 >20 >20 — >20 18.24 >20 >20


RAMOS 0.003 >20 15.50 >20 >20 >20 — >20 18.16 >20 16.65


DAUDI 0.002 >20 12.04 >20 9.08 >20 — >20 13.50 >20 15.71


MES-SA 0.003 >20 9.04 >20 10.07 >20 — >20 14.12 >20 9.1


MES-SA-Dx5 0.003 >20 8.46 >20 11.73 >20 — >20 11.79 >20 16.78


MCF-7 0.003 — — — — — — — — >20 18.59


— = not tested.
a DMSO was used as solvent in these assays unless otherwise stated.
b TFI = human erythroleukemia, CTLL2 = murine cytotoxic T cells, BT-20 = human breast carcinoma, MatLyLu = rat prostate carcinoma, KHOS-


P = human osteosarcoma, A431 = human epidermoid carcinoma, A375 = human melanoma, A549 = human lung carcinoma, HCT-15 = human


colon carcinoma, HT1376 = human bladder carcinoma, PA-1 = human ovarian teratocarcinoma, HEPG2 = human hepatoma, HEK293 = human


embryonic kidney cells, BUD-8 = human fibroblast, RAMOS = Burkitt lymphoma, DAUDI = Burkitt lymphoma, MES-SA = human uterine


sarcoma, MES-SA-Dx5 = human uterine sarcoma derived from MES-SA, and MCF-7 = human breast carcinoma.
cMethanol used as solvent in the assaying of this compound because of difficulties dissolving it in DMSO.


Table 2. Anti-angiogenic properties of compounds 5–14 as determined


in a rat aorta assaya


Compound % inhibition of blood vessel growth


at 100


lg/mL


at 10


lg/mL


at 1


lg/mL


at 0.1


lg/mL


5 100 62 59 36


6 —b 100 48 29


7 100 43 68 22


8 100 100 42 17


9 100 65 43 —


10 100 85 47 18


11 100 42 53 31


12 100 74 58 35


13 83 42 — —


14 — 100 22 7


PI-88 74 — — —


aAssays conducted according to the method of Parish et al.21 using


DMSO as solvent.
b Not tested at this concentration due to lack of solubility. — = not


tested.
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monoseco-analogues, such as compounds 5–12, of the
title alkaloids. Clearly further studies in this area are
warranted and are being planned.
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Abstract—The design, synthesis, and the biological evaluation of 2-benzamido-pyrimidines as novel IKK inhibitors are
described. By optimization of the lead compound 3, compounds 16 and 24 are identified as good inhibitors of IKK2 with
IC50 values of 40 and 25 nM, respectively. Compound 16 also demonstrated significant in vivo activity in an acute model
of cytokine release.
� 2005 Elsevier Ltd. All rights reserved.

Over the past few years, IjB kinase (IKK) emerged as a
prime target for the development of novel anti-rheumat-
ic and anti-inflammatory drugs.1 IKK is part of a high
molecular weight protein complex which consists of
three subunits, the structurally related kinases IKK1
and IKK2, and the regulatory subunit NEMO (IKKc).
However, in studies using genetic mutants it was shown
that IKK2 is the essential kinase for the production of
pro-inflammatory cytokines such as IL-1b and TNFa.2


Recently, several classes of low-molecular weight inhib-
itors of IKK2 were disclosed, some of which demon-
strate impressive activity in animal models.3 These
findings further confirm the importance of IKK2 as a
key player in the transduction of pro-inflammatory
signals.


In this paper, we present our own efforts in the discov-
ery of novel and selective inhibitors of IKK, particu-
larly of IKK2. By screening the Novartis compound
archive, several hits with typical kinase inhibitor mo-
tifs (2-anilino-pyrimidines and 2,4-disubstituted quina-
zolines) were found. Compounds 1 and 2 (depicted
below) are typical prototypes and represent two of
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the most interesting hits. Both of them are active in
the micromolar range.
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During our first attempts to develop a structure–activity
relationship (SAR) and to identify the key features that
would drive the inhibition, we quickly realized that hy-
brid molecules between 1 and 2, combining structural
features of the two parent hits, led to a dramatic
improvement in potency (Table 1).


The para-carboxyl-substituted anilino-pyrimidine 3 was
the most potent representative of this small series. It
was slightly more active than the meta- but clearly fa-
vored over the ortho-derivative (compounds 4 and 5).
Extension by one carbon to the para-acetic acid 6 did
not improve the potency against IKK2.


Interestingly, compound 3 was only weakly active on
the complete IKK complex isolated from HeLa cells,4
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Table 1. Structure–activity relationship of carboxyl-substituted


2-anilino-pyrimidines


N


N


S


N
H X


Compound X IKK2 IC50


(lM)


IKK1 IC50


(lM)


IKK


complex


IC50 (lM)


3 p-CO2H 0.6 5 18


4 m-CO2H 1 n.d. n.d.


5 o-CO2H >100 >100 >100


6 p-CH2CO2H 2.2 n.d. n.d.
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despite the fact that it inhibited both isoforms of the
IKK enzymes.


When we replaced the carboxyl group in 3 by an amide
functionality (Table 2), it became apparent that a nega-

Table 2. Structure–activity relationship of para-amino benzamides


N


N N
H


S


Compound X R IKK2 IC


10 HN H 0.9


11 NH2


NH2 H 0.6


12
NH2


N H 0.2


13
NH2


H >100


14


NH2


N H 0.4


15 HN N H 0.04


16 HN N H 0.04


17 HN N Cl 0.09


18 HN N OMe 0.05

tively charged residue was not mandatory since the
amide 10 completely retained activity against IKK2.
Based on this initial result we decided to prepare a small
library of 2-anilino-pyrimidines with para-substituted
amino-benzamides. The synthetic strategy is outlined
in Scheme 1.


Suzuki coupling5 of 2,4-dichloropyrimidine and 2-ben-
zothiophene boronic acid resulted in intermediate 7,
which was treated with methyl 4-amino-benzoate at high
temperature. The resulting ester 8 was saponified with
sodium hydroxide and then treated with thionyl chloride
to give key intermediate 9. Finally, reaction of com-
pound 9 with a set of aliphatic amines in the presence
of triethylamine produced the desired benzamides. Data
for selected compounds are summarized in Table 2.


Generally, compounds with an additional basic amino
group in the amide portion were more active than the
neutral inhibitors 10 and 13. Tertiary (and more basic)
amines were better than primary ones (cf. 12 and 14 vs
11). Finally, the replacement of the flexible ethyl chain
in 12 or 14 by the conformationally restricted piperidine
ring (cf. 15 and 16) resulted in a 10-fold increase in
potency. The tertiary amines, such as 15 and 16, were

X


O


R


50 (lM) IKK1 IC50 (lM) IKK complex IC50 (lM)


3.8 8.5


3.7 4.4


1.2 0.3


n.d. n.d.
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Scheme 1. Synthesis of 2-benzamido-4-benzothiophenyl-pyrimidines.


Reagents and conditions: (a) Pd[P(Ph)3]4; DME, 1 N NaHCO3; (b)


neat, 200 �C; (c) 1 N NaOH; (d) SOCl2; (e) �amine�, THF, NEt3.
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active in the low-nanomolar range and were the most
potent compounds of this series. Further substitution
of the phenyl ring of the benzamide moiety did not
improve activity (compounds 17 and 18).


Most of the benzamides were moderately selective for
IKK2 (over IKK1) but, in contrast to the carboxylic
acid 3, showed comparable activity against the complete
IKK complex.


To further extend the SAR of the benzamide series, we
next replaced the benzothiophene group by a variety
of structurally close, but more polar, thiophenes. The
synthesis is outlined in Scheme 2.


Treatment of 2-methylsulfanyl-pyrimidin-4-ol, 19, with
methyl para-amino-benzoate in 1,3-dimethyl-imidazoli-
din-2-one (DMEU) at 170 �C gave anilino-pyrimidine
20. Ester hydrolysis of 20 followed by treatment with
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Scheme 2. Synthesis of 2-anilino-4-thiophenyl-pyrimidines. Reagents


and conditions: (a) DMEU, 170 �C; (b) 1 N NaOH; (c) SOCl2; (d) 4-(1-


pyrrolidinyl)-piperidine, NEt3; (e) POCl3, 4 N HCl in dioxane; (f)


Pd[P(Ph)3]4, �2-thiophenyl-boronic acid�.

thionyl chloride produced the corresponding acid chlo-
ride 21, which was easily converted into amide 22.
Subsequent treatment with phosphoroxy chloride
resulted in chloro-pyrimidine 23. The desired new
pyrimidines were finally obtained by a Suzuki coupling
between 23 and a variety of substituted 2-thiophenyl
boronic acids. These novel boronic acids were synthe-
sized according to the general strategy outlined in
Scheme 3.


The SAR for this series of compounds is summarized in
Table 3. In general, replacement of the benzothiophene
group in 16 by 5-substituted thiophenes was well tolerat-
ed without loss of activity. Saturated side chains ap-
peared to be slightly favored over the more rigid
propargyl chain (cf. 28 vs 27). Hydrogen-bond donors
like hydroxyl (24) or amino groups (28) had a beneficial
effect on the potency. Both, methylation, as in 25, or
acetylation, as in 29, yielded less potent compounds.
Remarkably, the loss of activity of compound 29 was
much more dramatic for IKK1 than for IKK2, an
observation that we could not explain and we have
not followed up so far. Introduction of steric bulk in
the form of geminal dialkyl groups (cf. 26, 28 or 30)
was well tolerated, indicating that the binding pocket
provides enough space to accommodate bulky
substituents.7


In order to determine whether blockade of IKK2 result-
ed in inhibition of relevant downstream events, selected
compounds were tested in a cellular assay assessing the
functional consequence of IKK inhibition as detected
by the blockade of IjBa degradation.8 In this cellular
assay, the potency of the compounds was about 10- to
40-fold lower than in the cell-free kinase assays (see Ta-
ble 4), presumably reflecting incomplete penetration of
the compounds into the cells or different ATP concen-
trations in the cells compared to the cell-free assay
system.


Generally, the SAR in this cellular assay correlated nice-
ly with the SAR in the IKK2 assay.


To determine the selectivity of our compounds on a cel-
lular level, we tested the same set of compounds (Table
4) for their ability to interfere with TNFa-stimulated
expression of the adhesion molecules E-selectin,
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Table 3. Structure–activity relationship of benzthiophene replacements
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N N
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X O
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Compound X IKK2 IC50 (lM) IKK1 IC50 (lM) IKK complex IC50 (lM)


24
S


OH* 0.025 0.5 0.04


25
S


O
* 0.1 1.0 0.1


26
S


OH
* 0.05 0.7 0.05


27


S


NH2


*
0.15 0.5 0.2


28
S


NH2
* 0.04 0.03 0.04


29
S


N
H


O
* 0.15 30.0 0.8


30
S


NH2


* 0.06 0.03 0.03


Table 4. Cellular profile of selected compounds


Compound IjB degradation (lM) E-Sel (lM) ICAM (lM) VCAM (lM) b2M (lM) HLA-DR (lM)


3 100 50 50 50 100 100


10 20 2 2 2 10 0.25


12 5 0.5 0.5 0.5 2 0.5


15 2 0.3 0.4 0.4 2 2


16 1 0.5 0.3 0.3 2 2


24 2 0.2 0.2 0.2 5 2.5


25 1 0.4 0.6 0.5 5 2


26 2 0.45 0.5 0.6 5 3
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ICAM-1, and VCAM-1 in HUVEC cells.9 In addition,
the compounds were also tested for their effects on
IFNc-stimulated expression of the MHC molecules b2
microglobulin and HLA-DR, both events which are
not dependent on IKK activity.10,11 As illustrated in
Table 4, our compounds inhibited TNFa-induced adhe-
sion molecule expression in a potency range similar to
the IjBa degradation. Although compounds generally
showed activity in the IFNc-induced expression of b2
microglobulin or HLA-DR, their potency in these as-
says was 4- to 10-fold (example 16, 25, and 26) or even
10- to 15-fold (example 24) weaker. These data demon-
strate that our IKK2 inhibitors have an effect on down-
stream gene expression, however, on the cellular level
the selectivity was modest.

Compound 16 was also tested in two animal models.
First, its efficacy to inhibit TNFa release into plasma
upon LPS-challenge in the rat was determined. The
compound was dosed sc (30 mg/kg) or orally (30 mg/
kg) 1 h prior to the LPS-challenge. Four hours after
the challenge, plasma was collected and the systemic
TNFa levels were analyzed using a commercially avail-
able ELISA kit. Both routes of administration of inhib-
itor 16 at the indicated dose resulted in a significant
inhibition of 86% (sc) and 75% (p.o.).12 In a second
experiment, we could show that compound 16 was also
active in the thioglycollate-induced peritonitis model in
the mouse.13,14 The maximal inhibition of neutrophil
extravasation in this model was about 50% at a dose
of 10 mg/kg sc.15
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In summary, optimization of the lead compound 3
through a combined parallel synthetic and classical
medicinal chemistry effort resulted in potent inhibitors
of IKK2.Ona cellular levelwe could show that these com-
pounds inhibit the IjBa degradation and downstream
events, like adhesion molecule expression. However, the
selectivity of these compounds for the IKK pathway is
only moderate in cellular assays. Compound 16 is orally
bio-available in rats and mice, and we could demonstrate
significant in vivo activity in an acute model of cytokine
release. Future efforts will focus on further improvements
in potency and selectivity for this compound series.
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Abstract—A focused set of heterocyclic quinones based on the benzothiazole, benzoxazole, benzimidazole, indazole and isoindole was
prepared and screened with respect to the inhibition of the phosphatase activity of CDC25C. Benzoxazole- and benzothiazole-diones
were at least 50 times more potent in inhibiting CDC25C than their benzimidazole-indazole- or isoindole-dione counterparts. These
in vitro activities were in good correlation with the anti-proliferative effects observed with Mia PaCa-2 and DU-145 human tumor cell
cultures. The IC50 values obtained by WST-1 colorimetric assay ranged from 0.10 to 0.50 lM for the benzoxazole- or benzothiazole-
diones and were above 10 lM for the other heterocyclic diones. This study further illustrates how the activity of the quinone pharma-
cophore can be selectively modulated by changing the type of five-membered heterocycle fused to the quinone ring.
� 2005 Elsevier Ltd. All rights reserved.

The CDC25 dual-specificity phosphatases play an
important role in regulating the cell cycle by dephospho-
rylating and activating CDK/cyclin complexes at key
check points, and therefore constitute interesting biolog-
ical targets for the development of novel anti-prolifera-
tive agents.1–4 For the moment, the subtype of CDC25
that should be targeted remains speculative and the
means to obtain selectivity among the various CDC25
isoforms have not been reported. Although we use re-
combinant CDC25C to screen and optimize our com-
pounds, a pan-CDC25 inhibitory approach is actually
pursued. We have identified BN82002 as a new inhibitor
of the CDC25 phosphatase activity and observed its
characteristic effects at the molecular and cellular levels,
as well as in animal models.5,6 Previously, Lazo and
colleagues had reported the potent CDC25 inhibition
induced by substituted quinolinediones such as NSC
663284 (1a) and other closely related analogues.7 The
bare aza-naphthoquinone moieties of these molecules
were insufficient for potent CDC25 inhibition and
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required an enhancing substituent at position 7 of the
quinolinedione template such as 2-morpholin-4-ylethyl-
amino or 1-indan-1-ylamino. These compounds also fea-
tured a chloro substituent at the other available site of
the quinone ring, position 6 of quinolinedione. Recently,
we have identified and characterized BN82685 (2a) as
thiazole-quinone CDC25 inhibitor which is active in
vitro and in vivo.8 The present letter reports the evalua-
tion as CDC25C phosphatase inhibitors of a focused set
of isoesters of 2a, formed by five-membered heterocycles
fused to a benzoquinone (3–6, Fig. 1). The fused hetero-
cyclic rings consist of three atom bridges which may
bear various substituents to broaden structural diversity.
The scope of this study is limited to a single N,N-
dimethylethylenediamine side chain on the quinone ring
and methyl, ethyl or phenyl substitution at the middle
atom of the bridge to form the five-membered hetero-
cyclic ring.


Benzothiazoledione (10) was prepared according to the
known method9 with minor modification, as shown in
Scheme 1. Commercially available methoxybenzothiaz-
ole 7 was nitrated and reduced to give amine 9, which
was then oxidized to the corresponding quinone 10 with
Fremy�s salt [potassium nitrosodisulfonate, (KO3S)2NO].
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Substitutionof themethoxygroupwith theN,N-dimethyl-
ethylenediamine provided benzothiazoledione 2a.


The initial route to benzoxazolediones (3) is shown in
Scheme 2 and consisted of the condensation of 2-ami-
no-3-nitrophenol (11) with either carboxylic10,11 acids
or orthoesters12 to give substituted nitrobenzoxazoles
12. A subsequent reduction of the nitro group12 provid-
ed aminobenzoxazoles, such as 13, which were oxidized
with either Fremy�s salt [potassium nitrosodisulfonate,
(KO3S)2NO]13 or BTI [bis(trifluoroacetoxy)iodoben-
zene]14 to the corresponding quinone 14. Addition of
N,N-dimethylethylenediamine to phenylbenzoxalonedi-
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2 h, 82%; (ii) H2 (8 atm) 10% Pd/C (cat), MeOH, 13b: 93%, 13c: 70%; (i


(iv) Me2NCH2CH2NH2 (2 eq), CeCl3–7H2O (1.1 eq), EtOH, rt 1 h, 3b,b 0: 37
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Scheme 1. Reagents and conditions: (i) conc. HNO3/conc. H2SO4, rt, 2 h,


(0.3 M), acetone, 25 �C, 2 h, 78%; (iv) Me2NCH2CH2NH2 (1.5 eq), MeOH,

one 14 gave a mixture of regioisomers 3b,b 0 and 3c,c 0.
1H NMR analysis revealed that ethylbenzoxazole 3b,b 0


consisted of a 30:1 ratio of two regioisomers as deter-
mined by the integration of the N-H side-chain signals
at 7.39 and 7.22 ppm, while phenylbenzoxazole 3c,c 0


consisted of a 1:3.3 mixture of regioisomers from the
peaks at 7.49 and 7.33 ppm.


Benzimidazoles were prepared according to previously
described procedures,15,16 from dimethoxybenzene 15
by a nitration reduction sequence to give ortho-diamino-
benzene 16 (along with its para-diamino regioisomer), as
shown in Scheme 3. Intermediates were condensed with
orthoesters to give dimethoxybenzimidazoles 17.17 Ben-
zimidazolediones 18 were obtained by direct oxidation
of dimethoxy intermediates with ceric ammonium
nitrate [CAN, Ce(NH4)2 (NO3)6],


18 and treated with
N,N-dimethylethylenediamine to give the desired test
compounds. These products are mixtures of tautomers
in rapid equilibrium, represented as 4b,b 0 and 4c,c 0,
respectively. In each case, only a single signal was
observed by 1H NMR for the N H side-chains at 7.13
and 7.22 ppm, respectively.


Indazolediones 5 were prepared by thermal decomposi-
tion of 3-phenylsydnone (19)19 in the presence of para-
benzoquinone to provide phenylindazoledione (20,
Scheme 4). Upon treatment with N,N-dimethylethylen-
ediamine indazolediones 5b,b 0 were obtained as a 4.7:1
mixture of regioisomers, determined by the integration
of the N-H side-chain signals at 7.22 and 7.10 ppm.


As shown in Scheme 5, isoindolediones were obtained
by trapping with para-benzoquinone the azomethine
ylide generated by heating sarcosine (21) in the presence
of formaldehyde.20 The usual treatment with N,N-
dimethylethylenediamine provided isoindoledione 6a.

O


N
R R


O


NN
H


O


O


N
R


N


ON
H


O


O


N


 = Et
 = Ph


3b': R = Et
3c': R = Ph


+


3b: R = Et
3c: R = Ph


iv


t), 110 �C, 2 h, 80%; 12c: PhC(OMe)3 (2 eq), neat, PTSA (cat), 110 �C,
ii) BTI (2.2 eq), MeCN/H2O, �5 �C, 30 min, 14b: 100%, 14c: 42%;


%, 3c,c 0: 10%.


O


O


S


N
Me


eO
Me


S


NN
H


O


O


N


2a10


iv


64%; (ii) H2, Pd/C, EtOH, 94%; (iii) Fremy�s salt (1.8 eq), NaH2PO4


60 �C, 2 h, 65%.







PhN
+


OH


O N
O


O


N


O
N


O


Ph N
NN


H


O


O


N
Ph N


N


N
H


O


O


N
Ph


-


19


i ii
+ +


5c 5c'20


Scheme 4. Reagents and conditions: (i) p-benzoquinone (2 eq) xylene, reflux, 3 h, 24%; (ii) Me2NCH2CH2NH2 (1 eq), EtOH, rt 10 min, 14%.


OH


O
N
H


Me


O


O


N


O


O


Me N
N
H


O


O


N
Me


21


i ii
+


6a


Scheme 5. Reagents and conditions: (i) p-benzoquinone (1 eq), sarcosine (2 eq), paraformaldehyde (5 eq) toluene, reflux (Dean–Stark), 4.5 h, 3%;


(ii) Me2NCH2CH2NH2 (1.1 eq), EtOH, rt 10 min, 19%.


O


O


N
H


N
R R


N
H


NN
H


O


O


NN
H


N
R


OMe


OMe


R
N


N
H


N
H


O


O


N


NH2


NH2


OMe


OMe


OMe


OMe


18b: R = Et
18c: R = Ph


4b': R = Et
4c': R = Ph


4b: R = Et
4c: R = Ph15


ii iii iv


17b: R = Et
17c: R = Ph


i


16


Scheme 3. Reagents and conditions: (i) see Ref. 17 (ii) 17b: EtC(OEt)3 (2 eq), neat, PTSA (cat), 110 �C, 1.6 h, 61%; 17c: PhC(OMe)3 (2 eq), neat,


PTSA (cat), 110 �C, 1.1 h, 84%; (iii) CAN (4 eq), AcOEt/H2O, �5 �C, 45 min, 18b: 17%, 14c: 21%; (iv) Me2NCH2CH2NH2 (1.5 eq), CeCl3-7H2O


(1.1 eq), EtOH, reflux 1 h, 4b,b 0: 10%, 4c,c 0: 6%.


O. Lavergne et al. / Bioorg. Med. Chem. Lett. 16 (2006) 171–175 173

For a preliminary study, test compounds were assayed as
mixtures of regiosiomers. Subsequently, we have devel-
oped a regioselective method to prepare aminated ben-
zoxazolediones such as 3b or 3b 0 as pure compounds,
via pre-established methoxy groups.21 In other instances,
regioselectively aminated heterocyclic quinones have
been obtained via pre-established halogen22 substituents.


The foregoing quinonoid compounds were evaluated for
their inhibitory activity against recombinant CDC25C
phosphatase, using 3-O-methylfluorescein phosphate
(OMFP) as a substrate.6 The results (50% inhibitory
concentrations, measured in duplicate) are reported in
Table 1. Benzothiazole BN82685 (2a) is a potent inhib-
itor of CDC25C with an IC50 value of 0.15 lM, compa-
rable to 0.25 lM obtained with NSC 663284 (1a), while
menadione used as a benchmark had an IC50 of 19 lM.
Potent inhibition of CDC25C was also observed for
benzoxazolediones 3b,b 0 and 3c,c 0, with ethyl and phenyl
substitution, respectively. In contrast, imidazolediones
4b,b 0 and 4c,c 0, indazolediones 5c,c 0, and isoindoledione
6a were found to be much less active, with inhibitory
concentrations several orders of magnitude higher than
that of benzothiazoledione 2a.

The set of quinonoid compounds was also assayed for
the inhibition of proliferation of two human cancer cell
lines, pancreatic carcinoma Mia PaCa-2 and androgen-
independent prostate carcinoma DU145. Transient
tumor growth inhibition was obtained in nude mice
bearing Mia PaCa-2 xenografts,8 and a recent study
by Ozen and Ittmann shows that CDC25C expression
and activity are increased in prostate cancer cells,
including in DU145.23 The resulting IC50 values were
determined with a colorimetric assay based on the
cleavage of tetrazolium salt WST1 by mitochondrial
dehydrogenase in viable cells and are reported in
Table 1. With IC50 values ranging from 0.11 to
0.44 lM, good antiproliferative activities were obtained
with benzothiazole 2a as well as benzoxazolediones
3b,b 0 and 3c,c 0. Imidazolediones 4b,b 0 and 4c,c 0 were
found to be only moderately active with IC50 values
higher than 10 lM. No effect on cellular proliferation
could be detected with indazolediones 5c,c 0 and isoin-
doledione 6a.


Within this focused set of heterocyclic quinones, a good
correlation is observed between CDC25C inhibition and
antiproliferative activity. As reported recently for







Table 1.


Compound Structure CDC25Ca (lM) Cell proliferationb (lM)


Mia PaCa-2 DU145


1
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N
N


Cl


N
H O


O


0.25 ± 0.033 2.5 ± 0.095 2.3 ± 0.070


2a
N


N
H


S


N
Me


O


O


0.15 ± 0.010 0.18 ± 0.034 0.11 ± 0.0060


3b,3b 0
O


N
Et


O


O


N
H


N
0.13 ± 0.051 0.44 ± 0.035 0.22 ± 0.016


3c,3c0
O


N


O


O


PhN
H


N
0.23 ± 0.029 0.15 ± 0.019 0.21 ± 0.0020


4b,4b 0
N
H


N
Et


O


O


N
H


N
12 ± 0.76 18 ± 7.7 >10


4c,4c0
N
H


N
Et


O


O


N
H


N
17 ± 1.4 12 ± 0.25 >10


5c,5c0 N
N


O


O


PhN
H


N
12 ± 0.86 ned ne


6a
N
H


N
N Me


O


O


81 ± 13 ne ne


mndc
Me


O


O


19 ± 2.9 6.2 ± 0.15 11 ± 0.10


a Inhibition of the activity of a maltose binding protein (MBP)-CDC25C recombinant enzyme monitored with 3-O-methylfluorescein phosphate


(OMFP). The 50% inhibitory concentration mean values ±0 SEM were calculated from at least two, usually three, independent experiments.
b The 50% inhibitory concentration mean values ±0 SEM of tumor cell proliferation were determined with tetrazolium salt WST1 by mitochondrial


dehydrogenases in viable cell experiment. These experiments were performed at least twice with four or eight determinations per tested


concentration.
c mnd: menadione.
d ne: no effect.
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thiazole 2a,8 oxazoles 3b,b 0 and 3c,c 0 are likely to be
pan-CDC25 inhibitors, and their selectivity with respect
to other phosphatases is not known. Nevertheless, var-
ring the heterocyclic part of these quinonoids allows
us to fine-tune their activity and reveal an interesting as-
pect of their selectivity. Related molecules which bear
the scaffolds of imidazolediones such as 4,24–29 indazol-
ediones like 5,30,31 or isoindoledione 632 are reported to
be active against various biological targets and to have
antiproliferative effects, but they do not have the pat-
terns of substitution of the present set and their hetero-
cyclic quinonoid scaffolds alone are not sufficient to
exert potent CDC25 inhibition. Conversely, benzothiaz-
oles and benzoxazoles such as 2a, 3b,b 0, and 3c,c 0


are among the most potent inhibitors of CDC25

phosphatases reported to date and deserve further inves-
tigation in the hope of providing new routes to treat
cancer patients.
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Abstract—As part of a detailed study, the syntheses, biological activities, and pharmacokinetic properties of hydroxylated analogues
of the previously described broad spectrum antifungal agents, Sch 51048 (1), Sch 50001 (3), and Sch 50002 (4), are described. Based
on an overall superior profile, one of the alcohols, Sch 56592 (2), was selected for clinical studies.
� 2005 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of Sch 51048 (1), Sch 50001 (3), and Sch 50002 (4).
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The incidence of life-threatening Candidiasis, Crypto-
coccus, and Aspergillosis have increased significantly
over the last several decades due to the development
of new intensive chemotherapy regimens, use of high-
dose corticosteroids, and increased use of immunosup-
pressive regimens for autoimmune diseases.1


Currently, antifungal therapies can be limited because of
toxicity, low efficacy rates, and drug resistance. Despite
the introduction of new formulations of older drugs
(i.e., cyclodextrin—itraconazole2 and PEG—amphoteri-
cin B3), the search for relatively less toxic and more effi-
cacious treatments continues. As a result the
development of new azoles, such as voriconazole4 and
ravuconazole,5 has come to the forefront. Concurrently,
as part of an extensive, detailed campaign we previously
reported the in vitro antifungal activities and efficacy
studies in animal models of some of or lead compounds
1, 3, and 4 (Fig. 1).6


As a continuation of these studies we would now like to
report on the syntheses and biological activities of all
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eight possible secondary alcohols represented by sub-
structures 5–7 (Fig. 2).


In addition to providing polar functionality to these
hydrophobic molecules, the alcohols can be used as a

RR S
6 7HO HO


Figure 2. Structures of secondary alcohols Sch 51048 (5), Sch 50001


(6), and Sch 50002 (7).
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handle to prepare water-soluble prodrugs for iv admin-
istration where the oral route is impractical (e.g., AIDS
and cancer patients). Our general synthetic approach is
shown in Figure 3 involving the anion generated from
the known triazolone 8,6 requiring chiral syntheses of
the electrophilic side chains 9. Following alkylation,
removal of the protecting group provides the desired
alcohols 10.


Beginning with methyl (S)-lactate, the syntheses of two
of the possible four diastereomers represented by sub-
structure 5 are shown in Scheme 1. The methyl ester
11 is converted directly into the corresponding benzyl-
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Scheme 1. Reagents and conditions: (a) benzyl chloromethyl ether; (b)


DIBAL-H; (c) EtMgBr, diethyl ether or THF, �78 �C to rt; (d) brosyl


chloride, DMAP; (e) 8, Cs2CO3, DMF, heat; (f) 6 N HCl (aq), MeOH.

oxymethyl ether 12.7 DIBAL-H reduction provides the
propanal 13 which, on exposure to ethyl magnesium
bromide, generates the �chelation controlled�–(S,S)–al-
cohol 14 identified by removal of benzyloxymethyl ether
and compared with the known diols,8 along with its rel-
atively polar (S,R)-isomer 15 (14:15; at 6:1 in diethyl
ether as the solvent, at 2:1 in THF), which were partially
separated by careful column chromatography on silica
gel. The alcohol 14 is transformed into the brosylate
16, which is displaced in a SN2 manner with the anion
generated from the triazolone 8 and cesium carbonate
in hot DMF. Finally, the benzyloxymethyl ether is
removed by hydrolysis in acidic media to the desired
target (S,R)-5 (Sch 56588).9


Using the same sequence of events, the (S,R) isomer
alcohol 15 was transformed into (S,S)-5 or posaconaz-
ole 2 (Sch 56592),10 via the brosylate 17. Similarly, using
the chemistry described in Scheme 1 and (DD)-lactate as
starting material, (R,R)-5 and (R,S)-5 can be
synthesized.


Preparation of the representatives of substructure 7 is
shown in Schemes 2 and 3. The commercially available
(R,R)-2,3-butane diol 18 was converted to the benzyli-
dene acetal 19, which was subsequently reduced to the
benzyl ether 20 and then the brosylate 21. Alkylation
and removal of the benzyl protective group provides
(R)-7 as Sch 56984.11


The corresponding (S)-isomer was also obtained from
intermediate 20. Martin�s version of the Mitsonobu
reaction12 provided the benzoate 22. Saponification
and protection of the resulting alcohol 23 provided the
acetal 24. The benzyl ether was removed via catalytic
hydrogenation and activation of the carbinol 25 to the
corresponding p-bromotoluenesulfonate 26 prior to
alkylation with the anion of the triazolone 8. Finally,
hydrolysis of the silyl alcohol 27 under acidic condition
gave the (S)-7 alcohol.


Using the same sequence of events compounds repre-
sented by substructure 6 can be prepared from (S,S)-
2,3-butane diol.


All compounds proved to be very active in vitro against
Candida albicans and Aspergillus species (Table 1).
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Chart 3. Candida albicans, C72 systemic infection in mice.
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Table 1. Antifungal activities of alcohols 5, 6, and 7


Compound Candida albicans


(geomean MIC,


lg/ml)a


Aspergillus sp.


(geomean MIC,


lg/ml)a


(R,R)-5 0.014 <0.077


(R,S)-5 0.019 <0.086


(S,R)-5 (Sch 56588) 0.022 <0.090


(S,S)-5 (or 2; posaconazole,


Sch 56592)


0.018 <0.048


(R)-6 <0.006 0.090


(S)-6 0.030 0.080


(R)-7 (Sch 56984) <0.007 <0.050


(S)-7 0.020 0.060


aGeometric mean MIC values were determined against 26–30 strains


of C. albicans, and 37 strains of Aspergillus species, including 17


A. fumigatus, 11 A. flavus, 5 A. niger, and 4 A. terreus as described


previously.13 The geomean MICs for Sch 51048 were 0.020–0.053 for


C. albicans; 0.20–0.32 for Aspergillus sp.
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A selection of these potent antifungal agents Sch 56588
and Sch 56592, both containing 5-carbon side chains,
prepared from readily available LL-lactate and one ana-
logue containing a 4-carbon side chain, Sch 56984, were
then examined in vivo. In mice (Chart 1), Sch 56592 and
Sch 56984 had similar serum levels following oral
administration to mice. These compounds exhibited
considerably higher blood levels relative to Sch 56588
and Sch 51048 when administered from 20 to 150 mpk.14


In cynomolgus monkeys at 10 mpk (Chart 2) Sch 56592
clearly demonstrated higher serum levels relative to Sch
56588, Sch 56984 or Sch 51048.15,16


Subsequently, the compounds were examined in infec-
tion models. Sch 56592 (2.5 mg/kg) was the most effec-
tive antifungal against C. albicans C72 systemic
infection in immunocompromised mice (Chart 3). Sch

56592 prolonged the survival of mice longer than Sch
51048.16,17 Sch 56588, Sch 56984, and fluconazole
(FLZ) at the same dose.


Sch 56592 was similar to Sch 56588 and Sch51048 in
prolonging the survival of immunocompromised mice
infected (pulmonary) with Aspergillus fumigatus
ND159. Sch 56984 was less effective and itraconazole
(ITZ; 100 mg/kg) was ineffective (Chart 4).16,17
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In summary, based on previous leads, a series of hydrox-
ylated potential antifungal agents were synthesized. All
alcohols proved to be extremely potent in vitro. A select-
ed number of these analogues were evaluated in vivo
and based on an overall superior profile, Sch 56592
was selected for clinical studies. Extension of this work
including the evaluation of water-soluble prodrugs of
posaconazole will be published elsewhere.
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Treatment (oral) began 4 h postinfection and continued
once daily for 4 days. The compounds were prepared in
methyl cellulose (0.4%) containing polysorbate 80 (0.5%)
and NaCl (0.9%). The mice were Charles River CF1 white
males.


17. Methods. The mice were immunocompromised with cor-
tisone acetate (100 mg/kg, SC) on the day before, the day

of, and the day after inhalation infection (30 s exposure) of
A. fumigatus ND159 conidia in an inhalation flask.
Treatment (oral) began 24 h postinfection and continued
once daily for 4 days. The compounds were prepared in
methyl cellulose (0.4%) containing polysorbate 80 (0.5%)
and NaCl (0.9%). The mice were Charles River CF1 white
males.
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Abstract—The design, synthesis, and activity of novel and selective small molecule antagonists of the CC chemokine receptor-4
(CCR4) are presented. Compound 8c was efficacious in a murine allergic inflammation model (ED50 30 mg/kg).
� 2005 Elsevier Ltd. All rights reserved.
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Figure 1. CCR4 IC50 1.5 lM.

Chemokines and their receptors act as a communica-
tion and signaling network between cells, organs,
and regions of the body to facilitate immunological
responses.1 Chemokine receptor-4 (CCR4) together
with its ligands from the CC chemokine family, mac-
rophage derived chemokine (MDC; CCL22) and thy-
mus and activation regulated chemokine (TARC;
CCL17), are responsible for recruitment, homing,
and education of activated leukocytes (mainly CD4+


Th2 lymphocytes).2 Recently, CCR4 and its ligands
have attracted significant attention due to their
involvement in mediating various allergic inflammato-
ry conditions such as asthma, acute dermatitis, etc.3


Supported by studies using monoclonal antibodies
for the CCR4 receptor and its ligand TARC in
OVA-induced murine asthma models,4 we5 and oth-
ers6 have targeted antagonism of the CCR4 receptor
as a mechanism of inhibiting recruitment of activated
leukocytes to the lungs, thus supporting CCR4 antag-
onism as a potential treatment for diseases such as
asthma and atopic dermatitis.


Recently, we reported5 the identification of a pyrimidine
analog (1 in Fig. 1) as a non-cytotoxic and moderately
potent antagonist of CCR4 (MDC binding). We herein
report further SAR exploration of the side chain that
led to the identification of a potent CCR4 antagonist
with in vivo activity.
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We first embarked on a systematic study of the diamine
side chain of compound (1). A small array of com-
pounds (4a–g) containing different diamine linkers and
terminal R1 groups was synthesized as shown in Scheme
1. Intermediates (I–IV) where R1 = O-t-butyl were syn-
thesized by coupling of pyrimidine derivative 35 with
the requisite mono-Boc-containing diamines. N-Boc
deprotection of intermediates (I–IV) and subsequent
amide bond formation with acids bearing basic R1


groups 7 provided compounds (4a–g). Amongst the dif-
ferent linkers and terminal R1 groups, piperazine and
1-methylnipecotate; respectively; were preferred, (com-
pounds 4c and 4d, Table 1) over other nitrogen contain-
ing aromatic heterocycles or linkers (compounds 4e–g).


Next we examined the effect of the linking atom (N vs O)
and regiochemistry of attachment to the central core.
The compounds were prepared from the previously
reported intermediates (5a and 5b)6 as shown in Scheme
2.7 A 2-fold enhancement of activity by changing the
linking atom from oxygen to nitrogen atom was ob-
served (compound 7a; Table 2).8 This trend was the same
as that observed in a previously reported series.6 The reg-
ioisomer 7b was found to be 2-fold more active than 7a.


Encouraged by these findings, we embarked upon
further optimization of the terminal amino moiety.
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methyl-pyrrolidone, 60 �C, 70–82%; (b) TFA-CH2Cl2 (1:3), 90–95%;


(c) SCX purification, 93–98%; (d) R1CO2H, 1,3-di-isopropylcarbodi-


imide, 1-hydroxy-7-azabenzotriazole, DMF–CH2Cl2 (1:1), 60–70%.
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Scheme 2. Reagents and conditions: (a) N-Boc-piperazine, N-methyl-


pyrrolidine, 90 �C, 82–85%; (b) TFA–CH2Cl2 (1:3), 98%; (c) SCX


purification, 92%; (d) 1-methylnipecotoic acid,1,3-di-isopropylcarbo-


diimide,1-hydroxy-7-azabenzotriazole, DMF–CH2Cl2 (1:1), 89%.


Table 1. SAR for linker


Compound Linker group R1 CCR4 IC50


(lM)8


4a I


N


O


>10


4b II Same >10


4c III Same 5.6


4d IV Same 1.2


4e IV


N


O


>10


4f IV


N
O


>10


4g IV
O


N N


>10


Table 2. SAR for ring atoms


Compound A X Y CCR4 IC50 (lM)8


4d O N CH 1.2


7a NH CH N 0.7


7b NH N CH 0.3
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The analogs were prepared from the intermediate 6b and
Boc-protected cyclic amino acids followed by the Boc
group deprotection as shown (Scheme 3).7


As shown in Table 3, a-amino acids at the N terminus
were found to be preferred over either b or c-amino acid

analogs. Within the subset made from a-amino acids,
the R-enantiomer was about 15-fold more active than
the corresponding S-enantiomer. The same trend was ob-
served in general across different cyclic amino acids but
there was no significant difference in the activity for five-
versus six-membered rings (i.e., proline 8d vs homopro-
line 8c).


Compound 8c was not only active in the in vitro
CCR4 binding assay, but it also blocked chemotaxis
(IC50 0.38 lM) and Ca2+ mobilization (IC50


0.01 lM).8,9 It was >1000-fold selective against
related chemokine receptors (CCR3, CCR2, and
CXCR3) and GPCRs (5-HT1A, 5-HT6, and 5-
HT7).8


Compound 8c was administered sub-cutaneously twice a
day at 10, 30, and 100 mg/kg dose to mice previously
challenged with ovalbumin (Fig. 2).10 Dexamethasone
administered orally, 5 mg/kg was used as control to as-
sess the relative efficacy. Compound 8c reduced the
recruitment of eosinophils with an ED50 of 30 mg/kg.
Additionally at 100 mg/kg dose, 8c was as efficacious
as dexamethasone 5 mg/kg in reducing eosinophilic infil-
tration into mouse BAL. These results clearly demon-
strate the proof of principle of using a small molecule
CCR4 antagonist as a potential treatment for asthmatic
disease.
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Scheme 3. Reagents: (a) R1CO2H, 1,3-di-isopropylcarbodiimide,1-hydroxy-7-azabenzotriazole, DMF–CH2Cl2 (1:1); (b) TFA–CH2Cl2 (1:3),


65–75%.


Table 3. SAR for terminal amine


Compound R CCR4 IC50 (lM)8


8a


NH


O


>10


8b


HN


O
H


1


8c


HN


O
H


0.05


8d


HN


O
H


0.06


8e


O


NH


>10


8f


O


NH 0.8


Figure 2. Dose-dependent inhibition by compound 8c of eosinophil


infiltration into allergic lung airways. Total leukocytes (solid bars),


total eosinophils (hatched bars), and percent eosinophils (open bars) in


bronchoalveolar lavage (BAL) fluid were determined as described.10


Data represent means ± SEM of seven mice treatment group. *p < .05


versus vehicle group, Student�s t test.
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8c
CCR4 IC50  0.05 µM 


Cytotoxicity IC50 > 100 µM  
Chemotaxis IC50 0.38µM  
Ca2+ mobilization 0.01µM  

In summary, we have identified a potent and selective
CCR4 antagonist (compound 8c) that showed in vivo
efficacy in a murine allergic lung inflammation model.
Further studies pertaining to optimization of this com-
pound will be reported in due course.
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Abstract—A series of 16 new 2b-carbomethoxy-3b-[aryl or heteroaryl]phenyltropane derivatives was synthesized and evaluated for
binding to monoamine transporters. Most of the compounds exhibited nanomolar affinity for the serotonin transporter (SERT).
Four compounds (29, 14, 11, and 10) presented a particularly attractive pharmacological profile, with very high SERT affinity
(Ki 0.15–0.5 nM) and selectivity versus the dopamine transporter of 25- to 77-fold.
� 2005 Elsevier Ltd. All rights reserved.
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Neurotransmission mediated by serotonin (5-hydroxy-
tryptamine; 5-HT) plays an important role in the central
nervous system. The serotonin transporter (SERT) is
critical for regulating availability of 5-HT at the synapse
by neuronal reuptake and is a protein that is uniquely
expressed by 5-HT neurons. Alterations in SERT densi-
ties have been reported in numerous neuropsychiatric
conditions, including drug abuse, schizophrenia, major
depression, anxiety and eating disorders, alcoholism,
Parkinson�s and Alzheimer�s disease.1–6


Cocaine (1, Fig. 1) exerts its physiological and behavior-
al effects by interaction with the three major monoamine
transporters (for dopamine [DAT] and norepinephrine
[NET] as well as SERT). Therefore, structurally related
tropane (8-azabicyclo[3.2.1]octane) derivatives have
been extensively studied in recent years to develop com-
pounds with defined selectivities at particular mono-
amine transport sites.7,8 We have recently explored
structure–activity relationships of tropane analogues
related to their binding affinity to the SERT,9–13 In these
studies, we discovered that introduction of a substituted
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aryl or heteroaryl moiety in the para position of the
3b-phenyltropane ring (2–4,10,13 Fig. 1) resulted in in-
creased affinity and selectivity for SERT versus dopa-
mine (DAT) and norepinephrine (NET) transporters.
Another approach that usually leads compounds with
SERT selectivity has been the use of N-demethylated
tropane.14 The purpose of the present study was to ex-
tend the library of para-aryl and heteroaryl 3b-phenyl-
tropane as well as some of their nor analogues in
search of compounds with increased SERT selectivity.
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Figure 1.
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The key tin derivative 9 was synthesized from b-CIT (8),
which was made from natural cocaine in four steps.15


Treatment of 8 with hexamethylditin in the presence of
tetrakis-triphenylphosphine palladium gave 82% yield
of trimethylstannyl b-CIT (9) in 82% yield (Scheme 1).
The new para-aryl and heteroaryl 3b-phenyltropanes
(10–23) were prepared by Stille cross-coupling between
9 and the desired bromoaryl and bromoheteroaryl as
illustrated in Scheme 2. b-CIT was selectively N-deme-
thylated by the action of 1-chloroethyl chloroformate
(ACE-Cl) and methanol to provide nor-b-CIT (23) in
75% yield (Scheme 3).


Treatment of 23 with trichloroethyl chloroformate
(Troc-Cl) led to the corresponding N-protected carba-
mate 24. The same sequence of stannylation (compound
25) and Stille cross-coupling led to 26–28, and subse-
quent removal of the Troc-protecting group with cadmi-

Scheme 2. Reagents and conditions: Pd(PPh3)4, toluene, reflux, 4 h.


N
CO2Me
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N
CO2Me
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Scheme 1.

um amalgam provided the desired nor analogues (29–
31) of 13, 15, and 22 (Scheme 3).


Compounds 2–4 are 2b-carbomethoxy-3b-phenyltro-
panes substituted by an aromatic or a thiophene moiety
in the para position of the 3b-phenyl ring, with relatively
high affinity and selectivity for SERT.


We modulated the para-aryl or heteroaryl 3b-phenyltro-
pane structures to extend knowledge of the molecular
requirements for high affinity to the SERT proteins,
and selectivity for SERT compared to DAT or NET
proteins, based on testing with cell membrane-contain-
ing homogenates of rat cerebral cortex (SERT, NET)
or caudate nucleus tissue (DA) as transporter sources.
Transporter potencies and SERT-selectivities of novel
compounds are summarized in Table 1. All compounds
tested showed at least moderate affinity for SERT
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Table 1. Affinity (Ki, nM; mean ± SEM) of new para-aryl and heteroaryl 3b-phenyltropane to monoamine transportersa


N
R


CO2Me


Ar


Compound R Ar SERT DAT NET Selectivity SERT versus DAT


29 H 2 0-Furyl 0.15 ± 0.02 3.76 ± 0.48 12.7 ± 1.3 25


14 Me 3 0-Furyl 0.35 ± 0.09 14.2 ± 3.3 127 ± 6.0 40


11 Me 3 0,50-F2-Ph 0.41 ± 0.05 31.7 ± 4.1 109 ± 9.5 77


10 Me 3 0-F-Ph 0.50 ± 0.11 25.2 ± 1.8 249 ± 19 50


13 Me 2 0-Furyl 1.13 ± 0.21 7.14 ± 1.1 1400 ± 59 6


31 H 3 0-MeO-pyridin-3-yl 1.56 ± 0.24 332 ± 99 739 ± 231 212


22 Me 2 0-Thiazolyl 1.67 ± 0.31 520 ± 72 >10,000 311


20 Me Pyridin-3-yl 3.51 ± 0.35 26.1 ± 3.1 1407 ± 154 7


15 Me 3 0-MeO-pyridin-3-yl 3.91 ± 0.22 587 ± 55 1595 ± 198 150


30 H 2 0-Thiazolyl 5.15 ± 0.76 69.6 ± 7.4 213 ± 48 13


18 Me Pyrazin-2-yl 11.3 ± 0.2 121 ± 11 213 ± 26 10


16 Me Quinolin-3-yl 20.0 ± 1.1 59.8 ± 2.9 >30,000 3


17 Me Pyrimidin-5-yl 33.1 ± 0.9 344 ± 52 >10,000 110


21 Me Pyridin-2-yl 161 ± 1.9 44 ± 2.8 >10,000 0.27


19 Me Pyridin-4-yl >1000 1566 ± 254 >30,000 —


12 Me 3 0-Me2N-Ph >1000 545 ± 259 >30,000 —


aAssays of novel compounds employed cell membrane-containing homogenates of rat forebrain (frontoparietal cerebral cortex for SERT and NET,


caudate-putamen for DAT), with [3H]paroxetine (0.17 nM) for SERT (blank = 10 lM R,S-fluoxetine, Sigma-RBI), [3H]GBR-12935 (0.20 nM) for


DAT (blank = 10 lM GBR-12909, Sigma-RBI), and [3H]nisoxetine (0.40 nM) for NET (blank = 10 lM desipramine, Sigma-RBI); results are


expressed as mean ± SE, based on at least three separate determinations. Test agents are ranked by SERT potency.
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(Ki < 100 nM) and greater affinity than for DAT or
NET. In the phenyl series, the 3 0,5 0-difluoro- and 3-flu-
oro-compounds 11 and 10 displayed high affinity
(Ki = 0.41 and 0.5 nM, respectively) for SERT and selec-
tivity versus DAT (77- and 50-fold) or NET (265- and
498-fold), whereas the 3 0-N,N-dimethyl analogue 12
was inactive at all three monoamine transporters. These
findings accord with our previous results showing good
affinity and selectivity at SERT for phenyltropanes with
small electronegative substituents at the meta position.10


To investigate the effect of replacing the phenyl (2) or
thiophenyl (3 and 4) rings with a heteroaromatic ring,
we synthesized and evaluated analogues bearing a furan
(13 and 14), pyridine (15 and 19–21), quinoline (16),
pyrimidine (17), pyrazine (18), or thiazole (22) moiety.
The furan analogues were the most potent at SERT.

The 3 0-furyl (13) displayed higher SERT potency
(Ki = 0.35 SERT) and selectivity (40-fold, SERT vs
DAT) than the 2 0-furyl (14), 2.7 times less potent and
7 times less selective at the SERT; these results are con-
sistent with our previous findings with thiophenytro-
panes.13 The 2 0-thiazolyl (22) isostere of the 2 0-furyl
derivative (14) presented the same range of affinity with
Ki = 1.67 nM at SERT; however, the pharmacological
profile of this compound differed by the higher selectiv-
ity versus DAT (330- and 6-fold, respectively) than the
3 0-furyl analogue (13). Introducing a pyridine moiety
led to less SERT-potent and selective compounds,
ranked 3 0-pyridyl (20) > 2 0-pyridyl (21) > 4 0-pyridyl
(20). A 5-methoxy group as a 3 0-pyridyl substituent
(15) did not appreciably alter SERT affinity (Ki = 3.91
and 3.51 nM, for 15 and 20) but markedly increased
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SERT selectivity versus DAT, from 7- to 150-fold (20 vs
15). The quinoline (16), pyrimidine (17), and pyrazine
(18) analogues showed weaker affinity for the SERT
(Ki = 11.3, 20.0, and 33.1 nM respectively). Among nor-
tropane analogues, as expected, 29 was more active and
selective than the parent tropane 13 (in fact, it was the
most potent at SERT of the compounds reported in this
study), with a Ki = 0.15 nM and a selectivity versus
DAT of 25-fold. The same phenomenon was observed
for 31 (desmethyl analogue of 20), but, interestingly,
not for the 2 0-thiazolyl analogues (30 vs 22).


In conclusion, we report the synthesis of 16 new para-ar-
yl or heteroaryl 3b-phenyltropanes and their evaluation
for potency and selectivity at monoamine transporter
proteins in mammalian forebrain tissue. Four new com-
pounds (29, 14, 11, and 10) showed equal or higher affin-
ity for SERT than b-CIT, a radiotracer used to quantify
SERT proteins in brain tissue (SERT Ki = 0.46, selectiv-
ity vs DAT = 2),15 with improved, 22- to 77-fold, selec-
tivity versus DAT.
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Abstract—Substrate-based tetrapeptide inhibitors with various warheads were designed, synthesized, and evaluated against the
Dengue virus NS3 protease. Effective inhibition was achieved by peptide inhibitors with electrophilic warheads such as aldehyde,
trifluoromethyl ketone, and boronic acid. A boronic acid has the highest affinity, exhibiting a Ki of 43 nM.
� 2005 Elsevier Ltd. All rights reserved.

The mosquito-borne dengue virus is endemic to most
tropical and sub-tropical regions throughout the world,
making dengue fever the most important mosquito-
borne viral disease affecting humans. Its global distribu-
tion is comparable to that of malaria, and an estimated
2.5 billion people live in areas at risk for epidemic trans-
mission.1 The four serotypes of dengue cause a self-lim-
iting viral fever which can lead to life-threatening
conditions such as dengue hemorrhagic fever (DHF)
and dengue shock syndrome (DSS). Due to the public
health threat posed by dengue virus infection and the
lack of vaccines or antiviral therapies, there is an urgent
need to develop new chemotherapeutic approaches to
counter this emerging infectious disease.


The dengue virus genome contains a trypsin-like prote-
ase with a classical serine protease catalytic triad
(His51, Asp75, and Ser135) which constitutes part of
the nonstructural protein 3 (NS3). The enzymatic activ-
ity of NS3 protease is enhanced by interactions with the
NS2B protein, which acts as an essential cofactor.2 NS3
protease is vital for the post-translational proteolytic
processing of the polyprotein precursor and is essential
for viral replication and maturation of infectious dengue
virons.3 Therefore, dengue NS3 protease is an attractive
therapeutic target for dengue virus infections.

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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Classical inhibitors of serine proteases are ineffective or
only effective at high concentration against the dengue
NS3 protease, except for aprotinin, which is a large pro-
tein likely to prevent to the substrate from accessing the
protease active site by enveloping the enzyme.4a Addi-
tionally, only a few peptidic and non-peptidic inhibitors
of the dengue serine protease with moderate activities
have been reported (Fig. 1).4,5 In view of the general lack
of information about dengue protease inhibitors, it was
desirable to identify peptides with good inhibitory activ-
ities that can be used as prototype enzyme inhibitors for
future drug discovery efforts.


Unlike trypsin, dengue protease has a marked cleavage
site preference for dibasic residues. Two high affinity
non-prime side substrates: Bz-Nle-Lys-Arg-Arg (S1)
(Km 12.42 lM) and Bz-Nle-Lys-Thr-Arg (S2) (Km


33.9 lM), have been recently identified through sub-
strate profiling of dengue protease using positional scan-
ning tetrapeptides.6 We sought to capitalize on the
substrate information of NS3 protease to develop potent
small molecule inhibitors of the dengue serine protease.
In order to rapidly map the active site, we decided, as a
first step, to examine several well-established serine

Figure 1. Inhibitors of dengue virus NS3 protease.







Scheme 2. Reagents: (a) AcCl, EtOH; (b) 2-aminophenol, CH2Cl2; (c)


piperidine, DMF; (d) Bz-Nle-Lys(Boc)-Arg(Pbf)-OH, EDC, HOBt,


DIEA, DMF; (e) Dess–Martin periodinane, CH2Cl2; (f) 95% TFA,


CH2Cl2; (g) thiazole, BuLi, THF, �78�C; (h) 20% TFA, CH2Cl2.


[AA1 = Bz-Nle-Lys-Arg.]
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protease warheads. In this paper, we describe the design,
synthesis, and evaluation of dengue protease inhibitors
based on the tetrapeptide substrates. The importance
of the warheads and their contributions in the binding
to the NS3 protease will also be discussed.


Peptides including compounds 1, 2, Bz-Nle-Lys(Boc)-
Arg(Pbf)-OH and Bz-Nle-Lys(Boc)-Thr(t-Bu)-OH, were
either synthesized according to standard solution-phase
peptide chemistry7 or acquired from commercial sourc-
es. The synthesis of compounds 3 and 4 was accom-
plished by standard solid-phase peptide chemistry
using rink amide resin as solid support.8 Trifluoroacyl-
sulfonamide 5 was obtained from tetrapeptide 1 and tri-
fluoromethylsulfonamide using EDC. Tetrapeptide
aldehydes 6 and 7 were prepared according to previously
reported methods.9


Various substrate-based tetrapeptide inhibitors possess-
ing a-ketoamides were synthesized as shown in Scheme
1. Protected Arg-OH was converted to corresponding
�reduced� warheads using previously reported methodol-
ogies from Weinreb amides9b,10 and resulting intermedi-
ates were used for subsequent coupling reactions.
Tetrapeptide a-ketoamides 10-a and 10-b were prepared
by Dess–Martin periodinane oxidation11 of the corre-
sponding alcohols followed by removal of protecting
groups. Tetrapeptide a-hydroxyamide 11 was also
synthesized by coupling 9-b with tripeptide followed
by simple removal of protecting group.


Peptide a-ketobenzoxazole 13-a and a-ketothiazole 13-b
were prepared as shown in Scheme 2. Treatment of cya-
nohydrin 8-a with anhydrous HCl and ethanol in a Pin-
ner reaction afforded the intermediate imino ether
hydrochloride, which was then cyclized with o-amino-
phenol to afford a-hydroxybenzoxazole 12.12 a-Keto-

Scheme 1. Reagents: (a) HCl, CH2Cl2; (b) piperidine, DMF; (c)


Bz-Nle-Lys(Boc)-Arg(Pbf)-OH, EDC, HOBt, DIEA, DMF; (d) Dess–


Martin periodinane, CH2Cl2; (e) 95% TFA, CH2Cl2; (f) H2, Pd/C,


AcOH/MeOH; (g) HCl, MeOH; (h) (Boc)2O, NaHCO3, THF; (i)


LiOH, THF/H2O; (j) Benzylamine, EDC, HOBt, DIEA, DMF.


[AA1 = Bz-Nle-Lys-Arg.]

benzoxazole 13-a was achieved by oxidation of the
corresponding alcohol. Meanwhile, a-ketothiazole 13-b
was prepared through Arg a-ketothiazole, which was
constructed through reaction of arginine Weinreb amide
14 with excess 2-lithiothiazole at low temperature.13


Scheme 3 outlines the synthesis of substrate-based tetra-
peptide trifluoromethyl ketone 18. The fluorinated
building block 16 was prepared in a few steps starting
with a modified Dakin–West reaction.14 The fluorinated
alcohol 17 was assembled through guanylation using
bis-Boc-pyrazole-1-carboxamidine.15 Subsequently, the
tetrapeptide trifluoromethyl ketone 18 was achieved
through Dess–Martin periodinane oxidation of tetra-
peptide fluorinated alcohol followed by removal of pro-
tecting groups.


Finally, a peptide boronic acid inhibitor was synthesized
through known intermediate 19 as shown in Scheme 4.16


All tetrapeptide inhibitors were evaluated in an enzyme
inhibition assay against the viral NS3 protease Den 2
CF40 ÆNS3pro, a truncated dengue 2 NS3 enzyme fused
via a flexible linker to a 47 amino acid region of NS2B.17


The activity of the inhibitors is summarized in Table 1.


A non-covalent, charged warhead, such as a carboxylic
acid, theoretically could provide binding efficiency via
electrostatic interactions. A product based peptide acid
was reported as a competitive inhibitor of the hepatitis

Scheme 3. Reagents: (a) Fmoc-Arg(Pbf)-OH, EDC, HOBt, DIEA,


DMF; (b) 20% TFA, CH2Cl2; (c) bis-Boc-pyrazole-1-carboxamidine,


DMAP, THF; (d) piperidine, DMF; (e) Bz-Nle-Lys(Boc)-OH, EDC,


HOBt, DIEA, DMF; (f) Dess–Martin periodinane, CH2Cl2; (g) 95%


TFA, CH2Cl2. [AA1 = Bz-Nle-Lys-Arg.]







Scheme 4. Reagents: (a) Bz-Nle-Lys(Boc)-Arg(Pbf)-OH, IBCF, THF;


(b) NaN3, DMF; (c) H2, Pd(OH)2/C, MeOH; (d) bis-Boc-pyrazole-1-


carboxamidine, DMAP, MeOH; (e) TFA, CH2Cl2; (f) PhB(OH)2,


diethyl ether/water. [AA1 = Bz-Nle-Lys-Arg.]


Table 1. Inhibition of dengue virus NS3 protease by tetrapeptide


analogs containing different warheads


Compound Ki (lM)a


1 Bz-Nle-Lys-Thr-Arg-OH >500


2 Bz-Nle-Lys-Arg-Arg-OH >500


3 Bz-Nle-Lys-Thr-Arg-NH2 >500


4 Bz-Nle-Lys-Arg-Arg-NH2 127.5


5 Bz-Nle-Lys-Arg-Arg-NHSO2CF3 >500


6 Bz-Nle-Lys-Thr-Arg-H >500


7 Bz-Nle-Lys-Arg-Arg-H 5.8


11 Bz-Nle-Lys-Arg-Arg(OH)-CONH-Bn 178


13-a Bz-Nle-Lys-Arg-Arg-Benzoxazole 82.9


13-b Bz-Nle-Lys-Arg-Arg-Thiazole 42.8


18 Bz-Nle-Lys-Arg-Arg-CF3 0.85


21 Bz-Nle-Lys-Arg-Arg-B(OH)2 0.043


a Each Ki is the average of at least two independent determinations.


Figure 2. Lineweaver–Burk plot of aldehyde 7.


Scheme 5. Degradation of a-ketoamides. Reagents and conditions:


(a) Enzyme assay buffer medium, pH 8.5.
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C virus NS3-4A serine protease with a Ki of 0.6 lM.18 In
our hands, carboxylic acids 1 and 2 failed to show activ-
ity against dengue serine protease. Furthermore, peptide
analog 5 containing trifluoroacetylsulfonamide, which
is a known isostere for carboxylic acids, was not
active as well.19 Simple amides are known to be relative-
ly inert toward certain serine proteases and can serve
as substrate-like enzyme inhibitors.20 As a consequence,
substrate-based tetrapeptide amides 3 and 4 were
explored. Amide 4 corresponding to the best substrate
S1 showed activity at high micromolar concentration.
In general, peptides without well-established serine
protease electrophilic warheads did not show useful
inhibition of dengue serine protease.


Peptide analogs containing electrophilic warheads are,
in general, good inhibitors of serine proteases.21 There-
fore, the effect of different electrophilic warheads on
the inhibition of dengue protease was studied. We ini-
tially chose to study the substrate-based peptide alde-
hydes due to the ease of synthesis, which resulted in
the identification of low micromolar inhibitors (e.g.,
aldehyde 7, Ki 5.8 lM). Not surprisingly, this aldehyde
(7) was found to be a competitive inhibitor of dengue
NS3 protease as shown by Lineweaver–Burk plot
(Fig. 2). However, the aldehdye analog (6), correspond-
ing to the second best substrate S2,6 did not show any
activity against dengue protease.


Subsequently, a-ketoamides were synthesized to deter-
mine their efficacy against dengue protease and they
showed no effect up to 500 lM concentration, whereas
a-hydroxyamides showed inhibitory activity at high

micromolar concentration. The reason for this unusual
result was found to be the quick degradation of a-keto-
amides in the enzyme assay buffer medium (pH 8.5) dur-
ing incubation to a seven-membered ring lactam (22),
which presumably, is inactive because of the loss of
the key interaction between P1(Arg) side-chain and the
enzyme. To provide additional structural evidence for
the formation of lactam, a model study was performed
as shown in Scheme 5 and the structure of lactam 24
was confirmed by 2D NMR.


Inhibitors incorporating the a-keto heterocycle moiety
like 13-a and 13-b proved to be less active than aldehyde
7. These heterocyclic groups gave potent inhibitors with
the related serine proteases elastase, chymase, and
thrombin.22 We surmise that their relatively poor activ-
ity compared to aldehyde 7 may be due to either the dif-
ference of carbonyl reactivities or some steric restriction
in the active site of the enzyme, which prevented optimal
binding.


Potent inhibitors were identified by incorporating triflu-
oromethyl ketone and boronic acid onto the substrate
peptide. Tetrapeptide boronic acid 21 proved to be the
most potent inhibitor of dengue virus NS3 protease with
a Ki of 43 nM. The affinity of trifluromethyl ketone 18
was intermediate between those of peptide aldehyde 7
and peptide boronic acid 21.


In the present investigation, we have examined the
major requirements for nanomolar inhibition of the
dengue NS3 protease. Starting with the best known
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substrate peptide sequence, we have determined that, in
contrast to HCV NS3 protease, cleavage products and
their analogs do not appreciably inhibit the Dengue
NS3 protease. Peptide inhibitors with electrophilic war-
heads, such as aldehyde, trifluoromethyl ketone, and
boronic acid, were needed to see effective inhibition of
the enzyme activity. Among the examined warheads, tet-
rapeptide boronic acid has the highest affinity, exhibit-
ing a Ki of 43 nM. We believe that these small
molecule inhibitors offer valuable insights into the devel-
opment of chemotherapeutics for the treatment of den-
gue infection in humans.
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1 rue du Professeur Calmette, BP 447, 59021 Lille, France
bLaboratoire de Biologie fonctionnelle des protozoaires, USM0504, Muséum National d�Histoire Naturelle,
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Abstract—A library of acylhydrazone iron chelators was synthesized and tested for its ability to inhibit the growth of a chloroquine-
resistant strain of Plasmodium falciparum. Some of these new compounds are significantly more active than desferrioxamine DFO,
the iron chelator in widespread clinical use and also than the most effective chelators.
� 2005 Elsevier Ltd. All rights reserved.

Almost one-half of the world�s population is exposed to
the burden of malaria, a disease which is responsible for
the death of about 2 million people every year. The
spread of multidrug-resistant Plasmodium falciparum
has highlighted the urgent need to discover new antima-
larial drugs, preferably those affordable to developing
countries where malaria is prevalent.1,2


Iron was identified as an essential nutrient for the devel-
opment of the parasite, many enzymes of the plasmodial
metabolic pathways (d-aminolevulinate synthase,
responsible for haem�s de novo synthesis,3 or ribonucle-
otide reductase, involved in DNA synthesis4) depend on
the presence of this element. For this reason, iron chela-
tors gained a respectable, although still undeveloped,
place among compounds presenting antimalarial activi-
ty. Several possible sources for iron acquisition have
been postulated: host transferrin in the plasma, host
erythrocyte ferritin or, even, host haemoglobin.5


Several classes of chelators have been shown to suppress
the growth of P. falciparum in erythrocytes in vitro:
hydroxamate siderophores (DFO for instance, Fig. 1)
and derivatives, catecholamide and catecholate sidero-
phores, a-ketohydroxypyridinones, dihydroxycouma-
rins, acylhydrazones and aminophenols.5 The problems
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with these classes of compounds are side effects due to
toxicity.6


Nevertheless, DFO has been extensively used for the
treatment of Fe overload disease,7 has a detectable anti-
malarial activity in humans,8,9 but has not found a role
in the clinical treatment of malaria, probably due to
short plasma half-life, lack of oral activity and high
cost.7


The antimalarial activity of DFO prompted several
authors10,11 to study three aroylhydrazone Fe chelators,
salicylaldehyde isonicotinoyl hydrazone (SIH, 1), 2-
hydroxy-1-naphthylaldehyde m-fluorobenzoyl hydra-
zone (HNFBH, 2) and pyridoxal isonicotinoyl hydrazone
(PIH, 3) (Fig. 1). As these compoundswere orally effective
and inexpensive, the results were promising, the hydraz-
ones 1 and 2 providing the best results. An important pre-
requisite of an iron-chelating drug as an antimalarial is a
high affinity for iron. The affinity constant of acylhydraz-
ones12 for iron(III) is about 1028.


Another study pointed out the interest of those com-
pounds together with their thiosemicarbazone
analogues.13


Some derivatives of these compounds are proteinase
inhibitorswith antiparasitic activity againstTrypanosoma
brucei14 and Nifurtimox, a furyl hydrazone, has been
commercialised for the treatment of Chaga�s disease.
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Figure 1. Structures of DFO and acylhydrazones 1, 2 and 3.


32 P. Melnyk et al. / Bioorg. Med. Chem. Lett. 16 (2006) 31–35

A library of 156 acylhydrazones was designed in order
to evaluate the potential of this class of compounds as
antimalarials and to study more in detail the struc-
ture–activity relationships. The library�s diversity was
ensured by the large number of commercially available
aldehydes and hydrazides. This allowed the study of
SAR rules, influence of the compounds� accumulation
in the parasite food vacuole and of the lipophilicity.
To allow a comparison with previous studies, the library
also contained compound 1. As one of the major prob-
lems with malaria is the development of resistant strains,
our efforts were focused towards FcB1, a chloroquine
(CQ)-resistant strain.


The acylhydrazones were synthesized in deepwell plates
at 10 lmol scale according to Scheme 1. The purity was
assessed by HPLC and all the mass spectra were consis-
tent with the anticipated product structure. Out of the
total 156 compounds of the library, 153 were obtained
with a purity over 85% and were submitted to biological
activity evaluation (Fig. 2). The experimental procedure
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Scheme 1. Synthesis of acylhydrazones.
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Figure 2. Quality control of the library.

is included in the reference section, together with the
quality control (QC) results of the most active
compounds.15


Antimalarial activity and cytotoxicity. The crude com-
pounds were tested for their ability to inhibit parasite
growth (CQ-resistant strain FcB1, IC50 CQ = 126 nM)16


at 1 lM (Table 1). Compounds displaying inhibition of
parasite growth by more than 50% were directly submit-
ted to further pharmacological characterisation (IC50,
Table 2) as their purity was over 95%.


Most active compounds were submitted to a cytotoxicity
test (CC50) on a human diploid embryonic lung cell line
(MRC-5) using the colorimetric MTT assay17 (Table 2).


In vitro inhibition of b-hematin formation. Compounds
were tested for their ability to inhibit formation of b-he-
matin (the synthetic equivalent of hemozoin) induced by
1-monooleoyl glycerol (MOG)18,19 (Table 2).


Introduction of a variety of substituents either on the
aldehyde or on the hydrazone moiety provided com-
pounds with modest or low inhibition percentage of par-
asite growth at 1 lM (Table 1), except for 11
compounds (compounds 2–12). Reference compound 1
is representative of the results with 22% of growth
inhibition.


Very low inhibition percentages were obtained in the
case of methylhydrazide (0–34%) or benzylhydrazide
(0–45%) whatever the structure of aldehyde partner.
The introduction of polar or ionizable groups led to
no improvement, either on hydrazide partner (pyridine,
phenol substituent), or on the aldehyde moiety (3, 4 or
5-hydroxy substituent). The highest inhibition was ob-
tained for aromatic partners, substituted by tert-butyl,
chloro, nitro, methyl or methoxy groups. The results
suggested the importance of rather hydrophobic or
bulky substituents.


Compounds displaying inhibition of parasite growth by
more than 50% were submitted to an IC50 evaluation







Table 1. Antimalarial activity on CQ-resistant strain FcB1 (inhibition of parasite growth at 1 lM)


R R0:
O N N


S


OH Cl O N
+ OO


CH3–


H 21% 27% 1: 22% 35% 26% 13% 11% 25% 14% 43% 4% 0%


Naphthyl 42% 26% 28% 36% 31% 14% 5% 24% 30% 35% 48% 11%


3-OH 20% 19% 11% 30% 16% 29% 20% 13% 21% 41% 24% 29%


3-OMe 41% 30% 43% 10% 32% 16% 16% 36% 37% 39% 32% 33%


4-OH 13% 0% nda 14% 23% 13% 15% 16% 29% 37% 18% nda


4-OMe 45% 41% 35% 32% 38% 24% 14% 8% 9% 43% 45% 4%


4-NEt2 23% nda 18% 2: 60% 2% 37% 12% 45% 39% 3: 73% 4: 69% 34%


5-OH 21% 4% 26% 0% 7% 19% 4% 25% 39% 38% 28% 25%


5-OMe 33% 45% 34% 38% 24% 24% 20% 24% 18% 47% 14% 3%


5-Me 37% 19% 8% 49% 33% 23% 24% 5: 52% 28% 6: 65% 46% 32%


5-tBu 14% 14% 40% 7: 59% 32% 8: 52% 31% 9: 69% 10: 53% 48% 11: 81% 32%


5-Br 35% 33% 29% 47% 21% 38% 10% 36% 29% 12: 52% 17% 17%


5-NO2 16% 0% 15% 21% 19% 21% 4% 31% 26% 36% 31% 22%


aNot determined.


Table 2. Biological activity of the 11 most active compounds


R R0 Antimalarial


activity IC50
a (lM)


CC50
a (lM)


(MRC5 cells)


Inhibition of b-hematin


formation IC50
a (lM)


VAR · E+3


CQ — — 0.126 ± 0.005 50 ± 4 60 ± 10 54


2 4-NEt2 Phenyl 1.1 ± 0.3 1.1 ± 0.1 50 � 100 68


3 4-NEt2 4-tert-Butyl-phenyl 0.9 ± 0.1 1.1 ± 0.1 >100 120


4 4-NEt2 4-Nitro-phenyl 1.0 ± 0.1 2.5 ± 0.7 >100 86


5 5-Me 4-Chloro-phenyl 1.9 ± 0.1 >100 50 � 100 59


6 5-Me 4-tert-Butyl-phenyl 2.2 ± 0.2 16.3 ± 2.6 50 � 100 60


7 5-tBu Phenyl 1.3 ± 0.2 2.6 ± 0.8 >100 71


8 5-tBu 2-Thienyl 1.6 ± 0.2 12 ± 4 50 � 100 60


9 5-tBu 4-Chloro-phenyl 2.9 ± 0.6 3.6 ± 0.8 >100 59


10 5-tBu 4-Methoxy-phenyl 2.3 ± 0.3 >100 >100 60


11 5-tBu 4-Nitro-phenyl 1.6 ± 0.1 1.1 ± 0.2 50 � 100 57


12 5-Br 4-tert-Butyl-phenyl 1.7 ± 0.4 >100 >100 46


aMean IC50 ± SD values for two to three independent experiments are shown.
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(Table 2). Highest inhibition was obtained for 2-hy-
droxy-4-diethylaminobenzaldehyde 4-tert-butyl-benzoyl
hydrazone 3 with an IC50 of 900 nM. But the range of
IC50 is not large enough to draw some rules.


The partition coefficient logD at pH 7.4 was evaluated
in silico20 to determine the influence of lipophilicity on
the antimalarial activity. As expected, the 11 most active
compounds provided the highest values, between 3.5
and 5.2. This direct correlation of a compound lipophil-
icity with its antimalarial activity has already been
experimentally demonstrated in the case of reversed
siderophores.11,21


Host haemoglobin is degraded in the food vacuole of the
parasite, and haem liberated in this process is polymer-
ized to hemozoin.


In order to evaluate the ability of the component to
accumulate in the parasite food vacuole, in silico calcu-
lations of vacuolar accumulation ratios (VAR) were car-
ried out based on a weak-base model.20,22 A wide range
of accumulation ratios were obtained (from 640 to
3.6 · 109, see supplementary materials). As expected,
compounds with phenol groups as substituents provided

better VAR values. Compounds presenting the highest
activity accumulate in the same range as CQ.


CQ inhibits the polymerization process, thus, leading to
poisoning of the parasite. DFO seems to have an oppo-
site behaviour.24 We have tested the ability of the com-
pounds to inhibit this process of detoxification of haem
(Table 2) to get some information on the mechanism of
action. Even if the compounds are known as inhibitors
via direct coordination of iron(III), the mechanism will
be different from CQ which inhibits the crystallisation
of the haem to form the hemozoin (and its equivalent
b-hematin) through p–p stacking. The most active com-
pounds are equivalent or less potent inhibitors than CQ
and the best inhibitors (2 compounds provided an IC50


of about 20 lM) are totally inactive on parasite growth
(see supplementary materials). The inhibition of this
process does not seem to be the base of the antimalarial
activity of this class of compounds. It can be notified
that no significant red blood cells (RBC) haemolysis
was recorded after 48 h of incubation with the more ac-
tive compound at a concentration totally inhibiting the
parasite growth (20 lM), as well as no alteration of
the RBC morphology was observed by phase contrast
microscopy suggesting that the inhibition of growth
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could not be attributed to indirect effects due to modifi-
cations of the host cell membrane.


The average cytotoxicities of acylhydrazones uponMRC-
5 cells extended from 1 lM to more than 100 lM (Table
2). Three compounds showed a reproducible lack of
toxicity at 100 lM: 2-hydroxy-5-methyl-benzaldehyde
4-chloro-benzoyl hydrazone 5, 2-hydroxy-5-tert-butyl
benzaldehyde 4-methoxy-benzoyl hydrazone 10 and
2-hydroxy-5-bromobenzaldehyde 4-tert-butyl-benzoyl
hydrazone 12. All the other compounds provided a selec-
tivity index (ratio CC50/IC50) between 1 and 16, too low
for a potential development as drug candidates.


A library of 153 acylhydrazones was synthesized with
high purity. Though the activity is in the micromolar
range against P. falciparum growth, these compounds
have the highest antimalarial activity of this class of iron
chelators. As three of the compounds present no detect-
able toxicity, further studies of their biological activity
are in progress. From a mechanistic point of view, as
ribonucleotide reductase is a target for HNFBH 2,25


an investigation of the potency of this library on this en-
zyme�s activity is also intended.
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Abstract—Quinolinones and naphthyridinones with C7 N-t-butyl piperidine substituents were found to be potent p38 MAP kinase
inhibitors. These compounds significantly suppress TNF-a release in both cellular and LPS-stimulated whole blood assays. They
also displayed excellent PK profiles across three animal species. Quinolinone 4f at 10 mpk showed comparable oral efficacy to that
of dexamethasone at 1 mpk in a murine collagen-induced arthritis model.
� 2005 Elsevier Ltd. All rights reserved.

The p38 mitogen-activated protein (MAP) kinase plays
a key role in the release of proinflammatory cytokines
TNF-a and IL-1b from monocytes.1 An excess level of
these cytokines is associated with a number of inflam-
matory diseases, including rheumatoid arthritis (RA).
In the last decade, considerable efforts have been devot-
ed to discovering potent and selective p38 inhibitors as
potential therapy for treatment of RA.2–5
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Figure 1. Inhibitors of p38 activity.

We have recently reported the discovery of a series of
quinazolinones (e.g., 1a–c), quinolinones (e.g., 2a), and
naphthyridinones (e.g., 2b and 3) as potent p38 MAP ki-
nase inhibitors (Fig. 1).6–8 These compounds displayed
excellent selectivity for inhibition of p38 over other ki-
nases. Quinazolinone 1a was rapidly metabolized, but
increasing the steric bulkiness of the R group, as in 1b
and 1c, markedly improved oral bioavailability in the
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Table 1. Activities and PK profiles of p38 inhibitors in rats


N


R4 R4


O


X


R1


R2


R3


4a-4i, 6b-6g, 7c -7f, X = CH
5a-5c, X = N


Compound R1 R2 R3 R4 P38a
IC50


(nM)


TNF-a
cella IC50


(nM)


TNF-a
WB IC50


(nM)


tl/2
(h)(iv)


Vd


(L/kg)


nAUC(PO)


(lMh/mg/kg)


Clp


(mL/min/kg)


F


(%)


4a NH Cl F Cl 0.26 3.32 24.2 3.17 7.32 0.37 30.1 36


4b NH Cl F Cl 0.45 0.89 14.5 2.56 6.20 0.11 37 13


4c N Cl F Cl 0.61 0.82 7.71 3.12 6.87 0.34 27 30


4d N Cl F Cl 0.51 0.99 8.51 3.36 5.23 0.71 18 44


4e N Cl F Cl 1.15 0.74 50.8 — — — — —


4f N Cl F Cl 0.31 0.27 2.6 3.5 3.84 1.02 14 47.7


4g N F F Cl 0.14 1.7 2.4 4.13 3.82 2.02 11.9 69.3


4h N Cl H Cl 0.1 1.0 6.4 — — — — —


4i N Cl F F 0.3 0.42 1.0 9.96 3.77 1.01 18.5 57


5a N Cl F Cl 0.38 1.6 5.3 3.69 11.4 0.51 39.6 67.3


5b N F F Cl 0.51 0.69 5.2 9.05 24 0.59 32.3 62


5c N Cl H Cl 1.4 — 6.8 5.1 10.1 0.83 25 66


6b N
CO2Me


Cl F Cl 8.1 1.3 28 — — — — —


6d N
CO2Me


Cl F Cl 6.7 2.59 130 — — — — —


6e N
CO2H


Cl F Cl 0.84 3.75 79.1 — — — — —


6f N
CO2H


Cl F Cl 3.2 3.8 25 — — — — —


6g N
CO2H


Cl F Cl 1.3 3.2 28 0.44 0.70 0.001 59 0.11


(continued on next page)
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Table 1 (continued)


Compound R1 R2 R3 R4 P38a
IC50


(nM)


TNF-a
cella IC50


(nM)


TNF-a
WB IC50


(nM)


tl/2
(h)(iv)


Vd


(L/kg)


nAUC(PO)


(lMh/mg/kg)


Clp


(mL/min/kg)


F


(%)


7c NO Cl F Cl 7.1 2.4 16.2 — — — — —


7d NO F F F 10.5 2.2 18.4 — — — — —


7e NO Cl H Cl 1.6 1.8 13 2.33 6.17 0.29 34.1 32.3


7f NO F F Cl 1.87 0.77 — — — — — —


aTHP-1 cells.


N OHO
R4 R4
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Scheme 2. Preparation of aryl ethers 7c–7f.
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rat.7 Unfortunately, clearance of these quinazolinones
remained high, and PK profiles were poor in other ani-
mal species. Metabolic studies revealed the benzylic C4
and the two positions a to the piperidine nitrogen as
metabolic hot spots. Replacement of the quinazolinone
core with quinolinone and naphthyridinone structures
eliminated the lability at the C4 position.8 However, lim-
ited success was reported in addressing the metabolic
stability at the positions a to the piperidine nitrogen.
Compound 3, with an a,a 0-stabilized piperidine, had a
satisfactory PK profile in rats, but this profile did not
translate to other animal species. The key pathways
for metabolic degradation of 3 were shown to be related
to N-demethylation.8 Consequently, we have prepared a
series of quinolinones and naphthyridinones with stabi-
lized C7 piperidine substituents. The t-Bu piperidines
(e.g., 4f and 5a) are particularly potent inhibitors of
p38 activity and TNF-a release with excellent oral bio-
availability in rat, dog, and rhesus monkey. Remark-
ably, in a accelerated murine collagen-induced arthritis
(CIA) model, compound 4f proved comparable to dexa-
methasone, the �gold standard� for arthritis studies.


Compounds 4a–4i and 5a–5c (Table 1) were prepared
according to methods reported in previous papers.6–8


Compounds 6b–6g were prepared according to Scheme
1. Alkylation of the C7 piperidine 6a with the properly
protected triflate afforded methyl ester 6b or PMB ester
6c. Compound 6b was alkylated with iodomethane to
give 6d, which upon hydrolysis furnished zwitterion 6e.
The PMB-protecting group of 6c was removed with for-
mic acid to afford optically active compounds 6f and 6g
(derived from the appropriate optically active lactate
esters).


Aryl ethers 7c–7f (Table 1) were prepared from phenol
7a and mesylate 7b (Scheme 2). The yields were general-
ly low (below 20%).


Metabolic studies indicated that one of the major path-
ways for clearance of quinolinones and naphthyridinon-
es with C7 piperidine substituents proceeds through
oxidation of the a carbon that attached to the piperidine
N. Subsequent decomposition of the resulting carbinol-
amine generates dealkylated metabolite. We hoped that

the tetramethyl piperidine derived from reduction of 4a
would completely eliminate this pathway; however, at-
tempts to reduce the double bond in the dihydropiperi-
dine ring were not successful, presumably due to the
steric bulkiness of the tetramethyl substituents. Com-
pared to compound 3 (Fig. 1), 4a shows high clearance
and moderate oral bioavailability in rats.


Tropanes were introduced to replace the piperidine at
C7, with the expectation that both the bulkiness and
the rigidity of the tropane system would impede rapid







Table 2. Dog and Rhesus PK profiles of selected p38 inhibitors


Compound Dog Monkey


tl/2 (h)(iv) Vd (L/kg) nAUC(PO)


(lM h/mg/kg)


Clp


(mL/min/kg)


F (%) tl/2 (h)(iv) Vd (L/kg) nAUC(PO)


(lM h/mg/kg)


Clp


(mL/min/kg)


F (%)


4f 5.59 23.80 0.99 26.75 83 13.60 52.80 0.28 52.85 49.0


4g 19.77 8.99 2.29 5.50 36.2 9.7 26.25 0.60 29.25 56.5


4i — — — — — 9.55 28.65 0.29 35.15 31.50


5a — — — — — 5.32 22.10 0.21 47.50 33.0


5b 15.55 23.75 1.35 20.50 99.3 6.5 21.65 0.16 41.45 23.00


5c 5.42 15.10 0.078 37.60 9.35 — — — — —
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metabolism. Tropanes 4b–4d indeed proved to be potent
inhibitors of p38 activity and TNF-a release, and the
data in Table 1 show a clear trend in improvement of
both clearance and oral bioavailability with increasing
steric bulkiness at the tropane nitrogen. Unfortunately,
the PK profiles of these compounds clearly show that
the rigid tropane bridge does not completely prevent
metabolism at the carbons a to nitrogen.


Methyl esters and zwitterions 6b–6g (Table 1) displayed
reduced inhibitory activity in both the p38 binding assay
and TNF-a release assay in whole blood (compared to
the analogous basic compound 4f). In addition, an
unsatisfactory PK profile for compound 6g prevented
further consideration of these zwitterion compounds.
Aryl ethers 7c–7f were generally less potent inhibitors
of p38 activity and TNF-a release (particularly in whole
blood assays) than the corresponding carbon-linked
analogues 4f–4i. Compound 7e showed a moderate PK
profile in rats.


Compounds 4f–4i and 5a–5c, with t-Bu piperidine sub-
stituents at C7 of the quinolinone and naphthyridinone
cores, respectively, proved to be our most potent p38
inhibitors. Their potencies for inhibition of TNF-a re-
lease in human whole blood are especially outstanding.
The quinolinones proved slightly more potent than the
corresponding naphthyridinones in the p38a binding as-
say and in the whole blood assay. Among the quinoli-
nones, compound 4i, which has a 2,6-difluorophenyl
moiety at N1, is the most potent inhibitor in our human
whole blood assay.


As expected from our previous results with a,a 0-stabi-
lized piperidines,8 quinolinones 4f–4i and naphthyridi-
nones 5a–5c generally have excellent PK properties in
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Figure 2. Clinical arthritis scores of orally administered 4f and


dexamethasone in a Murine CIA Model.

the rat. Differences in the rates of clearance among these
t-Bu piperidine analogues are consistent with our
metabolism studies, indicating secondary metabolism
at the aryl rings. Unlike our previous results, these
t-Bu-stabilized piperidines also have excellent PK pro-
files in the dog and the rhesus monkey (Table 2).


The murine collagen-induced arthritis (CIA) model is
widely used as a model of human rheumatoid arthritis.
To evaluate the in vivo efficacy of our quinolinone and
naphthyridinone p38 inhibitors against RA, quinolinone
4f was tested in an accelerated murine CIA model
(Fig. 2).9When administered orally at 10mpk, compound
4f is at least equal to, if not superior to, dexamethasone at
1 mpk in this arthritis model. These data clearly demon-
strate that our p38 inhibitors may offer a promising way
to stop the progression of rheumatoid arthritis.


In summary, quinolinones and naphthyridinones with
C7 t-Bu piperidine substituents proved to be potent
p38 MAP kinase inhibitors. They have outstanding
activity against the release of TNF-a in both cellular
and human whole blood assays. These compounds also
have excellent PK profiles in the rat, dog, and rhesus
monkey. Quinolinone analogue 4f was orally tested in
the murine CIA model and demonstrated excellent effi-
cacy, comparable to that of dexamethasone, the �gold
standard� for arthritis studies.
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Abstract—Pulvinones were synthesized (>180) in arrays and evaluated as inhibitors of early stage cell wall biosynthesis enzymes
MurA–MurD. Several pulvinones inhibited Mur enzymes with IC50�s in the 1–10 lg/mL range and demonstrated antibacterial activ-
ity against Gram-positive bacteria including methicillin-resistant Staphyloccus aureus, vancomycin-resistant Enterococcus faecalis,
and penicillin-resistant Streptococcus pneumoniae.
� 2005 Elsevier Ltd. All rights reserved.

Figure 1. Structures of pulvinic acid 1 (R = H), vulpinic acid 1


(R = Me), pulvinamide derivative 2, and pulvinone 3.

Enzymes of the murein pathway mediate bacterial cell
wall biosynthesis.1 The initial enzymes, MurA–MurB,
convert uridinediphosphate N-acetylglucosamine
(UDP-GlcNAc) into uridinediphosphate N-acetylmu-
ramic acid (UDP-MurNAc). A pentapeptide chain is
appended to the UDP-MurNAc by the amino acid
ligases MurC–MurF. The nucleotide of the UDP-
MurNAc-peptide unit is replaced with membrane bound
lipid phosphate. MurG couples a GlcNAc to the lipid
bound MurNAc and the resultant disaccharide is trans-
ferred across the membrane to the growing cell wall mol-
ecule. Although the early stage enzymes (MurA–MurD)
are well validated as antibacterial targets only fosfomy-
cin (a MurA inhibitor) has been used as a clinical
product.2


Naturally occurring vulpinic acid (Fig. 1) has been
reported to possess in vitro activity against Gram-posi-
tive bacteria.3 In-house screening for Mur enzyme inhib-
itors identified pulvinamide 24 [MurC (IC50 = 8 lg/mL)].
Our discovery effort revealed analogues of the des-ami-
do pulvinone 35 also inhibit MurC with an IC50 of
68 lg/mL and demonstrated antibacterial activity
against Gram-positive bacteria including methicillin-
resistant Staphyloccus aureus (MRSA), vancomycin-
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resistant Enterococcus faecalis (VRE), and penicillin-
resistant Streptococcus pneumoniae (PRSP).6


Pulvinones (10) were prepared in five steps (Scheme 1)
starting from commercially available 4-methoxy-2(5H)-
furanone (4). Bromination with N-bromosuccinimide
yielded 5.7 Aldol reaction of various aldehydes with 5
deprotonated by lithium isopropyl cyclohexylamide
(LICA)8 afforded secondary alcohols (6). The resultant
alcohols were eliminated via in situ mesylate formation
to afford the halogenated Suzuki coupling partner 8 in
the more thermodynamically stable Z-form.9


Alternatively, the aldol reaction may be performed first
using lithium hydroxide. Reaction of 4 with various
aldehydes under these conditions gave 7.10 Subsequent
bromination in acetonitrile afforded 6 that was eliminat-
ed as before to provide the bromo alkylidene furanone



mailto:antanes@wyeth.com





Scheme 1. Synthesis of pulvinones. Reagents and conditions: (a) NBS, CCl4, reflux; (b) LICA, THF, R1CHO, �78 �C or LiOH, CH3CN, R1CHO,


rt; (c) MsCl, TEA, CH2Cl2, 0 �C, 90 min; (d) Pd(PPh3)4, K3PO4, R
2B(OH)2 dioxane, Synthewave� 402 microwave (Prolabo), 15% pwr, 5 min or


100 �C, 90 min; (e) LiBr, DMF, Synthewave� 402 microwave (Prolabo), 30% pwr, 4 min or heat 150 �C, 15 min; (f) Br2, CH3CN, rt.


S. Antane et al. / Bioorg. Med. Chem. Lett. 16 (2006) 176–180 177

8. Suzuki coupling of 8 with various boronic acid deriv-
atives yielded the penultimate methoxy furanones (9),
which were demethylated with lithium bromide to afford
the final pulvinone products (10). The last two steps
were accelerated by microwaves.11


Pulvinones (10) were initially prepared in a matrix of
five arrays (11–15). MurA–MurD inhibition was as-
sayed sequentially unlike the efficient combinatorial
enzymology approach utilized at Merck.13 The methoxy
precursors (9) were devoid of significant activity. Repre-
sentative final products from each array are shown in
Table 1. Overall these pulvinones appeared to
consistently inhibit MurC. In addition, the pulvinones
displayed varying MurB inhibition and inhibition of
MurA to a lesser extent.


The naphthylidene derivatives (11a,b) were nearly iden-
tical in activity. The cyclohexylidene derivatives (11c

Table 1. Minimal inhibitory concentration (MIC, lg/mL) and in vitro activ


11ad 11be 11cf 12ag,i 12bh,i 1


S. aureus GC 1131a 8 8 32 16 1


S. aureus GC 4543 8 8 >128 8 128


E. faecalis GC 4555 16 16 64 16 128


E. faecalis GC 2242b 8 4 32 8 64


S. pneumoniae GC 1894c 0.5 0.25 60.12 1 2


MurA >25 >25 >25 14 >25 >


MurB 8 11 >25 9 >25


MurC 6 6 10 6 14


MurD >25 >25 >25 >25 25 >


aMRSA.
b VRE.
c PRSP.
d R = 1-naphthyl.
e R = 2-naphthyl.
f R = cyclohexyl.
g X = Cl.
h X = OMe.
i R = 3-CF3Ph.
j R = biphenyl.
k R = 4-ClPh.

and 14c) appeared to show a slight preference for MurC
and were highly variable in MIC effectiveness. para-
Chloro substitution (12a,c) was slightly better than
para-methoxy substitution (12b,d) in MurB–MurC
inhibition and activity versus VRE.


The phenyl-m-trifluoromethylbenzylidene (12a) was
equipotent with naphthylidene derivatives (11a,b). The
overall antibacterial activity of the 1-,2-naphthyl-m-tri-
fluoromethylbenzylidenes (13a and 14a) was slightly
enhanced by replacement with biphenylmethylidene
(13b and 14b).


Biphenylmethylidene (14b) appeared to show a slight
preference for MurB. A double Suzuki14 coupling
reaction of dibromo o,m,p-isomers 16 (Scheme 2)
provided additional arrays of biphenylmethylidenes
18. Biphenyl directly bonded to the furanone core
15a demonstrated the best overall Gram-positive

ity against MurA–MurD enzymes (IC50, lg/mL)12


2cd,g 12dd,h 13ai 13bj 14ai 14bj 14cf 15ai 15bk


8 32 32 8 8 16 >128 4 16


8 64 64 4 8 4 16 4 16


16 >128 >128 32 32 8 32 8 8


8 32 32 8 8 4 8 4 4


0.5 8 8 4 8 2 60.12 0.5 1


25 >25 >25 16 20 >25 >25 17 >25


10 >25 >25 >25 10 2 >25 5 —


7 16 13 9 6 10 9 8 16


25 >25 >25 >25 >25 >25 >25 >25 >25







Scheme 2. Double Suzuki. Reagents: (a) Pd(PPh3)4, K3PO4, dioxane;


(b) LiBr, DMF.
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antibacterial activity of the first matrix with MIC�s in
the range 0.5–8 lg/mL.


Inspired by the oxazolidinone antibiotic linezolid15 and
its suggestive 6-6-5-framework similarity to 15, we re-
placed the biphenyl of 15 with an ortho-fluor-
ophenylmorpholine to generate 19 (Fig. 2). The
preparation of 19 necessitated the synthesis of the
boronate derivative 22 from 4-bromo-2-fluoroaniline

Figure 2. Substructure graft of linezolid onto pulvinones.


Scheme 3. Synthesis of 3-fluoro-4-morpholinophenylboronic acid


pinacol ester. Reagents: (a) (ClCH2CH2)2O, NaI, K2CO3, DMF;


(b) pinacolborane, PdCl2(PPh3)2, dioxane, TEA.


Scheme 4. Synthesis of 2,2 0-disubstituted biphenylmethylidene pulvi-


nones. Reagents and conditions: (a) 2-R 0PhB(OH)2, Pd(PPh3)4,


K3PO4, dioxane, 100 �C, overnight.

(Scheme 3). For comparative purposes we prepared 20
from the commercially available 2-fluoro-4-biphenyl
boronic acid.


Polychlorinated pulvinone derivatives 18 evoked toxici-
ty comparisons to the persistent environmental pollu-
tant PCBs.16 Prudently we reduced the number of
halogens in a follow-up array (Scheme 4). Suzuki
reaction of ortho-substituted boronic acids with p-bro-
mo or p-triflate aldehydes represented by 23 yielded
2,2 0-disubstituted biphenyl aldehydes 24. These alde-
hydes were reacted with the bromofuranone 5 as before
(Scheme 1, steps b–e) to produce the less halogenated
pulvinones (25).


Potent antibacterial activities were observed for these
biphenyl arrays versus Gram-positive organisms: S.
aureus including MRSA, E. faecalis including VRE,
and penicillin-resistant S. pneumoniae (Table 2). Clearly
the most potent were the isomeric tetrachlo-
robiphenylmethylidenes 18a–c. The dichloro analogue
18d inhibited MurA–Mur D but exhibited less antibacte-
rial activity.


The morpholine-substituted pulvinone 19 was ineffec-
tive, despite showing modest MurB inhibition.
Replacement of the morpholine with a phenyl ring
(20c) increased inhibition of MurA–MurD. The wider
spectrum and enhanced potency of Mur enzyme inhibi-
tion exhibited by these pulvinones were difficult to ex-
plain. It seemed less probable for the pulvinones to
mimic the common phosphate motifs in the natural
substrates and co-factors than it was to occupy an
allosteric inhibitory site, perhaps located in a solvent
exposed region.17


The 2,2 0-disubstituted biphenylmethylidenes (25a,b,d,
and e) displayed primarily MurA and MurB inhibition,
except for a dimethoxy analogue (25c) that also inhibit-
ed MurC. For the most part, the Gram-positive (S. aure-
us) enzyme data seemed to be in agreement with the
Gram-negative (Escherichia coli) enzyme data (Table
2). However, concerning MurD enzyme data, it has been
noted that Gram-negative is more restrictive than
Gram-positive.18


Pulvinones may be considered decarboxylated ana-
logues of pulvinic acids. To summarize, we have
found that the carboxyl group of pulvinic acid deriv-
atives is not essential for murein enzyme inhibition.
Therefore, pulvinones are novel inhibitors of bacterial
cell wall biosynthesis enzymes. Matrix production of
pulvinone arrays, some expedited by microwave-assist-
ed Suzuki and demethylation reactions, hastened the
identification of several derivatives that possessed
antibacterial activity against Gram-positive organisms:
S. aureus including MRSA, E. faecalis including
VRE, and penicillin-resistant S. pneumoniae. Finally,
the ability of selected pulvinones to block multiple
Mur enzymes may be preferred since bacterial resis-
tance might require genetic mutations at multiple
targets.19







Table 2. Minimal inhibitory concentration (MIC, lg/mL) and in vitro activity against MurA–MurD enzymes (IC50, lg/mL) of select pulvinones12


18ae,n 18bf,o 18ce,p 18dg,n 19h 20ai 20bj 20ch 20dk 25ae,l 25be,m 25ce,q 25de,r 25eg,r


S. aureus GC 1131a 0.25 0.5 4 >128 64 2 2 1 1 0.5 0.5 2 0.5 2


S. aureus GC 4543 0.25 0.25 0.5 1 128 2 2 1 1 0.5 0.5 2 0.5 1


E. faecalis GC 4555 1 1 1 8 128 1 2 4 2 2 2 8 2 4


E. faecalis GC 2242b 0.5 0.5 0.5 4 128 0.25 2 1 0.5 1 0.5 8 1 2


S. pneumoniae GC 1894c 0.25 60.12 60.12 1 16 0.25 0.5 0.25 0.25 0.5 60.12 0.5 0.5 60.12


MurAd 2 3 1 5 >25 10 1 3 1 4 2 17 (2) 4


MurB 3 2 3 4 10 12 1 1 1 2 1 6 3 3


MurCd 11 (18) 17 5 (>25) 8 2 5 10 (20) (23) 6 (>25) (15)


MurDd (6) (5) 6 6 (>25) >25 6 9 16 (17) (9) >25 (24) (12)


aMRSA.
b VRE.
c PRSP.
d Values in parentheses are S. aureus enzymes, all others are for E. coli.
e X,Y = 3,5-diCl.
f X,Y = 3,4-diCl.
g X = 3-Cl, Y = H.
hR = 2-Cl,5-CF3-Ph.
i R = 3-CF3Ph.
j R = 2-F,5-CF3-Ph.
k R = 2-Cl,3-CF3-Ph.
l R = OMe, R0 = CF3.
mR = R0 = CH3.
nmeta-biPh.
o ortho-biPh.
p para-biPh.
q R = R 0 = OMe.
r R = CH3, R


0 = CF3.
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11. Typical microwave Suzuki procedure: in a 2.5 mLWheaton
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(Scheme 1), 0.25 mmol aryl boronic acid, 0.7 mmol potas-
sium phosphate, and 5 mol% tetrakis(triphenyl-phos-
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12. MICs: The quantitative in vitro determination of mini-
mum inhibitory concentration (MICs) of novel com-
pounds against 20 strains of Gram-positive aerobic
bacteria was performed by microdilution broth method
of testing as recommended by the standards approved by
the National Committee for Clinical Laboratory Stan-
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tion of murein enzymes in buffered solutions. Optical
densities (OD) due to the release of phosphate during
MurA, MurC or MurD enzymatic reactions were mea-
sured by a SPECTRAmax�250 (Molecular Devices)
660 nm. The OD measurement in the Mur B assay,
however, directly detected the appearance of nicotin-
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340 nm. The difference in readings between control con-
ditions (buffered solutions of natural substrate(s), enzyme,
and co-factors) and in the presence of novel compounds
determines the percent inhibition. IC50�s are then calcu-
lated by linear regression analysis using SoftMax� soft-
ware (Molecular Devices). The MurA assay detected the
quantity of inorganic phosphate cleaved from phospho-
enolpyruvate (PEP) and consisted of 25 mM Tris–HCl
buffer, pH 8, 150 nM MurA, 200 lM PEP, and 200 lM
UDP-GlcNAc in final volume 25 lL. The procedure is
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Abstract—A series of pyrazolopyridazine compounds were briefly investigated as ERK2 inhibitors. The crystal structure of ERK2
complexed with an allyl derivative was determined. The compound induces structural change including movement of the glycine-rich
loop and peptide flip between Met108-Glu109. As a result, the newly formed subsite can recognize small hydrophobic substituents
but not hydrophilic ones.
� 2005 Elsevier Ltd. All rights reserved.

Extracellular signal-regulated kinase 2 (ERK2, E.C.
2.7.1.37) is a member of the Ras/Raf/MEK1(or
MEK2)/ERK1(or ERK2) mitogen-activated protein
kinase (MAPK) signaling pathways. These pathways
contribute to the coordination and regulation of cell
growth and differentiation in response to extracellular
stimulation.1 They function as an integral step in the
formation, progression, and survival of tumors, in addi-
tion to being intracellular mediators in signaling aberra-
tions in many inflammatory processes.2 Based on
experimental evidence, the MAPK signaling pathways
represent an attractive target for pharmacological inter-
vention in proliferative and inflammatory diseases.3


Recently, we discovered that a 1H-pyrazolo[3,4-c]pyrid-
azine derivative 1 acted as a potent ERK2 inhibitor that
dose-dependently depressed AP-1-dependent transcrip-
tion induced by TGFb1, as an inflammatory mediator.4


Compound 1 showed ATP-competitive inhibition in a
Lineweaver–Burk analysis and was the first compound
with high selectivity toward many other kinases. Among
known ERK2 inhibitors such as olomoucine and 5-
indotubercidin, which have low selectivity. The com-
pound is useful as a tool to elucidate the roles of ERK
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in a variety of cellular events. X-ray analysis4 confirmed
that it bound to the ATP binding site of the enzyme with
a novel binding mode. The phenyl moiety and the
pyrazolopyridazine moiety bind to the bottom of the
active site, which is structurally rigid. On the other hand,
the pyrazolopyridazine moiety binds to the entrance
region of the active site, which consists of structurally
flexible loops.


Kinases, including ERK2, have a common architecture,
and contain an ATP binding site consisting of flexible
loops known as a glycine-rich loop and an activation
loop. The glycine-rich loop has various conformations
according to the binding of different inhibitors. The
flexibility allows recognition of a variety of structural
compounds. The glycine-rich loop in the 1/ERK2 com-
plex is different from those in the previously reported
structures.5


For a brief investigation on the structural flexibility of
the glycine-rich loop, compounds 2–4, with various
substituents at the 1-position of the pyrazolopyridazine
ring, were synthesized.6 The respective inhibitory
activities7 are shown in Table 1.


Compounds 2 and 3 have inhibitory activity higher than
that of 1, although activity reduction would be expected
due to the steric hindrance between these compounds
and the protein (Fig. 1). The substituents at the 1H
position would obstruct the Cd atom of Ile31 and the
carbonyl group of Met108 if the structure in the



mailto:kinotk@b.s.osakafu-u.ac.jp





Table 1. Classical complement inhibition for compounds 1–4


N N


N
N


NN


NH2


R


Compound R IC50 (lM)


1 H 1.9


2 Me 1.4


3 CH2CH@CH2 0.56


4 CH2CH2OH 5.1


N N


N
N


NN


NH2


Ile31
O


Met108


2.2
2.4


Figure 1. Steric hindrance when there is no structural change.


Distances are shown in Å. The model of compound 3 was calculated


based upon the coordinates of compound 1 in the 1/ERK2 complex


and was superposed onto the ERK2 protein in the 1/ERK2 complex.
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1/ERK2 complex were rigid. That is, conformational
change of the protein may occur. Alternatively, a struc-
tural difference may be brought about by the interaction
mode.


The crystal structure of the 3/ERK2 complex8 reveals
that 3 binds to the protein in the same manner as 1,
except around the allyl moiety (Fig. 2). All interactions
of the 1/ERK2 complex are conserved in the 3/ERK2

N N


N
N


NN


H2N


O


H2N


NH


Lys54


Met108


Asp106


Glu109


Thr110


Leu156


Leu107


Gln105


Ile103


Val39


Cys166


Asp167


H2N


O


Figure 2. Interaction pattern of the X-ray structure.

complex. The amino group forms a hydrogen bond
with the carbonyl of Asp106 and the amide carbonyl
of Gln105. The N2 atom of the pyrazolopyridazine
ring interacts with the NH of Met108. This interaction
is important for the recognition of various inhibitors
by their respective kinases.9 The N2 atom of the pyraz-
olopyridine ring interacts with the Lys54. The phenyl
group binds in the hydrophobic subsite consisting of
Val39, Ile103 and the methylene chains of Lys54 and
Gln105. These portions of the protein are rigid in the
1/ERK2 and 3/ERK2 complexes. On the other hand,
the allyl group fits well into the newly formed hydro-
phobic subsite consisting of Leu107, Leu156, and the
peptide backbone of Glu109 and Thr110 (Fig. 3).
The methylene part of the allyl group has a hydropho-
bic interaction with Leu107. The vinyl group also has a
hydrophobic interaction with Leu156 and has van der
Waals contacts with the peptide backbone of Glu109
and Thr110.


As a result, the allyl group of the inhibitor moves the
Ile31 residue and the carbonyl group of Met108 away
from this position in the 1/ERK2 complex (Fig. 4).
The Ca atom of Ile31 in the glycine-rich loop is pushed
out from the position it occupies in 1/ERK2 by 2.0 Å.
The whole of the glycine-rich loop is moved out with
the Ile31, but this movement has no influence on the
molecular recognition pattern. The carbonyl group of
Met108 is directed to the opposite side of the allyl
group, but the Ca atoms of both ends of the peptide
bond are fixed in the two complexes. That is, the peptide
flip between Met108 and Glu109 occurs as observed in
p38 mitogen-activated protein kinase complexed with a
quinazolinone inhibitor.10 Furthermore, the peptide flip
in the p38 kinase occurs between Met109 and Gly110,
and the large residue makes the peptide flip energetically
unfavorable, based on the mutational investigations at
Gly110. In the case of the 3/ERK2 complex, the peptide
flip occurs even though the peptide consists of large res-
idues. Overall, two disadvantageous factors in the allyl
group binding are settled by this motion. This structural

Figure 3. Structure around the allyl group in the 3/ERK2 complex


(van der Waals sphere models).







Figure 4. Conformational change induced by compound 3. The


protein structures of the 1/ERK2 and 3/ERK2 complexes are shown


as green and magenta stick models, respectively. Ile31, the carbonyl


group of Met108, and compound 3 (blue) are highlighted by bold


sticks.
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difference between the 1/ERK2 and 3/ERK2 complexes
is not an artifact due to crystal packing, but is a result
of inhibitor-induced conformational change, since both
conformations are observed in the same crystal systems.


Compound 4 has inhibitory activity that is 9 times lower
than that of 3, although both have similar sized substit-
uents at the 1-position of the pyrazolopyridazine frame.
The structure of the 3/ERK2 complex was considered in
order to determine a reason for this, and the hydroxyl
group may be unsuitable for a hydrophobic environ-
ment. Furthermore, the hydrophobic interaction with
the peptide backbone may be important for the binding
of 3. The methyl group of 2 cannot make this interac-
tion, but can make a hydrophobic interaction with
Leu107. Therefore, compound 2 has activity higher than
that of compound 1 and has activity lower than that of
compound 3.


In conclusion, we have briefly investigated the structural
properties of the substituent of the pyrazolopyridazine
ring. The crystal structures of the 3/ERK2 complex as
well as the 1/ERK2 complex provide useful insights
which could be used in the design of more potent
ERK2 inhibitors.
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The wavelength was 1.0 Å and the crystal-to-detector
length was 400 mm. Data resolution is from 45.6 to 2.5 Å;
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Abstract—Two novel constrained LL-AP4 analogues, (2S,1 0R,2 0S)- and (2S,1 0S,2 0R)-2-(2 0-phosphonocyclopropyl)glycines (7) and
(8), were synthesized and evaluated as mGluR ligands. Compound 7 showed to be a group III mGluRs agonist with micromolar
activity.
� 2005 Elsevier Ltd. All rights reserved.

Among the strategies aimed at finding new potent and
selective ligands for glutamate receptors, the bioisosteric
replacement of LL-glutamate x-carboxylate function has
been a particularly fruitful one.1 The substitution of this
moiety for the phosphonate one in compounds charac-
terized by an appropriate intermediate chain and by
the DD-configuration at the amino acidic moiety, such
as in DD-AP5 (1, Chart 1) and DD-AP7 (2), has given access
to the first generation of potent and selective NMDA
competitive antagonists.2 More recently, another phos-
phonate analogue of LL-glutamate, LL-AP4 (3), has proved
to be a potent agonist for the group III family of metab-
otropic glutamate receptors (mGluRs) and as such an
important tool for its pharmacological characteriza-
tion.3 The lack of selectivity of LL-AP4 (3) towards the
array of group III subtypes (mGluR4, 6, 7, and 8),
however, gives interest to the search for new potent,
subtype selective group III ligands. Conformational
freezing of LL-AP4 (3), in this regard, is a route that
has been followed with some success.
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(+)-PPG (4), an LL-AP4 analogue in which the phospho-
nate and the glycine moieties are kept in a collinear

Chart 1. Selected LL-Glu analogs as excitatory amino acid receptors


ligands.
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Scheme 1. Reagents and conditions: (a) LDA, THF, �78–0 �C; (b)
PCC, CH2Cl2, rt; (c) (i) R-(�)-a-phenylglycinol, MeOH, rt; (ii)


TMSCN; (iii) mplc; (d) (i) Pb(OAc)4, CH2Cl2-MeOH, 0 �C; (ii) 6 N
HCl, reflux; (iii) Dowex 1X8-200.


Figure 1. Newman projections of the proposed preferred conforma-


tions of LL-CCG-I (15), LL-CCG-II (14), PCG-1 (7) and PCG-2 (8).


L. Amori et al. / Bioorg. Med. Chem. Lett. 16 (2006) 196–199 197

fashion by the phenyl spacer, is a potent mGluR4 ago-
nist (EC50 = 3.2 lM), also active at mGluR7
(EC50 = 48 lM),4 reported to be endowed with neuro-
protective properties5 and anxiolytic- and antidepres-
sant-like effects.6 The introduction of a cyclopropyl
ring in 2,3 position of the skeleton of LL-AP4 (3) as in
(Z)- and (E)-(±)-2-amino-2,3-methano-4-phosphonobu-
tanoic acids (5 and 6, respectively) has been shown to
give group III agonists in which the potency of the par-
ent is retained.7 Compound 5 with an EC50 of 0.58 lM is
the most potent mGluR4a agonist so far reported.
Although these derivatives have been instrumental in
producing pharmacophore models for group III
agonists,8,9 a clear picture of the steric and conforma-
tional requirements for the selective interaction of phos-
phonate analogue with individual group III mGluR
subtypes is still missing.


In the frame of our continuing interest in the develop-
ment of chemical tools for the characterization of gluta-
matergic pathways, we have undertaken the synthesis of
two novel conformationally constrained analogues of LL-
AP4 (3), namely trans-(2S,1 0R,2 0S)- and (2S,1 0S,2 0R)-2-
(2 0-phosphonocyclopropyl) glycines (PCG-1, 7) and
(PCG-2, 8) in which the pharmacophoric groups, the
glycine moiety and the phosphonate group, are partially
rigidified into extended disposition according to the
pharmacophore models for group III agonists.8,9 The
two new compounds are phosphono analogs of carboxy-
cyclopropylglycines (LL-CCGs), conformationally con-
strained analogs of LL-glutamate. (2S,1 0S,2 0S)-LL-CCG-I
(15), in particular, is a potent mGluR agonist with sig-
nificant activity also at group III subtypes. It must be
mentioned that compounds 7 and 8 have previously
and independently been prepared with a different
chemistry at Novartis (Basel) and tested at the human
mGlu4 receptor. The biological activity is consistent
with our present results. The Novartis�s data are still
unpublished.18


The synthesis and the preliminary biological properties
of 7 and 8 are reported herein (Scheme 1). trans-Diethyl
2-(hydroxymethyl) cyclopropyl phosphonate (10) was
obtained from the readily available diethyl c,d-epox-
ybutylphosphonate10 (9) via a basic catalyzed intramo-
lecular epoxide opening reaction.11 While in the
original report nBuLi was used as the base, in our hands
LDA (1.1 equiv in THF, �78 �C) proved to be the base
of choice affording the desired 10 in 59% yield. Oxida-
tion of 10 by PCC in dichloromethane at room temper-
ature led in 63% yield to the racemic aldehyde 11 which
was submitted to the condensation with R-(�)-a-phenyl-
glycinol (MeOH, rt, 24 h). The subsequent addition of
trimethylsilyl cyanide to the Schiff base thus formed
(TMSCN, 0 �C then rt, 24 h) afforded the mixture of
(2S,1 0R,2 0S)- and (2S,1 0S,2 0R)-aminonitriles 12 and 13
along with minor amounts of the (2R,1 0R,2 0S)- and
(2R,1 0S,2 0R)-diastereoisomers (2S/2R = 75:25 by
HPLC).12 Separation of the two more abundant a-
aminonitriles by flash chromatography (ethyl acetate/
methanol, 95:5) and subsequent mplc (acetone/n-hexane,
70:30) afforded the desired isomers 12 and 13 in 10% and
15% yields, respectively. The two (2S)-a-aminonitriles

12 and 13 thus obtained were then submitted to oxida-
tive cleavage with lead tetraacetate (CH2Cl2–MeOH,
0 �C, 20 min), acidic hydrolysis (6 N HCl), and ion-ex-
change resin chromatography (Dowex 1X8-200, 1.5 N
acetic acid) to afford the corresponding amino acids
(2S,1 0R,2 0S)-PCG-1 (7) and (2S,1 0S,2 0R)-PCG-2 (8) in
42% and 46% yields, respectively.13


The absolute stereochemistry of the (phosphonocyclo-
propyl)glycines 7 and 8 was tentatively assigned on the
basis of NMR analyses. 1H–1H coupling constants
(J2-1 0), which are similar in both distereoisomers 7 and
8 (J = 9.86 Hz and J = 9.98 Hz, respectively), suggested
that the relative orientation of H(2)–H(1 0) was antiperi-







Table 2. Binding affinity values expressed as Ki (lM), for PCG-1 (7)


and PCG-2 (8)


Compound mGluR4 mGluR8


PCG-1 (7) 7.4 ± 2.7 63 ± 16


PCG-2 (8) 53 ± 15 54 ± 4


LL-Glutamate 3.4 ± 0.5 3.4 ± 1.1


LL-AP4 (3) 0.16 ± 0.02 1.9 ± 0.3


[3H]LL-AP4 and [3H]LY34149517 binding experiments were performed


on rmGluR4 and rmGluR8 receptor-expressing cell membranes (BHK


cells) using a SPA assay.16 Data are means ± SEM of at least three


independent experiments performed in triplicate.


Table 1. EC50 (lM) values for PCG-1 (7) and PCG-2 (8)


Compound Group I Group II Group III


mGluR1 mGluR5 mGluR2 mGluR4 mGluR6 mGluR7


PCG-1 (7) >1000 >1000 >1000 9.4 ± 3.0 13 ± 3 700 ± 140


PCG-2 (8) >1000 >1000 >1000 49 ± 15 46 ± 23 >1000


LL-Glutamate 7.3 ± 1.0 1.2 ± 0.3 26 ± 2 6.1 ± 1.5 7.6 ± 0.5 >1000


LL-AP4 (3) >1000 >1000 >1000 0.51 ± 0.14 0.34 ± 0.07 188 ± 79


Functional data were obtained from CHO cells expressing rmGluR1, rmGluR5 or rmGluR6 or from BHK cells expressing hmGluR2, hmGluR7 or


rmGluR4 using previously described methods.3,12b,16 Potencies were determined by: (i) measuring intracellular calcium concentration (group I


mGluRs), (ii) GTP(c)35S stimulation assay (mGluR2) and (iii) measuring cAMP formation (group III mGluRs). The data shown are means ± SEM


of at least three independent experiments performed in triplicate.
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planar in both diastereoisomers. This evidence was also
confirmed by NOESY experiments, which did not show
any NOE between these two protons in both diastereo-
isomers 7 and 8. Taking into account the structural anal-
ogy between the (phosphonocyclopropyl)glycines 7 and
8, and the two trans-2-(2 0-carboxycyclopropyl)glycine
diastereoisomers [LL-CCG-II (14) and LL-CCG-I (15)],14


whose absolute configurations were previously unam-
biguously defined,15 a comparative study on the evalua-
tion of �c-gauche� effects played by the amino- and
carboxylic groups, on C(2 0) and C(3 0) in the 2-(2 0-carb-
oxycyclopropyl)glycines (14 and 15) and 2-(2 0-phospho-
nocyclopropyl)glycines (7 and 8), may be instrumental
in disclosing the absolute stereochemistries of our new
compounds. In particular, assuming also in the case of
14 and 15, an antiperiplanar disposition between H(2)
and H(1 0) and considering that an amino group has a
larger shielding or �c-gauche� effect on the corresponding
carbon atom than does the carboxylic group,15 the
diastereoisomer showing the C(2 0) chemical shift
more shielded is endowed with 2S,1 0S,2 0S configuration
as depicted in Figure 1A. On the contrary, the
2S,1 0R,2 0R-isomer, as depicted in Figure 1B, having
the amino group in a gauche relationship with C(3 0),
shows the chemical shift of this carbon atom more
shielded than in the other isomer. Analogously, the dia-
stereoisomer 7, showing C(2 0) up-fielded and C(3 0)
down-fielded in comparison with compound 8, can be
assigned with the 2S,1 0R,2 0S-configuration (Fig. 1C),
in analogy with LL-CCG-I (15). On the contrary, PCG-
2 (8) will be endowed with 2S,1 0S,2 0R-configuration
(Fig. 1D).


The new derivatives 7 and 8 were evaluated as potential
mGluRs ligands by functional assays (rmGluR1, rmG-
luR5, hmGluR2, rmGluR4, and hmGluR7) and binding

experiments (rmGluR4 and rmGluR8).16 As summarized
in Tables 1 and 2, the new derivatives 7 and 8 show activ-
ity as group III mGluRs agonists albeit with significant
differences in potency and subtype. In particular, PCG-
1 (7) able to displace labeled LL-AP4 from rat mGluR4
with a Ki of 7.4 lM can be considered an acceptably po-
tent agonist for this receptor subtype. Reduction of the
conformational flexibility of LL-AP4 (3) through insertion
of a cyclopropyl ring in 3,4 positions yielded the two
trans-cyclopropyl derivatives 7 and 8. Evaluated for their
ability to interact with a set of glutamate receptors, both
derivatives 7 and 8 showed to be inactive at ionotropic
glutamate receptors (NMDA, KA, and AMPA) and at
prototypic group I and group II mGluR subtypes. On
the contrary, both compounds activated the four group
III mGluR subtypes with different potencies, with
PCG-1 (7) always more potent than PCG-2 (8). The most
active isomer PCG-1 (7), however, is about 10-fold less
potent than the parent LL-AP4 (3) or the other cyclopro-
pyl-AP4 derivative 5 at all the group III mGluR sub-
types. While confirming the need for an extended
disposition of pharmacophoric moieties for group III
recognition, our results indicated that the cyclopropyl
ring in 3,4 position of the LL-AP4 skeleton, induces a con-
formational disposition which is accepted but not opti-
mal for interacting with the conserved group III
mGluR binding pockets. It can also be speculated that
there is a need for the phosphonate moiety of a certain
degree of conformational flexibility for a proper interac-
tion with group III receptors. This evidence is in contrast
with the experience gained for other glutamate receptors
(NMDA-Rs and group II mGluRs, in particular), where
restriction of the LL-glutamate flexibility by insertion of
cyclopropyl moiety yielded very potent and highly selec-
tive compounds.
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Abstract—A series of polysubstituted and fused heterocycle derivatives of acylthiourea was prepared and the biological activity
against influenza virus was evaluated. Of the analogues that demonstrated IC50s < 0.1 lM, acylthiourea derivatives 16 and 50 were
further investigated as candidates with the most potential for future development. The SAR of these compounds are discussed and
they represent a novel class of highly potent and selective inhibitors of influenza virus.
� 2005 Published by Elsevier Ltd.

Influenza virus is the contagious etiologic agent that
causes an acute respiratory infection followed by sec-
ondary bacterial infections, hence it has always been a
major threat to human health worldwide. Each year in
the USA alone, influenza epidemics cause morbidity
and mortality. More than 200,000 patients are admitted
to hospitals because of influenza and there are approxi-
mately 36,000 influenza-related deaths.


At present, effective therapy for influenza virus is limited
due to newly discovered resistance1 in mutant strains. In
addition, current anti-viral agents, such as amantadine
and rimantadine, provide only limited protection due
to a narrow spectrum of activity.2 Thus, research in
the design and screening for more effective anti-viral
drugs for the chemotherapy of influenza virus infection
is a high priority.


Recently, thiourea derivatives have been reported to be
effective against HIV3,4 and to have bactericidal action.5


Additionally, nitrogen heterocycles are known as versa-
tile functional groups in active compounds such as fun-
gicides.6 Few studies have been done concerning
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evaluations of polysubstituted and fused heterocycle
derivatives of acylthioureas for their anti-viral activity.
In our early attempts to screen for activity against differ-
ent viruses, acylthiourea 1 (Fig. 1) was revealed as a
weak inhibitor of influenza virus. As part of the pro-
gram to maximize this activity and to identify more
effective inhibitors of influenza virus, we decided to com-
bine these two parts into one molecule and investigate
the resulting anti-viral activity. A new class of polysub-
stituted acylthioureas and their fused heterocycle deriv-
atives (designated PAFHs, series I–XII) were prepared.
A highly specific anti-influenza virus activity in cell
culture was discovered and evaluated. Of these
acylthiourea derivatives 16 and 50 inhibited virus in
cultured MDCK cells at concentrations of 0.08 and
0.09 lM, respectively. These compounds were further
investigated for their potential for future development.


Compounds were prepared using the routes shown in
Schemes 1–3. The intermediates N 0-(4,6-disubstituted
pyrimidine-2-yl)-thiourea II and N 0-(tert-butylamino-

N S N


F


F


O O


O
Me


O


HH


Figure 1. Initial influenza inhibitor, 1.
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Scheme 1. Reagents: (a) SOCl2; (b) HCl; (c) KSCN/CH3CN; (d) Et3N; (e) Br2.


Scheme 2. Reagents: (a) SOCl2; (b) HCl; (c) KSCN/CH3CN; (d) Et3N.
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carbonyl)-thiourea IX (Scheme 2) were obtained by
treatment with potassium thiocyanate (KSCN) and a
hot aqueous solution of 2-amino-4,6-disubstituted
pyrimidine or tert-butylurea, respectively. N 0-(4,6-Di-
substituted pyrimidine-2-yl)-N-(5-aryl-2-furoyl) thio-
urea III (Scheme 1) was prepared by the reaction of 5-
aryl-2-furoic acid with SOCl2 to form the intermediate
5-aryl-2-furoyl chloride. Subsequent treatment of the
intermediate II gave the desired acylthiourea derivative.
The preparation of N 0-(4,6-disubstituted pyrimidine-2-
yl)-N-substituted-b-pyridinecarbonyl thiourea VI
(Scheme 1) was nearly identical to the procedure for
the acylthiourea derivation III described above. Then

acylthioureas III and VI were converted in a straightfor-
ward manner to thiadiazolo[2,3-a]pyrimidines IV and
VII by oxidizing cyclization with the addition of drops
of bromine as oxidant. Note that the intermediate
substituted nicotinyl chloride V, substituted formyl
chloride VIII were synthesized by treating the same acyl-
ating agent SOCl2 with substituted nicotinic acid and
substituted formic acid,7,8 respectively.


The target adduct X was synthesized by the reaction of
intermediates VIII with IX (Scheme 2) in a 1:1 molar ra-
tio in acetonitrile, and the resulting precipitate was col-
lected by filtration and recrystallized from CH3CN to







Scheme 3. Reagents: (a) NH3(H2O); (b) (COCl)2; (c) 2-amino-4,6-disubstituted pyrimine; (d) H2NCONHC(CH3)3.
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give the final compound X. Treatment of substituted
acylisocyanates with 2-amino-4,6-substituted pyrimi-
dines and tert-butylurea, respectively, yielded acylurea
derivatives XI and XII (Scheme 3).


All compounds were assayed11 against the influenza A3/
beijing/30/95(H1N1) virus, which were amplified and
titrated in MDCK cells. Additionally, general cytotoxic-
ity was measured using the MTS cellular toxicity as-
say9,10 to distinguish between specific anti-viral activity
and non-specific host cell toxicity. All the compounds
reported herein have MTS IC50 values of >300 lM
and are considered to be non-cytotoxic (these data are
not included in the tables).


The SAR resulting from variation for the X and Y sub-
stituents in the pyrimidine ring are shown in Table 1.
Different substituents at the 4- or 6-position in the
pyrimidine ring had greatest influence on activity. In this
series of 5-aryl-2-furoyl thioureas bearing a substituted
pyrimidine ring, there was a large preference for

Table 1. SAR of polysubstituted pyrimidinyl acylthiourea analogues


O
N N


H


O S N


N


X


Y
H


R


15-25


Compound R X Y IC50
a


15 2-Cl OEt Me 1.65


16 2-Cl OEt OEt 0.08


17 2-Cl OH Me 0.32


18 2-Cl OMe OMe 1.77


19 2-Cl Cl Cl 14.5


20 2-Cl Cl OEt >20


21 2-Cl OMe Me >20


22 4-NO2 OMe OMe >20


23 4-NO2 OEt OEt >20


24 4-NO2 OEt Me 11.3


25 4-NO2 OH Me 0.36


MTS IC50 > 300 lM for all compounds.
a IC50 of influenza (H1N1) virus, lM.

electron-donating groups such as Me, OMe, OEt, and
OH in this portion of the molecule (Table 1; 15–18).
Substitution by electron-withdrawing groups, such as
Cl, (19–21) led to poor activity. For instance, the acyl-
thiazole 16 was the most active compound in the series
with an IC50 of 0.08 lM. However, the 4-nitrophenyl
substitution did not offer any improvement over 2-chlor-
ophenyl substituted analogues. A number of corre-
sponding 4-nitrophenyl derivatives (22–24) had no
appreciable activity against influenza virus when com-
pared with their 2-chlorophenyl counterparts (15 and
16). Interestingly, the 4-nitrophenyl derivative 25 was
an exception, which was found to inhibit the influenza
virus in vitro at 0.36 lM and showed activity compara-
ble to that of 17. Nonetheless, substitutions on the
pyrimidine ring profoundly affect the ability to inhibit-
ing influenza virus in vitro.


With the right substituent W held constant as the tert-
butylaminocarbonyl group, we also explored the SAR
of substitutions at Q (Table 2). Introduction of a specific
functional cycloalkyl, such as chrysanthemoyl (33 and
34), resulted in a significant increase in potency.

Table 2. tert-Butyl acylthiourea analogue SAR


Q N


O


N


S


HH


O


Me
Me


Me


N
H


26-34


Compound Q IC50
d


26 5-(2-Cl-Ph)-2-Furyl 1.42


27 5-(4-NO2-Ph)-2-Furyl 1.30


28 Ph 1.79


29 OMe 1.83


30 (2,4-Cl2-Ph)-OCH2– 1.67


31 2,6-F2-Ph 1.43


32aS-(+) 2-Me-1-(4-Cl-Ph)-Pr 1.35


33a Cis-(�) *CFPCb 0.51


34a Trans-(�) *DCPCc 0.26


a Compounds 32–34 are pure enantiomers as indicated.
b *CFPC, 3-(2-chloro-3,3,3-trifluropropenyl)-2,2-dimethyl cyclopropyl.
c *DCPC, 3-(2,2-dichloro ethenyl)-2,2-dimethyl cyclopropyl.
d IC50 of influenza (H1N1) virus, lM.







Table 4. Effect of thiadiazolo[2,3-a]pyrimidines ring on inhibition of


influenzavirus
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O
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S


N


X


Y


Q


47-53


N


O


N


N


S


N


X


Y


Q


47-53


Compound Q X Y IC50
a


47 5-(4-NO2-Ph)-2-Furyl Me OH 0.67


48 5-(4-NO2-Ph)-2-Furyl OEt OEt 5.25


49 5-(2-Cl-Ph)-2-Furyl OEt Me 0.35
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Replacement of 5-aryl-2-furyl by groups, such as phenyl
or methoxyl (28 and 29), resulted in a slight decrease in
the potency (Table 2), while other substituents (30 and
31) showed activity that was equipotent to that of ana-
logue 26. With regard to the substituentW, introduction
of the tert-butylaminocarbonyl group at this position
afforded improved activity. Replacement of polysubsti-
tuted pyrimidine by tert-butylaminocarbonyl (26 and
27) further increased the potency 8- to 10-fold over ana-
logue 19 and 24. Analogue 34 was the most potent com-
pound in this series and inhibited influenza virus in vitro
at a concentration of 0.26 lM.


It was noted that these tert-butyl acylthiourea analogues
have improved water solubility while retaining good
lipophilicity. Although we can speculate that the de-
crease in logP values may contribute partially to the in-
crease in anti-viral potency, the role of substituents such
as tert-butylaminocarbonyl in improving the activity
against influenza virus is unclear and this will be part
of the subject of a forthcoming paper.


Heterocycles other than furan were synthesized and
resulted in lowered potency (Table 3). This demonstrat-
ed a large advantage in activity of the existence of a five-
membered ring (furan) over corresponding analogues
without the furan ring in most instances, and this trend
continued for other series of compounds. The com-
pounds containing furan ring (35 and 36) were 15-fold
more potent than the corresponding 6-chlorophenyl
substituted pyridyl analogues (37 and 38), which had
an IC50 of >20 lM. However, the only analogue with
no furan ring that retained good activity was the test
compound 44, although it was 2-fold less potent than
the corresponding furyl substituted analogue 36. This
result suggests that a furan ring at this position provides
significantly improved activity and should be included in
the rational design of new influenza virus inhibitors.
Variation of the X and Y substituents in the pyrimidine

Table 3. SAR of heteroaryl Q groups


Q N


O


N


S


HH


N


N


X


Y


37-46


Compound Q X Y IC50
a


35 5-(4-NO2-Ph)-2-Furyl OMe Me 1.22


36 5-(2-Cl-Ph)-2-Furyl OMe Cl 1.29


37 6-Cl-3-py OMe Me >20


38 6-Cl-3-py OMe Cl >20


39 6-Cl-3-py OEt OEt >20


40 6-Cl-3-py Me OH 8.58


41 2-Cl-3-py Me Me 7.19


42 2-Cl-3-py OEt OEt >20


43 2-Cl-3-py OEt Cl >20


44 2-Cl-3-py OMe Cl 2.59


45 3-py OMe OMe >20


46 5,6-Cl2-3-py OMe OMe 18.5


a IC50 of influenza (H1N1) virus, lM.

ring (39–43) and other pyridyl analogues (45 and 46)
was also examined. They did not achieve good efficiency
against influenza virus. Additionally, substitution of
chloro- at the 2- or 6-position in the pyridine ring was
not a major determinant in activity against influenza
virus (39 vs 42) in this series.


There was little correlation between the formation
of thiadiazolo[2,3-a]pyrimidine ring and potency
(Table 4). The former had a relatively small effect on
potency against influenza virus (47 vs 25). However,
compounds 49 and 50 in this series inhibited the virus
with an IC50 of 0.35 and 0.09 lM, respectively. Com-
pound 49 showed improved potency over the corre-
sponding un-ringed analogues such as 15. The high
potency of 50 bearing the same diethyl groups as 16 is
further support of a preference for electron-donating
groups, such as ethoxy, in pyrimidine derivatives.


The necessity for a thiourea functionality (Table 5) was
also investigated. The corresponding ureas (54–60) were
found to be less effective than their thiourea counter-
parts. Replacement of the thiourea bridge with urea
diminished or eliminated activity altogether in most

50 6-Cl-3-py OEt OEt 0.09


51 6-Cl-3-py OMe Cl 9.32


52 2-Cl-3-py OMe OMe 2.41


53 3-py OMe OMe >20


a IC50 of influenza (H1N1) virus, lM.


Table 5. Thiourea versus urea comparison


Q N


O


N


O


W


HH
54-60


Compound Q W IC50
a


54 Ph CONH(t-Bu) >20


55 2,6-F2-Ph CONH(t-Bu) 14.1


56 2-Me-1-(4-Cl-Ph)-Pr CONH(t-Bu) 15.5


57 2,6-F2-Ph 4,6-(Me)2-2-Pym
b >20


58 2,6-F2-Ph 4,6-(OMe)2-2-Pym >20


59 2,6-F2-Ph 4-Cl-6-(OMe)-2-Pym 15.9


60 2,6-F2-Ph 4-Cl-6-Me-2-Pym >20


a IC50 of influenza (H1N1) virus, lM.
b Pym, pyrimidinyl.
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Figure 2. Advanced potential development candidates 16 and 50.
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cases. For instance, 55 and 56 had a 10-fold reduction in
activity compared to 31 and 32. In this respect, it follows
that the thiourea bridge is an important contribution to
inhibitory activity against influenza virus.


Although some of the PAFHs have a relative low solubil-
ity (<10 mg/mLat room temperature), their high lipophil-
icity is expected to lead to an efficient penetration of the
PAFHs through cellularmembranes and biological barri-
ers. This property may be advantageous for this novel
class of influenza inhibitors, as it may facilitate the uptake
of the lipophilic PAFHs into cells or biological compart-
ments where the virus accumulates.


In this paper, we have described the synthesis of a ser-
ies of polysubstituted and fused heterocycle derivatives
of acylthioureas. Evaluation of their in vitro anti-viral
activity revealed compounds with high potent cellular
activity against wild-type influenza virus in cultured
MDCK cells. Analogues 16 and 5012 (Fig. 2) inhibited
the influenza virus with an IC50 of 0.08 and 0.09 lM,
respectively. These novel inhibitors were investigated
as candidate compounds with the most potential for
future drug development. This research has lead to a
better understanding of SAR of influenza virus inhib-
itors and thereby provides some insight into the ra-
tional design of new anti-flu agents. Further studies
are ongoing to assess the inhibitory activity against
resistant influenza virus strains as well as searching
for the specific influenza target(s) and mechanism-
based drugs.
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Abstract—With the aim of discovering potent and selective dengue NS3 protease inhibitors, we systematically synthesized and eval-
uated a series of tetrapeptide aldehydes based on lead aldehyde 1 (Bz-Nle-Lys-Arg-Arg-H, Ki = 5.8 lM). In general, we observe that
interactions of P2 side chain are more important than P1 followed by P3 and P4. Tripeptide and dipeptide aldehyde inhibitors also
show low micromolar activity. Additionally, an effective non-basic, uncharged replacement of P1 Arg is identified.
� 2005 Elsevier Ltd. All rights reserved.

Dengue virus is a member of the Flaviviridae family
which causes dengue fever and dengue hemorrhagic fe-
ver in millions of people each year in tropical and sub-
tropical regions of the world. Currently, there is no
vaccine or effective antiviral therapy for the four known
serologically related virus types (dengue 1–4).1 Dengue
virus genome is a 11-kb single positive-stranded RNA
that encodes three structural (C, prM, and E) and seven
non-structural proteins (NS1, NS2A, NS2B, NS3,
NS4A and NS4B, and NS5).2 NS3 protein is essential
for viral replication and maturation of virions, hence it
serves as an attractive therapeutic target for the dengue
virus infections.3


Dengue NS3 protein is a multifunctional protein com-
posed of protease, nucleoside triphosphatase, 5 0-RNA
triphosphatase, and helicase activities.3a,4 The amino
terminal 618 amino acid residues contain a trypsin-like
serine protease (NS3-pro) that has preferences for the
dibasic residues at P1 and P2 (Arg and Lys) positions.3a


Protease activity is enhanced by NS2B protein, which
acts as an essential cofactor for NS3 protease.5 Two
high affinity non-prime substrates [Bz-Nle-Lys-Arg-
Arg (Km 12.42 lM) and Bz-Nle-Lys-Thr-Arg (Km

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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33.9 lM)] were identified recently through substrate
profiling of dengue protease using tetrapeptides.6 Based
on these peptide substrates, we synthesized and evaluat-
ed several dengue protease inhibitors using both ionic
and covalent warheads (see preceding paper1b). We
found only peptides containing electrophilic covalent
warheads such as aldehydes, trifluoromethyl ketones,
and boronic acids to be effective in inhibiting the enzyme
activity. The structure of DEN2 NS3-pro with the
mung-bean Bowman–Birk inhibitor (MbBBI) has been
reported (pdb code: 1DF9), but NS3-pro (without the
NS2B cofactor) can only hydrolyze the substrate Arg-
p-nitrophenylanilide efficiently and is essentially inactive
on tri- and tetrapeptide substrates.7 As a consequence,
the available structural information is only of limited
use for drug discovery and in the absence of active
NS3/NS2B structure, rational improvements of selectiv-
ity and inhibitory activity of lead compounds can be dif-
ficult. We chose therefore to use classical structure–
activity relationship (SAR) techniques to probe the spec-
ificity of the enzyme binding pockets of NS2B/NS3-pro
complex.


In our warheads study, aldehyde 1 showed reversible,
competitive binding with a Ki value of 5.8 lM and was
also active in full-length dengue NS3 protein
(Ki = 7.0 lM).8 Even though, aldehyde inhibitors were
not the most potent inhibitors, they were chosen to
examine the SAR as they are readily amenable to
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high-throughput synthesis. Aldehyde 1 served as the
starting lead molecule to understand the essential phar-
macophore and inhibitor–enzyme interactions. In this
paper, we will communicate a systematic SAR study
within the aldehyde class of inhibitors.

Scheme 2. Solution-phase synthesis of aldehyde inhibitor 23.


Reagents: (a) HNMe(OMe), EDC, HOBt, DIEA, DMF; (b) 10%


TFA, CH2Cl2; (c) bis-Boc-pyrazole-1-carboxamidine, DMAP, THF;


(d) 20% piperidine, DMF; (e) Bz-Nle-Lys(Boc)-Arg(Pbf)-OH, EDC,


HOBt, DIEA, DMF; (f) LiAlH4; (g) 10% TMS-OTf, CH2Cl2.


Table 1. Results from different scans (alanine, phenylalanine, lysine,


and proline, DD- and N-Me amino acids) and varying the inhibitor


length


Compound Aldehyde inhibitors Ki
a (lM)


1 Bz-Nle-Lys-Arg-Arg-H 5.8


2 Bz-Nle-Lys-Arg-Ala-H 193.0


3 Bz-Nle-Lys-Ala-Arg-H >500


4 Bz-Nle-Ala-Arg-Arg-H 22.1


5 Bz-Ala-Lys-Arg-Arg-H 5.3

There are various methods available for the solution-
phase synthesis of peptide aldehydes, but the solid-phase
synthesis using Weinreb amide was chosen due to fast
work-up and availability to perform parallel synthesis.9


In this method, the aldehyde functionality is liberated in
the last step after the acidic removal of side-chain pro-
tecting group. This sequence of events minimizes the
condensation between the side-chain guanidine of argi-
nine and the aldehyde to an inactive cyclic dehydro
compound.10


Peptide aldehydes 1–22 were assembled by stepwise sol-
id-phase synthesis using Fmoc-protected Weinreb resin
(Scheme 1). Acid labile protecting groups (Boc, Pbf)
were utilized on the side chain of individual amino acids.
Deprotection of the Fmoc was achieved with 20% piper-
idine solution in DMF. All amino acids were activated
with HATU and DIEA in DMF. All peptides were ben-
zoylated using benzoyl chloride and DIEA after the final
Fmoc removal. Aldehyde inhibitors were deprotected
using 10% TMS-OTf followed by cleavage from the sol-
id support using LiAlH4. Synthesis of peptide aldehydes
24–30 was achieved by directly coupling previously syn-
thesized tripeptide [Bz-Nle-Lys(Boc)-Arg(Pbf)-OH] to
corresponding intermediate A, followed by deprotection
and cleavage. Synthesis of rigid arginine mimetic tetra-
peptide aldehyde 23 was achieved using standard solu-
tion-phase peptide chemistry as shown in Scheme 2.

Scheme 1. Solid-phase synthesis of aldehyde inhibitors using Weinreb


resin (SPPS, solid-phase peptide synthesis). Reagents: (a) 20% piper-


idine, DMF; (b) Fmoc-AA1-OH, HATU, DIEA, DMF; (c) 20%


piperidine, DMF; (d) BzCl, DIEA; (e) TMS-OTf, CH2Cl2; (f) LiAlH4.

All tetrapeptide aldehyde inhibitors were evaluated in an
enzyme inhibition assay against truncated dengue 2 NS3
enzyme fused via a flexible linker to a 47 amino acid re-
gion of NS2B.11


The inhibition data from the substitution of each side
chain residue in tetrapeptide aldehyde 1 with alanine,
phenylalanine, lysine, proline, and DD- and N-Me amino
acid scans are summarized in Table 1. The alanine scan
suggested that the side chain of P2(Arg) made the stron-
gest contributions to enzyme binding. While substitu-
tion of P2(Arg) led to a peptide without measurable
inhibition (3), replacement of P1(Arg) with alanine
resulted in a weak inhibitor (2). Results from phenylal-
anine scan were analogous to those observed during ala-
nine scan. Replacement of P2(Arg) with phenylalanine
had the most detrimental effect (7). Variations at P3 were
tolerated without significant reduction in potency (4 and
8). Substitutions at P4 with either alanine or phenylala-
nine resulted in equipotent inhibitors (5 and 9), implying
minimal contribution of P4 in the enzyme binding.

6 Bz-Nle-Lys-Arg-Phe-H 15.9


7 Bz-Nle-Lys-Phe-Arg-H 40.7


8 Bz-Nle-Phe-Arg-Arg-H 15.8


9 Bz-Phe-Lys-Arg-Arg-H 6.8


10 Bz-Nle-Lys-Arg-Lys-H 20.5


11 Bz-Nle-Lys-Lys-Arg-H 41.3


12 Bz-Nle-Lys-Pro-Arg-H 109.0


13 Bz-Nle-Pro-Arg-Arg-H 61.4


14 Bz-Nle-Lys-N-Me-Arg-Arg-H 47.4


15 Bz-Nle-N-Me-Lys-Arg-Arg-H 113.3


16 Bz-N-Me-Nle-Lys-Arg-Arg-H 43.7


17 Bz-Nle-Lys-Arg-DD-Arg-H 51.0


18 Bz-Nle-Lys-DD-Arg-Arg-H 115.0


19 Bz-Nle-DD-Lys-Arg-Arg-H 28.6


20 Bz-DD-Nle-Lys-Arg-Arg-H 9.4


21 Bz-Lys-Arg-Arg-H 1.5


22 Bz-Arg-Arg-H 12.0


23 Bz-Nle-Lys-Arg-(p-guanidinyl)Phe-H 2.8


a Each Ki value is the mean of at least two independent experiments.







Table 2. Effect of modifications in the P1 position of the tetrapeptide


aldehydes (Bz-Nle-Lys-Arg-P1-H)


Compound P1 Ki
a (lM)


6 Phe 15.9


24 Phg 33.0


25 homoPhe >500


26 (p-Cl)Phe 138.0


27 (p-CN)Phe 18.6


28 (p-Me)Phe 6.0


29 (p-Ph)Phe 11.6


30 Trp 7.5


a Each Ki value is the mean of at least two independent experiments.


V154 


V162 


S163 
Y150 


S135 


Figure 1. Putative interactions of aldehyde 1 with NS3-pro, with


hydrogen bond interactions between the P1 Arg and residues in the S1
pocket highlighted by dotted line. For simplicity, the hydrogen-


bonding interactions between P2 Arg and Q35/H51 are not shown here.
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We also investigated the replacement of charged and ba-
sic P1, P2 arginine with the basic-amino acid lysine. Ly-
sine substitution at P1 showed a 4-fold decrease in
activity, while the same change at P2 showed a 8-fold de-
crease (10 and 11). Hence, besides P1, interactions of
charged arginine at P2 position seemed crucial in enzyme
binding. These results are surprising since the crystal
structure of a complex of NS3-pro and Bowman–Birk
inhibitor suggests that the most extensive interactions
are in the P1 sites.7a However, they are in agreement
with our recently published substrate studies, which
showed that the P2 side chain was a very important
determinant for substrate binding (substrate Bz-
nKRR-ACMC showed a significantly higher Km than
Bz-nKTR-ACMC) and is consistent with the prediction
that side chains lining the S2 pocket, especially Q35, may
hydrogen bond with the guanidine group of arginine.6


Loss of activity during the exchange of P2 and P3 resi-
dues with proline indicated that turn geometry was not
favorable for inhibitor binding (12 and 13). Introduction
of N-Me amino acids caused a major loss of potency
(14–16), indicating once again the importance of back-
bonding hydrogen bonds in enzyme binding. Switching
of the LL-amino acids at positions 1–3 with isomeric DD-
amino acids was not well tolerated (17–19). However,
replacement of LL-Nle at P4 with DD-Nle resulted in only
a slight decrease in potency (20).


Encouraged by repeated observations that diverse substi-
tutions were permitted at P4 position (Phe, Ala, and DD-
Nle), we examined the effect of inhibitor length on the
activity. Truncating the aldehyde 1 to tripeptide aldehyde
21 afforded a slightly improved activity (Ki = 1.5 lM).
These results match our substrate studies in which a sub-
optimal substitution at P4 maintained Km but displayed
7-fold decrease in kcat [substrates Bz-nKRR-ACMC
(kcat = 1.39 s�1) and Bz-TKRR-ACMC (kcat =
0.20 s�1)].6 Moreover, they are in agreement with the
recently published data that pointed out marked destabi-
lization of the enzyme–inhibitor interactions in the pres-
ence of a small chain residue such as Ala or Ser at P4.
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Of even greater significance is that dipeptide aldehyde
22 also exhibited a comparatively higher inhibitory poten-
cy (Ki = 12 lM).This finding is in agreementwith a strong
preference for dibasic residues at the P1 and P2 positions.


During our studies of different warheads, we observed
that some of the inhibitors containing arginine at P1 po-
sition were unstable and could easily cyclize to inactive
derivatives (see, a-ketoamide data in the preceding pa-
per16). Fairlie and co-workers have reasoned that alde-
hyde inhibitors containing arginine residue at P1 show
only modest activity against flavivirus NS3 proteases,
because they are in equilibrium with their hydrate and
cyclic forms, with only about 5% of the active aldehyde
functionality exposed for the interaction with the active
site serine hydroxyl group.13 However, in our hands rig-
id arginine-mimetic derivative at P1 [23 (p-guanidi-
nyl)Phe] only slightly improved inhibitory activity
(Ki = 2.8 lM). This experiment implies that aldehyde
inhibitors with arginine at P1 are in a fast equilibrium
with their hydrate and cyclic forms.

We also investigated whether the basic, charged P1 Arg
residue can be replaced with neutral, uncharged side
chains. During our phenylalanine scan, we had observed
that removal of P1 Arg with Phe afforded modest activ-
ity (aldehyde 6, Ki = 15.9 lM). A bifurcated, redundant
recognition mode for P1 arginine is observed in the pub-
lished structure of DEN2 NS3-pro:MbBBI (1DF9). In
one mode, P1 Arg makes electrostatic interactions with
Y150 and S163, while in the other mode, it makes two
H-bonding interactions with D129.7 Even though, the
significance of this discovery is unclear in the absence
of NS2B cofactor, we hypothesized that p–p interactions
may exist between Y150 in the S1 pocket and phenylal-
anine at P1. We wanted to capitalize on this information
and decided to examine other aromatic amino acid
derivatives at P1 position (Table 2).


Surprisingly, Phg at P1 reduced the activity by 2-fold but
homoPhe gave completely inactive inhibitor (24 and 25).
We suspect that an extra methylene unit of homoPhe
causes a disruption of the stabilizing electrostatic inter-
actions in the S1 pocket. Electron-withdrawing aromatic
substitution on phenylalanine, such as p-chloro (26) and
p-CN (27), proved less desirable. Nevertheless, installa-
tion of (p-methyl)Phe (28) at P1 afforded equipotent
inhibitor to the lead aldehyde 1. In addition, (p-phen-
yl)Phe (29) and Trp (30) also exhibited low micromolar
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activity. Thus, we were able to identify at least two good
replacements of P1 arginine residue with uncharged and
neutral aromatic amino acid derivatives.


Furthermore, in our preliminary modeling study14 of
aldehyde 1, we observed the retention of the key hydro-
gen bonds formed by MbBBI with Y150 and S163
(Fig. 1), and additional interactions of P1 Arg with
V154 and V162. When P1 Arg was replaced by Phe
(inhibitor 6), the hydrogen bonding interactions with
Y150 and S163 were lost; however, our model suggests
that there are possible p–p interactions between P1 phen-
ylalanine and Y150.15 This stabilizing force might be the
reason for the comparable activity of aldehydes 1 and 6.


In conclusion, we have described a systematic SAR
study based on substrate-based aldehyde inhibitor 1.
During various scans, we observed that P2 Arg residue
was more important for enzyme interactions than P1


Arg, and tri- and dipeptide aldehyde inhibitors afforded
low micromolar activity. Furthermore, successful non-
basic and uncharged replacements of P1 arginine were
identified. Even though we were unable to enhance the
potency of aldehyde inhibitors, this systematic study
has significantly enhanced the pharmacophore knowl-
edge of dengue NS3 protease inhibitors and future
investigations are in progress toward more potent inhib-
itors of dengue protease.
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Abstract—Three types of latex nanoparticles carrying naltrindole (NTI) derivatives were synthesized as probes for the affinity iso-
lation of their binding proteins including the d-opioid receptor. The effect of the attachment of NTI to different positions on the
linker was investigated. Only latex nanoparticles in which the NTI derivative was linked through the phenol group were useful
for isolating the recombinant d-opioid receptor solubilized from CHO cell membrane. These latex nanoparticles could be a useful
tool for investigations of the pharmacological activity of NTI.
� 2005 Elsevier Ltd. All rights reserved.

Morphine is a well-known analgesic agent with agonistic
properties at l-opioid receptors, which are located on
cell surfaces in the nervous system. Various derivatives
that contain the morphine skeleton have been synthe-
sized and have been used as selective antagonists of opi-
oid receptors. Naltrindole (NTI),1 which contains both a
morphine and an indole skeleton, shows a strong and
selective antagonist activity against d-opioid receptors,
and is widely used as a pharmacological tool in studies
of the role of the d-opioid system. The tert-amine and
phenol groups in NTI are important pharmacophores
that are responsible for binding to the opioid receptor.
Previous studies indicate that the indole moiety in NTI
induces binding selectivity to the d-opioid receptor. In
addition, several reports have shown that NTI has var-
ious biological activities, that are not related to signal
transduction through the activation of the opioid recep-
tors. Hence, the identification of novel receptors that are
targeted by NTI could lead to the discovery of new drug
candidates.


The affinity concentration2 of proteins that bind small
molecules would help in the identification of their
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receptor proteins. In a previous study, we reported
that latex nanoparticles3 composed of a styrene–glyc-
idyl methacrylate co-polymer were effective for affinity
chromatography and were successfully used in the
identification of several candidate receptors of biologi-
cally active small molecules from cell lysates using la-
tex nanoparticles.4 The polyglycidyl surface shows
relatively little non-specific adsorption of proteins. This
suggests that latex nanoparticles bearing NTI deriva-
tives could eventually be attractive and effective chem-
ical probes for the selective concentration of not only
soluble proteins, but also membrane-associated pro-
teins such as opioid receptors. Herein, we describe
the synthesis of latex nanoparticles bearing NTI and
their use in the selective concentration of a seven-
transmembrane receptor.5


We designed solid-supported naltrindole derivatives 2–4
in which a linker is attached to the latex nanoparticles at
three different positions; phenol, tert-amine and indole
benzene ring as shown in (Scheme 1). An optimally
attached linker position could permit target proteins to
be concentrated. Our strategy for the synthesis of parti-
cles 2–4 involves the coupling of naltrindole derivatives
5–7 bearing a carboxylic acid in the terminal of the link-
er with an amino group on the latex nanoparticles 8, fol-
lowed by capping the remaining amines with acetyl
groups. Capping would be effective for reducing the
non-specific binding of proteins to the nanoparticles.



mailto:ttak@apc.titech.ac.jp

mailto:hhanda@bio.titech.ac.jp





N


N
H


OH


OH


O


O H
N


N
H


N
R1


N
H


OH


OR3


O


R2H2N


Latex


4


1 : R1 = cyclopropylmethyl, R2 = H, R3 = H
5 : R1 = cyclopropylmethyl, R2 = H,


R3 = (CH2)2NHCO(CH2)2COOH
6 : R1 = (CH2)3NHCO(CH2)2COOH, R2 = H,


R3 = CH3
7 : R1 = cyclopropylmethyl,


R2 = CONH(CH2)4NHCO(CH2)2COOH,
R3 = H


Latex


8


N


N
H


OH


O


O
H
N


O
N
H


O


Latex2


N


N
H


OH


OMe


O


N
H


O
H
N


O


Latex


3
H
N


O


O


Scheme 1. Strategy for the synthesis of three types of latex nanoparticles containing NTI derivatives.


OH
O


O


O
OH


OEtO c d


a b


13Wang resin


M. Hasegawa et al. / Bioorg. Med. Chem. Lett. 16 (2006) 158–161 159

The preparation of the naltrindole derivative 5 in which
a phenol group is attached to the linker is shown in
Scheme 2. Commercially available naltrexone 9 was
loaded on a 2-hydroxyethylamino 2-chlorotrityl resin
(0.17 mmol/g)6 by the Mitsunobu reaction. The extent
of loading was estimated by cleavage of resin 10 with
10% TFA/CH2Cl2 and found to be 65 lmol/g. Treatment
of ketone 10 with phenylhydrazine gave the solid-sup-
ported hydrazone 11, followed by cleavage by treatment
with 10% TFA/CH2Cl2 to afford the NTI derivative 127


in 20% yield from resin 10. The amine 12 was converted
to the acid 5 by acylation with succinic anhydride.
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(d) 40 mM succinic anhydride, 10 % triethylamine/dioxane, rt, 30 min.


12: R = H, 5: R = CO(CH2)2COOH.

NTI derivative 6 was prepared by employing a solid-
phase synthesis using one-pot release and cyclization
methodology8 as shown in Scheme 3. The loading of
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succinic anhydride onto the Wang resin (1.22 mmol/g)
was achieved using DMAP in CH2Cl2 at 60 �C to pro-
vide the solid-supported carboxylic acid 13. The loading
was confirmed by the appearance of the IR absorption
of the ester group (1717 cm�1). 3-Aminopropionalde-
hyde diethylacetal was coupled with solid-supported
carboxylic acid 13 using HOBt and DIEA in DMF to
afford the diethylacetal resin 14. Deprotection of the sol-
id-supported acetal 14 by treatment with 1 M HCl/THF,
followed by reductive amination with commercially
available noroxycodone (15) using NaBH3CN in 1%
AcOH–DMF, provided the solid-supported ketone 16.
Hydrazone formation of the solid-supported ketone 16
by treatment with phenylhydrazine in AcOH–CH2Cl2
(1:1), and subsequent exposure of the solid-supported
phenylhydrazone to 5% TFA in CH2Cl2, gave the NTI
derivative 69 in 2% yield from the Wang resin.


The preparation of the NTI derivative 7 is shown in
Scheme 4. NTI derivative 17, containing a carboxylic
acid at the 5 0 position of the indole ring, was prepared
from the commercially available naltrexone (9) by the
Fischer indole synthesis using 4-carboxylphenylhydr-
azine in AcOH at reflux. N-(4-Aminobutyl)carbamic
acid tert-butyl ester was coupled with 4-(4-formyl-3-
methoxyphenoxy)butyryl aminomethyl polystyrene
1810 (0.94 mmol/g) by reductive amination with NaB-
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Scheme 4. Reagents and conditions: (a) 4-carboxylphenylhydrazine,


AcOH, 130 �C, 5 h, 12%; (b) N-(4-aminobutyl)carbamic acid tert-butyl


ester, NaBH3CN, 1% AcOH/DMF, rt, 60 h; (c) 17, DIC, HOBt H2O,


DMF, rt, 40 h; (d) 10% TFA/CH2Cl2, rt, 0.5 h, 23% from 18; (e)


40 mM succinic anhydride, 10% triethylamine/dioxane, rt, 30 min.

H(OAc)3 in 1% AcOH in DMF to afford the secondary
amine resin 19. Conversion of the carboxylic acid 17
with the solid-supported amine 19 to an amide was
accomplished using standard conditions (DIC and
HOBt) to give resin 20. The cleavage of the product
from the resin, followed by simultaneous deprotection
of the Boc group, was achieved by treatment with 10%
TFA/CH2Cl2 affording amine 2111 in 23% yield from
the resin 18. The amino group of 21 was converted to
derivative 7 by treatment with succinic anhydride.


Latex nanoparticles 2–4 were prepared by coupling with
the carboxylic acid derivatives 5–7 with an amino group
on latex nanoparticles 8 in the presence of 30 mM each
of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC) and N-hydroxysuccinimide with 2–10 mM con-
centrations of 5–7 in DMF (500 ll) for 5 h room temper-
ature, followed by acetylation of the remaining amino
groups with acetic anhydride. The capping of any
remaining amino groups by acetylation was effective
for reducing non-specific interactions of proteins with
the particles. The acetyl groups were removed from
the phenolic hydroxyl group and amino group in the in-
dole skeleton by treatment with 0.1 M sodium hydrox-
ide for 30 min. The immobilization of each derivative
to the nanoparticles was confirmed by LC–MS analysis
of the acid degradation product from 2 to 4.


To demonstrate the feasibility of using latex particles,
the affinity concentration of the d-opioid membrane-as-
sociated protein was determined. Based on previously
reported structure–activity relationships, it would be dif-
ficult to determine the most suitable particles for use in
affinity concentration. The results of some affinity bind-
ing experiments of the nanoparticles carrying three NTI
derivatives using cell membrane extracts of CHO cells
carrying the recombinant d-opioid receptor12 are shown
in Figure 1. Membrane-associated proteins were extract-
ed using a surfactant using a previously reported meth-
od, with minor modifications.13 Nanoparticles 2–4 and
control nanoparticles, which contained no ligands, were
mixed with the crude cell extracts. Each binding fraction
was eluted by heat denaturation into a buffer containing
sodium dodecyl sulfate (SDS) for the following SDS–
PAGE analysis. SDS–PAGE and a subsequent Western
blot analysis using an anti-d-opioid receptor antibody
revealed that the d-opioid receptor was present in the

Figure 1. Elucidation of NTI derivative specific binding proteins in


CHO cell carrying recombinant d-opioid receptor (DOR). The 40–


50 kDa molecular weight range was visualized by an anti-DOR


antibody.
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binding fraction of nanoparticles 2. On the other hand,
the control and the latex nanoparticles 3 and 4 showed
no binding of d-opioid receptor. These data suggest that
the environment around the tert-amine in NTI is critical
for direct binding with the d-opioid receptor and/or that
the site on NTI that binds to the d-opioid receptor is
limited to a narrow region including the tert-amine. In
addition, these findings indicate that the phenol of
NTI interacts with the d-receptor near the entrance of
the binding pocket instead of the bottom of the pocket.
The results also show that a phenolic hydroxyl group is
not an essential pharmacophore for binding the d-opioid
receptor.


In conclusion, the synthesis of latex nanoparticles carry-
ing the three NTI derivatives, which have three different
sites for coupling to nanoparticles, is described. Only the
latex nanoparticles carrying the NTI derivative, which
contains the linker on the phenolic part and have a
tert-amine group facing the outside, was useful for iso-
lating the d-opioid receptor. Recently, several reports
have proposed that unknown NTI receptors may exist.14


Latex nanoparticles carrying NTI may be a useful tool,
not only for the isolation of known d-opioid receptors,
but also for the elucidation of unique NTI receptors,
which could be either a membrane-associated protein
or a cytosolic protein. These three latex nanoparticles
may be useful tools for a study of novel NTI receptors.
Investigations in this regard are currently underway.
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Abstract—The synthesis of novel macrocyclic peptidomimetic inhibitors of the enzyme BACE1 is described. These macrocycles are
derived from a hydroxyethylene core structure. Compound 7 was co-crystallized with BACE1 and the X-ray structure of the com-
plex elucidated at 1.6 Å resolution. This molecule inhibits the production of the Ab peptide in HEK293 cells overexpressing
APP751sw.
� 2005 Elsevier Ltd. All rights reserved.

Alzheimer�s disease (AD) is a major neurodegenerative
disorder that affects 10% of the population over 65%
and 40% over 80 years.1,2 Symptoms of the disease are
behavioral disturbances and loss of cognitive function.
AD represents an unmet medical need that adds approx-
imately 100 billion dollars to healthcare costs in the
United States alone. In addition, AD also causes great
deal of suffering to the patient and places a burden on
their families.


Treatments currently available for AD are cholinester-
ase inhibitors and NMDA-receptor antagonists. The
rationale behind the former approach is that these
agents increase cholinergic transmission by interfering
with degradation of the Ach neurotransmitter. Unfortu-
nately, this approach does not stop the progressive loss
of cholinergic neurons, and eventually the treatment
becomes ineffective. Treatment with NMDA-receptor
antagonists appears to be no more effective in terms of
progression of the disease. A better approach would
be to develop agents that interfere with the mechanism
that leads to neurodegeneration.

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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AD is characterized by the presence of amyloid plaques
that are believed to produce neuronal toxicity and cell
death.3 These plaques are constituted mainly from an
insoluble form of Ab amyloid, a 40–42 amino acid pep-
tide produced in the brain from the amyloid precursor
protein (APP). APP is processed by at least three secre-
tases. a-Secretase cleaves APP to form a carboxy termi-
nal 83 amino acid fragment (C83), which is processed by
c-secretase to produce p3, a non amyloidogenic form of
Ab–peptide. Alternatively, APP can be processed initial-
ly by b-secretase (BACE1) and the resulting C99 mem-
brane bound C-terminal peptide can be hydrolyzed by
c-secretase to form the 40 amino acid Ab-peptide
(Ab40). Shorter and longer forms of the peptide also
are produced, in particular Ab42, which has a high pro-
pensity to aggregate and is the principal Ab species
found in amyloid plaques. Notably, the BACE1 enzyme
is only found in ER/Golgi or endosome compartments
of neurons, whereas several a-secretase candidates and
the c-secretase complex have broad tissue distribution.


Conceptually, the inhibition of either b- or c-secretase
by a small molecule would preclude the formation of
Ab and therefore plaque formation. c-Secretase inhibi-
tors have been reported to attenuate the formation of
Ab and plaques in animal models. However, the thera-
peutic index of these inhibitors requires careful monitor-
ing. This is due to the implication of c-secretase in
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essential functions, including facilitating Notch signal-
ing, which is important for specifying cell fates during
development and for regulating differentiation of self-
renewing cell types in adults.4 In contrast, b-secretase
KO mice are viable and free of the gross phenotypic
changes that are observed, for example with presenilin
knock-outs, except for the complete absence of
Ab in their brains.5


Beta amyloid cleaving enzyme (BACE1) has recently
been identified as the principal b-secretase in neurons.6


It is a trans-membrane aspartyl protease expressed in
neuronal cells that cleaves APP inside vesicles associated
with ER/Golgi apparatus and endosomes. Tang et al.
reported in 2000 that OM99-2 (Fig. 1), a peptidomimetic
based on the hydroxyethylene transition state isostere,
was a nanomolar inhibitor of BACE. The Oklahoma
group subsequently reported the X-ray structure of the
OM99-2-BACE complex showing the main features of
the enzyme–inhibitor interactions.7


With the goal of designing low molecular weight
BACE1 inhibitors,8 we envisioned that linking two resi-
dues of our small peptidomimetic inhibitors9 would pro-
vide a macrocyclic structure that would be more potent,
and would have improved absorption properties, rela-
tive to the corresponding open chain analog. The link-
age of distant residues should produce a decrease in
the number of possible low energy conformations, and
therefore, if one of the remaining conformations is com-
plementary to the enzyme active site, the binding affinity
should be increased. In addition, it is known that cyclic
peptides are more resistant to gastric tract degradation
adding an additional attractive feature to this class of
inhibitors.10


Examination of Tang�s,7 and our X-ray data9 suggested
P1–P3 and P1–N2 as suitable points of union due to
their proximity, orientation, and localization into the
large P1–P3 lipophillic pocket (Fig. 2).


Linking positions P1–P3 has recently been described in
BACE1 inhibitors for structures derived from an etha-
nolamine core;11 also, other macrocycles derived from
a hydroxyethylene core structure have been synthesized
based on the linkage of positions P2–P3.12


The strategy developed to build the macrocyclic struc-
tures was to modify our lead inhibitor 1 by Grubbs
cyclization of alkene moieties at P1 and P3 or between
P1 and the nitrogen of the P2 amino acid. It was deter-
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mined by iterative docking studies13 that the best P1–P3
linkage was a six-atom long saturated chain that forms a
13-membered ring (including the inhibitor backbone).
For the P1–N2 connection, the five-carbon saturated
linker was predicted to be optimal, leading to a 10-mem-
bered ring.


The synthesis of the macrocyclic peptidomimetics was
performed as depicted in Scheme 1. N-Boc serine methyl
ester was converted into the iodoserine derivative by
treatment with iodine and imidazole. Conversion of
the alkyl iodide into the corresponding alkylzinc reagent
followed by alkylation with allyl chloride14 afforded,
after hydrolysis, intermediate 8.


Compound 8 was transformed into the pivotal lactone 9
by reduction to N-Boc homoallylglycinal,15 alkylation
with the Zn–Cu reagent obtained from 3-iodopropionic
acid ethyl ester,16 thermal lactonization and, for
P1 0 = Me, stereoselective methylation with LHDMS
and methyl iodide.


The C-terminal fragment 10 was prepared by standard
EDCI coupling of N-Boc alanine and 4-aminomethyl
pyridine or benzylamine followed by cleavage of the
Boc group under acidic conditions. The N-terminal frag-
ment 11, used to prepare compounds 2–5, was prepared
by EDCI coupling of 8 and alanine methyl ester, fol-
lowed by ester hydrolysis.


The N-terminal fragment 12 used to build macrocyles 6–
7 was prepared starting with LL-alanine. The p-nitro-
benzenesulfonyl group was introduced as an amino pro-
tecting group to facilitate the N–H alkylation with allyl
bromide in the presence of potassium carbonate. Depro-
tection of the N-allylsulfonamide by treatment with
thiophenol and potassium carbonate provided N-allyl-
Ala-(OMe).17 The coupling of this amino acid with
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cyclohexylphosphine)benzylideneruthenium(IV)dichloride; (x) H2; (y) 2-hydroxypyridine/10.
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N-Boc valine or N-Boc isoleucine was not possible under
our standard EDCI coupling conditions. However, the
coupling could be achieved in high yield using PyB-
roP/HOAT to afford 12.17


Both 11 and 12 were coupled with 9 to produce the diene
intermediates, which were submitted to Grubbs cyclica-
tion. The macrocyclization occurred in 50–70% yield,
and the resulting cycloalkenes were hydrogenated in
quantitative yield to produce 13 and 14, respectively.
Lactones 13 and 14 were opened with 10 by heating a
melted mixture of the two compounds in the presence
of 2-hydroxypyridine18 to produce the BACE inhibitors
2, 3, 4, 6 and 7. BACE inhibitor 5 was prepared by
cleavage of the Boc group of compound 3 under acidic
conditions.


Compounds 1–7 were tested for the inhibition of
BACE1 both in an in vitro FRET and a cellular assay,9


and the results are shown in Table 1. For the enzymatic
assay, IC50 values were determined using 20 nM purified
recombinant human BACE1:Fc. The assay contains
100 lM ELGY-9 (an aminobenzoate-based FRET pep-
tide containing Swedish mutation at the b-secretase
cleavage site) in 50 mM ammonium acetate, pH 4.6,
1 mg/ml BSA, and 1 mM Triton X-100. The assay is

run at room temperature for 4 h. An increase in the rel-
ative fluorescence of the reaction mixture is used to
determine enzyme activity, with an umbilliferone excita-
tion/emission filter.


The whole cell assay was performed in order to measure
the cellular permeability of the compounds. Endogenous
BACE1 is expressed in HEK293 cells. This cell line over
expresses the APP751swe protein. The assay is conduct-
ed with 35,000 cells per well in a 96-well plate format in
DMEM containing 10% FBS. Compounds are incubat-
ed with cells for 4 h at 37 �C and 5% CO2. The condi-
tioned media are removed from the culture wells.


The Ab ELISA (using monoclonal antibodies 266 and
biotinylated-3D6 as capture and reporting antibodies,
respectively) is used to measure the amount of Ab (total)
peptide produced during the incubation time.


We started our investigation by preparing the P1–P3
macrocyclic analogs. Compound 2 shows weak enzy-
matic activity and no cellular potency. In order to im-
prove these parameters, we reproduced the previously
reported SAR in the open chain analogs.9 Thus, intro-
ducing a methyl group at P1 0 (compound 3) improves
35-fold the enzymatic activity but still no cellular







Table 1. In vitro values


Compound P3 P1 0 X at P3 0 BACE FRET IC50 (lM)a HEK293 Ab inhibition IC50 (lM)a


1 CHMe2 Me N 0.082 (±0.023) 2.831 (±0.129)


2 — H H 9.704 (±1.413) >100


3 — Me H 0.285 (±0.016) >100


4 — Me N 4.925 (±0.169) >100


5 — Me H 2.397 (±0.089) >100


6 CHMe2 Me N 0.260 (±0.002) 5.305 (±0.191)


7 (S)-MeCHEt (Ile) Me N 0.065 (±0.039) 0.880 (±0.042)


a Values are means of three experiments, standard deviation is given in parentheses.


Figure 3. The structure of 7 is shown superimposed with that of


OM99-2 (PDB entry 1FKN). OM99-2 is colored green, while C, N,


and O atoms in 7 are colored yellow, blue, and red, respectively. An


electrostatic surface is shown for the BACE active site, with the surface


around flap residues 71–74 (thin lines) omitted for clarity.
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potency was obtained. It is interesting to compare com-
pound 3 with literature compounds such as BOC-Val-
Met-Leu*Ala-Val-NHBn, an acyclic analog (with the
Leu*Ala hydroxyethylene isostere) described by Ghosh
et al.19, which was reported to have a Ki of 2.5 lM
against recombinant BACE1 enzyme. Part of the poten-
cy of this compound was attributed to occupation of P2
with the Met side chain, yet despite the absence of this
interaction compound 3 shows at least equivalent activ-
ity, even allowing for assay differences, consistent with
the hypothesis that the reduction in degrees of freedom
should produce an increase in inherent affinity.


With the aim of improving cellular penetration and/or
solubility we introduced a basic site either at P3 0 (com-
pound 4) or at P3 (compound 5). Unfortunately, in con-
trast to our findings in the open chain analog series,
none of these changes improved cellular activity. These
results suggest that this type of P1–P3 cyclization is
not optimal for obtaining whole cell BACE1 inhibitors.


Then we turned our attention to the P1–N2 cyclization.
These analogs could provide advantages in terms of
elimination of one hydrogen bond donor (N2–H), better
occupancy of the S3 site, and reduced flexibility of the
cycle by means of reducing the ring size. In order to test
these hypotheses, we prepared compounds 6 and 7
according to the route shown in Scheme 1. Compound
6 improves enzymatic potency compared with 4 and
shows, for the first time, moderate cellular activity. In
order to further improve of potency, the Val residue at
the P3 position was replaced with Ile9 (compound 7).
This new compound shows a notable improvement in
enzymatic and whole cell potency (4- and 60-fold,
respectively) over compound 6 (see Table 1).


With these results in hand, and in order to gain insight
into the binding mode, an X-ray structure of the com-
plex between BACE1 and compound 7 was obtained.


The crystal structure of BACE1 complexed with 7 has
been refined at 1.6 Å resolution to an R-factor of
0.211 (Rfree = 0.227) using data collected at the Ad-
vanced Photon Source beamline 17ID. Crystallographic
methods have been published previously.9


The structure of compound 7 (Fig. 3) superimposed with
that of OM99-2 (PDB entry 1FKN) exhibits a binding
mode in common with previously determined peptide
based inhibitors.9

The binding mode for compound 7 reveals a very close
superposition of the main chain peptide groups on
OM99-2 between the P3 and the P3 0 groups. The side
chains of the two inhibitors also show a very close over-
lap in the BACE1 active site. Thus, the macrocycle
maintains a nearly identical peptide H-bond potential
and side-chain interactions with enzyme subsites S3–
S3 0; this was the objective that the macrocycle was de-
signed to accomplish. However, there are a number of
subtle but notable differences in binding, including the
loss of the P2 side-chain H-bond potential and the loss
of a water mediated H-bond between the P3/P2 amide
NH and the Gln73 main chain O atom in compound
7. There is also a nonoptimal occupancy of the S1 sub-
site by the macrocycle methylene groups in compound 7
relative to the Phe side chain of compound 1 and the
Leu side chain of OM99-2. This nonoptimal occupancy,
including the absence of the phenyl group, may explain
a major part of the lack of inherent increase in potency
that would be expected from the gains in binding energy
that would be predicted to be associated with the re-
duced degrees of freedom in the macrocyclic compound.


It is also interesting to note that the P2 0 Val side chain of
7 penetrates deeper into the S2 0 subsite than the corre-
sponding Ala residue of OM99-2, and the C-terminal
pyridyl ring occupies a very similar position to the P3 0
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Glu side chain of OM99-2. These factors appear to be
less important for increasing potency of 7 relative to 1.


The design and synthesis of 2–7, macrocyclic analogs of
the BACE1 inhibitor 1, provide further insight into the
preferred binding mode for 1 obtained from the crystal
structure of BACE1 complexed with 7. The X-ray struc-
ture showed that compound 7, obtained by cyclization
between N2-P1, was able to maintain the backbone
structure of OM99-2, and at the same time illustrates
the importance of an efficient occupancy of the S1 bind-
ing site in terms of potency. Also, the work demon-
strates that the N2–H in the peptidic structure is not a
required feature for binding to BACE1. Continued work
on the improvement of macrocyclic BACE1 inhibitors
will be published in due course.
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Abstract—In the course of studies directed toward the discovery of novel scaffolds for medicinal application, we synthesized a series
of 3-substituted indolizine-1-carbonitrile derivatives. Some of them displayed activity against MPtpA/MPtpB phosphatases which
are involved in infectious diseases. We report here the solid-phase synthesis and antiphosphatase activity of a series of indolizines.
� 2005 Elsevier Ltd. All rights reserved.

Protein phosphorylation and dephosphorylation reac-
tions are employed by living organisms for the regula-
tion of innumerable cellular processes. Aberrancies in
protein phosphorylation contribute to the development
of many human diseases such as cancer and diabetes.1


Phosphorylation states are governed by protein kinases
(PKs) catalyzing protein phosphorylation, and protein
phosphatases (PPs), which are responsible for dephos-
phorylation. PKs are established targets for drug discov-
ery.2 Protein phosphatases have been classified by
structure and substrate specificity into protein serine/
threonine (PSTPs) and tyrosine phosphatases (PTPs).
However, the development of small-molecule inhibitors
of PTPs is emerging only very recently3 as a rapidly
growing area of investigation in clinical biology and
medicinal chemistry.4


This development was undoubtedly triggered by the dis-
covery that the disruption of the ptp1b gene in mice con-
fers resistance to obesity and increases insulin sensitivity
without negative side effects.5 The treatment of type 2
diabetes and obesity could benefit from PTP inhibitors
and therefore, PTP1b is currently a major target of
medicinal chemistry research in the pharmaceutical

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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industry.6 Tyrosine phosphatases are essential for the
virulence of several pathogenic bacteria. Bacteria like
Salmonella typhimurium (the typhus pathogen) and Yer-
sinia pestis (the plague pathogen) use their own phos-
phatases—such as YopH of Yersinia,7 which blocks
phagocytosis by macrophages—to infect their hosts or
escape from an immune response. The restricted distri-
bution of two putative tyrosine phosphatases (MPTPA
and MPTPB), which are cloned from genomic DNA
of Mycobacterium tuberculosis, makes it a good candi-
date for a virulence gene of M. tuberculosis.8 The dual
specific phosphatases of the Cdc25 family have attracted
particular attention as regulators of the cell cycle, as
they dephosphorylate the cyclin-dependent kinase which
triggers key transitions in the process of eukaryotic cel-
lular division.9 Cdc25A has attracted considerable inter-
est as its overexpression is correlated to the malignancy
of tumors.10 The vaccina VH1-related dual specific
phosphatase VHR is a physiological regulator of extra-
cellular regulated kinases of the MAP (mitogen-activat-
ed protein) kinase family and influences signaling
through the MAP kinase pathway.11


PTP inhibition would thus constitute a valuable strategy
against infectious diseases12 and bioterrorism. The re-
cent advances in the field of PTP inhibitor discovery
with a focus on phosphatases could be the targets of
the next drug generation as they play a major role in
the development of diseases.3a
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Scheme 2. Solid-phase synthesis of indolizines. Reagents and condi-
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We here present 3-substituted indolizine-1-carbonitrile
derivatives as phosphatase inhibitors. While searching
for interesting molecular frameworks to use for the syn-
thesis of combinatorial libraries on solid support, our
attention was drawn to the formal [3+2]-cycloaddition
of pyridinium ylides with electron deficient alkenes.13


This chemistry has ample precedent in solution and is
particulary attractive due to high yields and mild condi-
tions typically involved.14 The synthesis allows for the
introduction of hydrophilic, electron-withdrawing sub-
stituents starting from several pyridine derivatives
(Scheme 1).


Initially, both nicotinic and isonicotinic acids were cou-
pled under standard Fmoc solid-phase conditions to tri-
tyl chloride polystyrene resin (TCP) previously loaded
with N-Fmoc-Leu b-phenylalanine followed by quatern-
ization by treatment with excess of methyl-2-bromoace-
tate in DMF (Scheme 2). The resin bound pyridinium
salt was simply washed with DMF and dichlorometh-
ane, and then treated with acrylonitrile in the presence
of triethylamine in DMF for 2 h at 60 �C to furnish
the resin bound tetrahydroindolizine. In order to pre-
serve the bicyclic ring structure, an oxidative strategy
was adopted. Hu et al. have developed the bimetallic
complex TPCD [Co(pyridine)4(HCrO4)2] as a reagent
for the one-pot synthesis of aromatic indolizines.15


When the resin bound dipolar cycloaddition product
was oxidized in the presence of TPCD at 80 �C in
DMF, a clean reaction occurred to give the aromatic
indolizines in good yields. The methyl esters were
cleaved from the resin under acidic conditions and sub-
sequently hydrolyzed to furnish the desired free acids 1
and 2.16


The cycloaddition was regioselective in accordance with
the electronic effects. Attempts to use both fumaric and
maleic acid esters as electron deficient alkenes failed be-
cause of the putative incomplete oxidation of the tetra-
hydroindolizine intermediates (Schemes 3–8).


An amide bond can be substituted by aromatic ring sur-
rogates mimicking the planar character.17 Following
this approach, (pyridin-4-yl)acetic acid (3) is a useful
template due to the possibility of the easy introduction
of substituents in a-position to the carbonyl group.
The 2-substituted acid 6 can serve as a 1,3-dipole for
the [3+2]-cycloaddition after quaternization. In the first
step, the methyl ester 4 was alkylated with 1-bromo-2-
methylpropane after deprotonation with sodium hy-
dride followed by hydrolysis under acidic conditions to
yield free acid 6.
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40 �C; ii—wash with DMF and DCM; (d) i—2 equiv NEt3, 20 equiv


acrylonitrile, DMF, 60 �C, 2 h; ii—wash with DMF and DCM; iii—


TCPD, DMF, 80 �C, 10 h; iv—wash with DMF and DCM; v—TFA/
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The [3+2]-cycloaddition on solid support offers a conve-
nient approach to construct a small library. In the fol-
lowing variation, the planar amide bond is replaced by
an aromatic surrogate but the usage of (pyridin-3-yl-
oxy)-derivatives extended the backbone with an ether
unit, isosteric to a methylene group, which imparts an
additional hydrogen bond acceptor. With reference to
the naturally occurring LL-configuration of amino acids
an enantioselective synthesis of the leucine surrogate
was desirable. 4-Methyl-2-(pyridin-3-yl-oxy) pentanoic

acid (11) is prepared as follows: DD-leucine was converted
to the diazonium compound and reacted with acetic acid
to ester 8, which was subsequently transformed into the
tert-butyl ester 9. After hydrolysis of the acetic acid ester
moiety, the hydroxyl functionality was converted to an
ether via Mitsunobu reaction with 3-hydroxy pyridine.
Cleavage of the tert-butyl ester afforded the free acid
11 required for the indolizine synthesis on solid support.


To elucidate the influence of extension of the aromatic
moiety on activity, the use 2-(4-hydroxyphenyl)acetic
acid (15) is useful as the phenyl ring might mimic the
planar structure of the amide bond and the hydroxyl
functionality can easily be derivatized with (pyridin-2-
yl)methanol via Mitsunobu reaction. 2-(4-((Pyridin-2-
yl)methoxy)phenyl)acetic acid (16) imparts an
additional hydrogen bond acceptor. The methyl ester
16 was alkylated with 1-bromo-2-methylpropane after
deprotonation with sodium hydride and subsequently
hydrolyzed under basic conditions to give the substitut-
ed phenyl-benzyl ether core 18. The aromatic moiety can
be extended by quaternization by treatment with 2-bro-
mo-1-phenylethanone.


The inhibitory effects of a representative number of ind-
olizine derivatives against different phosphatases were
examined in an in vitro assay system. The results are
shown in Table 1. The compound displaying the 2-(4-
((pyridin-2-yl)methoxy)phenyl)acetic acid moiety 19 is
proposed to interact with the active site, whereas the
peptidic backbone bearing the alkyl side chains was pro-
posed to exert hydrophobic interactions with the en-
zyme.18 The 5-(phenoxymethyl)indolizine scaffold is
not essential but is preferred over the other scaffolds
as indolizine 14 bearing an indolizine-6-ol moiety also
shows activity. The benzoyl substituent on the indolizine
scaffold seems to be essential for the activity.


In conclusion, compound 19 incorporates a structural
framework not present in any of the phosphatase inhib-
itors described so far. These data also make clear that
the 5-(phenoxymethyl)indolizine scaffold provides a
promising lead structure and certainly deserves further
studies to establish pertinent structure–activity relation-
ships. The scaffold 14 was found to inhibit MPTPB but
not MPTPA, while compound 19 was found to be







Table 1. IC50 values (lM) of biased indolizine scaffolds against different phosphatasesa


Compound Structureb Cdc25A PTP1b MPTPA MPTPB VHR


1 N
H


O
R


ON


HO2C


NC


>100 >100 >100 >100 >100


2 N
H


O
R


O
NNC


CO2H


>100 >100 >100 >100 >100


7
N O


R


HO2C


CN


>100 >100 >100 >100 >100


12
ON


CO2H


R


O


NC
>100 >100 >100 >100 >100


13
ON


CO2C2H5


R


O


NC
>100 >100 >100 >100 >100


14 ON
R


O


NC


O


Ph


70.7 ± 5.3 85.1 ± 7.2 >100 22.0 ± 2.7 82.9 ± 3.9


19


R


O
O


N


Ph


NC


O


69.2 ± 8.9 80.6 ± 5.2 74.9 ± 8.8 7.5 ± 1.9 77.8 ± 1.8


a For assay conditions, see Ref. 19.
b The compounds accrued as diastereomers. R = 3-amino-3-phenylpropionic acid. The assigned structures were confirmed by 1H NMR and mass


spectroscopy.
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10-fold more selective for MPTPB. Generally, the [3+2]-
cycloaddition of electron deficient alkenes to pyridinium
ylides provides a convenient method to substitute
indolizines.
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NBD-labeled derivatives of the immunomodulatory drug FTY720
as tools for metabolism and mode of action studies


Peter Ettmayer,a,* Thomas Baumruker,a Danilo Guerini,b Diana Mechtcheriakova,a


Peter Nussbaumer,a Markus B. Streiff b and Andreas Billicha


aNovartis Institutes for BioMedical Research, Brunnerstrasse 59, A-1230 Vienna, Austria
bNovartis Institutes for BioMedical Research, Basel, Switzerland


Received 29 July 2005; revised 16 September 2005; accepted 19 September 2005


Available online 19 October 2005

Abstract—Fluorescently labeled chiral analogs of the immunomodulatory drug FTY720 and its corresponding phosphates with var-
iable aliphatic spacers between the aromatic ring and the NBD label have been synthesized. Determining the influence of the spacer
on the in vitro phosphorylation rate by SPHK1 and 2 resulted in the identification of NBD-(R)-AAL 1c,d which are phosphorylated
with an efficiency comparable to that of the unlabeled FTY720 analog (R)-AAL. Furthermore, the NBD-(R)-AAL phosphates 10c,d
were proven to be a functional S1P receptor agonist.
� 2005 Elsevier Ltd. All rights reserved.
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FTY720 is a potent immunomodulatory agent with po-
tential usefulness in the control of organ transplant
rejection and for treatment of autoimmune diseases
such as autoimmune diabetes, multiple sclerosis, and
systemic lupus erythematosus.1,2 FTY720 functions as
a prodrug that needs to be phosphorylated by sphingo-
sine kinases in vivo with the resulting FTY720 phos-
phate being the active principle.3,4 FTY720 phosphate
functions as an agonist at four of the five sphingosine-
1-phosphate (S1P) receptors (S1P1, S1P3, S1P4, and
S1P5).5,6 Recent reports propose that binding of
FTY720 phosphate to the S1P1 receptor on T-cells
leads to receptor internalization and concomitant down
regulation, thereby blocking direct migration of T-cells
toward high levels of S1P in the bloodstream resulting
in inhibiting the egress of T-cells from lymphoid or-
gans.7 In addition, alternative mechanisms are under
investigation.8


For further understanding of the mode of action, subcel-
lular localization, and metabolism of both FTY720 and
its phosphate, fluorescently labeled, bioactive analogs
would be ideal tools. Recently, we and others reported
on the synthesis and successful application of pyrene
ester- and NBD-labeled sphingosine derivatives.9,10

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


doi:10.1016/j.bmcl.2005.09.038


Keywords: Immunomodulation; Fluorescence; Sphingolipids; Kinase;


Receptors.
* Corresponding author. Tel.: +43 1 80105/2530; fax: +43 1 80105/


9530; e-mail: peter.ettmayer@vie.boehringer-ingelheim.com

We now report on the synthesis and characterization of
nitrobenzo-2-oxa-1,3-diazole- (NBD) labeled chiral
FTY720 derivatives based on the functional FTY720
analog (R)-AAL5 with variable lengths of the aliphatic
chain between the NBD label and the aromatic ring.
The (R) enantiomer was chosen because it had been
shown previously that (S)-AAL is not a substrate of
SPHK and that the corresponding (S)-phosphate does
not signal through S1P receptors5 (Fig. 1).


Using recombinant human SPHK1 and 2, we describe
the substrate properties of these labeled (R)-AAL deriv-
atives by quantifying the conversion rate to the corre-
sponding phosphates. In addition, the S1P receptor

NH2


OHFluorescent derivatives 1a-d
n = 4,6,8,11


Figure 1. Design of fluorescently labeled (R)-AAL derivatives.
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Table 1. Rates of phosphorylation of NBD-labeled (R)-AAL deriva-


tives by SPHK1 and 2


O N
H


NH2


OH


N
ON


NO2


n


1a-d


Compound n SPHK1 (%) SPHK2 (%)


Sphingosine — 100.0 100.0


FTY720 — 0.6 14.1


(R)-AAL — 4.3 22.9


1a 4 <0.1 <0.1


1b 6 0.7 9.0


1c 8 1.9 6.5


1d 11 5.6 119.0


Values are given relative to the rate for DD-sphingosine.9
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binding profile and functional activity of the corre-
sponding phosphates were determined.


The key intermediate 2 was prepared by the Schoellkopf
protocol as recently described.11 Alkylation of 2 with the
commercially available. x-Bromo-alkylphthalimides
3a,b provided the orthogonally protected amino alco-
hols 5a,b in 28–32% yield (Scheme 1). The relatively
low yield is due to partial hydrolysis of the phthalimide
group. Utilizing the dibenzyl-protected mesylates 4c,d
under identical alkylation conditions provided 6c,d in
71–76% yield. Deprotection of 5a,b using hydrazine in
ethanol provided the primary amines 7a,b in quantita-
tive yield. Selective removal of the dibenzyl-protecting
groups by refluxing 6c,d and 10% Pd/C in a methanolic
ammonium formate solution provided 7c,d in quantita-
tive yield. 7a–d were reacted with NBD–Cl in THF/TEA
to provide 8a–d (70–75% yield). Acidic cleavage of the
Boc group provided the NBD-labeled (R)-AAL deriva-
tives 1a–d12 in quantitative yield.


The NBD-labeled (R)-AAL derivatives 1a–d were used
as substrates for human recombinant SPHK1 and 2.9


The rates of phosphorylation were determined by assess-
ing the incorporation of radiolabeled phosphate upon
incubation with [c-32P]ATP and the enzymes. Results
are reported in Table 1 relative to the natural substrate
sphingosine. All FTY720 derivatives were more effi-
ciently converted by SPHK2 compared to SPHK1. As
observed already with the fluorescently labeled sphingo-
sine derivatives, conversion rates improved with the
length of the aliphatic chain between the head group
and the NBD label. While 1a is not a substrate for
SPHK1 and SPHK2, phosphorylation rates for 1b,c
are almost comparable to those of FTY720 and (R)-
AAL. The phosphorylation of 1d by SPHK2 in vitro
was even superior to the natural substrate sphingosine.
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Scheme 1. Variation of the label. Reagents and conditions: (i) K2CO3,


EtOH/DMF 3/1, 50 �C; (ii) N2H4ÆH2O, EtOH, reflux; (iii) 10% Pd/C,


ammonium formiate, MeOH, reflux; (iv) NBD–Cl, Et3N, THF;


(v) 10% aq TFA, rt.

We selected amino alcohols 1c,d for further chemical
conversion to the corresponding NBD-labeled phos-
phates (R)-AAL-P (10c,d). Thus, 10c,d13 were obtained
in good yield using standard phosphoamidate chemistry
(Scheme 2).


To check whether the NBD label would affect the S1P
receptor binding profile, we also prepared the NBD-
labeled S1P derivative 13 using the trimethyl phosphite
procedure described by Hakogi et al.10 (Scheme 2). After
experiencing some difficulties in isolating 12 in reason-
able yield, we found that the phosphorylation of the
Boc-protected NBD-sphingosine 119 worked best by
adding 2.2 equiv of CBr4 and 2.6 equiv of trim-
ethylphosphite to a solution of 11 in a minimum amount
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Scheme 2. Preparation of the labeled phosphates. Reagents and


conditions: (i) (a) 1H-tetrazole, di-tert-butyl-diethylphosphoramidite,


THF, rt, (b) H2O2; (ii) 10% aq TFA, rt; (iii) CBr4, pyridine, P(OCH3)3,


�10 �C to rt; (iv) TMS-Br, acetonitrile, rt.
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Figure 2. Ca2+ mobilization by 10c and d compared to that of the


endogenous agonist sphingosine-1-phosphate (S1P). CHO cells


expressing S1P1 (A) and S1P3 (B) were treated with different


concentrations of the agonists and signals were recorded by a


fluorescent image plate reader. Plotted is molar concentration against


fold change in fluorescence.14
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Figure 3. (A) Rapid incorporation of 1d into endothelial cells


(HUVEC). Cells were incubated for 15 min with 1 lM 1d under


normal growth conditions; ER, endoplasmic reticulum; Mito, mito-


chondria. (B) Metabolic conversion of 1d assayed by thin-layer


chromatography. Cells were incubated for 0.5, 1, and 3 h with 1 lM
1d followed by lipid extraction.
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of dry pyridine at �10 �C and subsequently allowing the
reaction mixture to warm to room temperature.


Motivated by the good in vitro phosphorylation of 1c,d
by SPHK2, we investigated the S1P-receptor binding
profile of the corresponding NBD-labeled (R)-AAL
phosphates 10c and d in comparison to that of
(R)-AAL phosphate, S1P and NBD-labeled S1P 13
(Table 2). The [c-35S]GTPcS binding assays were
performed as described previously.5 NBD-S1P (13)
was found to be an agonist for all S1P receptors tested.
While its potency (pEC50) is 1–2 log steps lower
compared to that of unlabeled S1P, it is still in the nano-
mole-range. The efficacy (Emax) is reduced, especially for
the S1P1 receptor. The NBD-labeled (R)-AAL-phos-
phates 10c,d also functioned as agonists at the S1P
receptors with slightly reduced potency and efficacy
compared to that of the unlabeled derivative. As previ-
ously shown for (R)-AAL-phosphate,5 10c,d do not
signal via the S1P2 receptor (data not shown).


In line with the binding data, 10c,d induced Ca2+ mobi-
lization in S1P1 and S1P3 overexpressing CHO cells.14


For the S1P1 receptor the potency and efficacy was com-
parable to that of S1P and was significantly weaker for
the S1P3 receptor (Fig. 2). Taking both the S1P1 bind-
ing data and the Ca2+ mobilization assay into account,
10c and d were found to be equally potent and effective
functional S1P receptor agonists.


We used the labeled amino alcohol 1d to examine the up-
take, subcellular distribution, and metabolism (conver-
sion to the phosphate) in human endothelial cells
(HUVEC).Fluorescently labeled (R)-AAL 1dwas rapidly
incorporated into the cells within 5 min after addition and
showed predominant distribution to the endoplasmic
reticulum. The plasma membrane and, in some cells,
mitochondria were visibly labeled as well (Fig. 3A). 1d
was converted intracellularly to the phosphate 10d as
shown by thin-layer chromatography9 (Fig. 3B). The con-
version efficiency was comparable to that of FTY720
(data not shown). These data indicate that the NBD label
does not hinder enzymatic phosphorylation within cells.

Table 2. Potency (pEC50) and efficacy (Emax) values of phosphorylated com


Receptor Parameter


S1P NBD-S1P 13


S1P1 pEC50
a 9.0 (8.1–9.7)b 7.2 (7.0–7.3)


Emax 1.00 0.67 (0.58–0.76)


S1P3 pEC50 9.75 (9.1–10.5) 8.3 (8.1–8.4)


Emax 1.00 0.99 (0.78–1.20)


S1P4 pEC50 8.9 (8.1–9.5) 7.2 (7.0–7.4)


Emax 1.00 1.06 (1.02–1.10)


S1P5 pEC50 8.7 (8.4–9.1) 7.3 (7.1–7.6)


Emax 1.00 0.80 (0.71–0.88)


a pEC50, �log molar concentration of compounds resulting in 50% of maxim


S1P signal (set at 100% = 1.0).
b Average value of three to six experiments (range of values).
c The shape of binding curve did not allow the calculation of an EC50.
d Not an agonist up to 10 lM.

Because of the superior aqueous solubility of 10c15 com-
pared to 10d in cell culture medium, we used the NBD-
labeled (R)-AAL phosphate 10c and NBD-S1P 13 to
examine the MAP kinase/ERK activation in HUVEC.16


At 1 lM, both NBD-labeled agonists were able to trig-
ger ERK phosphorylation (Fig. 4) with an efficiency
comparable to that of unlabeled FTY720 phosphate.

pounds at human S1P receptors


Compound


(R)-AAL-P 10c 10d


9.1 (8.9–9.2) 7.7 (7.4–7.9) 9.0 (8.7–9.3)


0.91 (0.80–1.00) 0.76 (0.74–0.78) 0.82 (0.76–0.87)


8.2 (8.0–8.5) 7.7 (7.5–7.9) 7.5 (7.2–7.8)


0.43 (0.32–0.49) 0.87 (0.68–1.05) 0.69 (0.56–0.82)


8.9 (8.1–9.5) 7.7 (7.4–7.9) d


1.53 0.27 (0.16–0.37) d


8.7 (8.4–9.1) c 8.7 (8.3–9.1)


0.75 (0.53–1.00) c 0.27 (0.23–0.31)


al GTPcS binding; Emax, maximal [c-35S] binding as a fraction of the
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Figure 5. Activity of test compounds at 1 lM in an in vitro


angiogenesis model. The capillary-like network formation on Matrigel


upon activation of HUVEC for 8 h is shown. Effects were quantitated


by a direct counting of the number of branching points per


microscopic field.
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Figure 4. Activation of ERK1/2 by NBD-S1P 13 (2), NBD-(R)-AAL


phosphate 10c (3), S1P (4) and FTY720 phosphate (5) in endothelial


cells. Short-starved cells were incubated for 10 min with 1 lM of


compound and collected for Western blot analysis. Membranes were


incubated with antibodies directed to phosphorylated ERK1/2 and re-


probed with anti-b-actin antibodies to ensure equal loading of the


samples; 1, unstimulated cells; 2–5, compounds as indicated in


brackets.
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To further characterize the biological activities of NBD-
labeled phosphates in a cellular system, we investigated
the effect of NBD-(R)-AAL phosphate 10c and NBD-
S1P 13 on morphogenic differentiation of endothelial
cells using an in vitro angiogenesis assay on Matri-
gel,16,17 wherein the number of branching points reflects
the potency of the stimulus. As shown in Figure 5, both
unlabeled (R)-AAL phosphate and S1P and their NBD-
labeled analogs 10c and 13 strongly promoted the capil-
lary-like network formation.


In summary, we prepared fluorescence-labeled chiral
FTY720 analogs and their corresponding phosphates,
which can serve as valuable tools for many biological
investigations. Amino alcohol derivatives with an octa-
nyl (1c) or undecanyl (1d) spacer between the NBD-label
and the phenoxy ring were proven to be efficiently phos-
phorylated by SPHK2 in vitro and in vivo. 1d was rap-
idly taken up by cells and was distributed preferentially
to the endoplasmic reticulum. The corresponding phos-
phates 10c,d were proven to be potent and efficacious
agonists for the S1P receptors 10c,d induced Ca2+ mobi-
lization in S1P1 and S1P3 overexpressing CHO cells
comparable to that of the endogenous ligand S1P. Fur-
thermore, the NBD label did not interfere with ERK
activation and the pro-angiogenesis effect of S1P and
FTY720.
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Abstract—Intracellular photolysis of a novel �caged� capsaicin analogue results in in vitro activation of the capsaicin receptor
TRPV1.
� 2005 Elsevier Ltd. All rights reserved.

Figure 1. Capsaicin (1) and resiniferatoxin (RTX, 2).

Capsaicin (1), the main pungent component of chilli
peppers, has long been known to produce a painful irri-
tant effect if injected into the skin, applied to sensitive
structures such as the cornea, or tasted. Comprehensive
structure–activity studies have been carried out on cap-
saicin and analogues, elucidating the main requirements
for a compound to display capsaicin-like biological
activity;1–4 however, the molecular target of capsaicin
has only recently been discovered. It is now clear that
capsaicin exerts its main biological effects via activation
of a receptor.


The �capsaicin receptor�, or transient receptor potential
channel–vanilloid subtype 1 (TRPV1), is a cation selec-
tive ligand-gated ion channel.5 Originally named the
vanilloid receptor subtype 1 (VR1), it has now been
shown that TRPV1 is a member of the TRP family of
receptors6 and is activated by capsaicin and other nox-
ious compounds including resiniferatoxin (RTX, 2,
Fig. 1). TRPV1 is also activated by heat above �45 �C
and conditions below �pH 5.5.5 This receptor repre-
sents a realistic therapeutic target for the treatment of
pain,7–10 and the use of topically applied capsaicin to
treat painful skin disorders has met with some success.11


The analgesic effect of capsaicin can be rationalised by
prolonged activation of TRPV1, causing the receptor
to desensitise. Longer-term resistance to capsaicin can
be attributed to the large influx of Ca2+ causing nerve

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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terminal degeneration. Therefore, TRPV1 antagonists
rather than agonists are likely to be the therapeutically
most important compounds in the treatment of
pain.12–14 Recently, many potent and selective agonists
and antagonists of TRPV1 have been reported.15,9 How-
ever, pharmacological tools required to accurately study
the function of a receptor are not limited to selective
agonists and antagonists. The use of �caged� or photola-
bile compounds, which allow temporal and spatial con-
trol over receptor activation, has frequently proved
invaluable in the study of receptor function.16,17 Very
few chemical tools of this type to assist the study of
TRPV1 exist. Herein we report the synthesis of two nov-
el caged capsaicin analogues 8 and 9, the in vitro biolog-
ical activity of 8 in cultured dorsal root ganglia (DRG)
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neurones from neonatal rats and some studies on the
photolysis characteristics of both compounds.


Previous studies have shown that alkylation of the phe-
nolic hydroxyl group of capsaicin will remove all biolog-
ical activity.4 We have alkylated this position with a
4-methoxyphenacyl group (see 8, Scheme 1), which has
been shown to undergo in vitro photolysis to reveal
the desired biologically active product and two biologi-
cally inert by-products.18 We have opted to cage the
N-nonanoyl analogue of capsaicin (7), which has been
shown to possess pharmacology similar to that of capsa-
icin itself.3 Although capsaicin is commercially avail-
able, the use of compound 7 has allowed us to develop
a robust synthesis that can also be applied to a number
of capsaicin analogues. The synthesis commenced from
the commercially available 4-hydroxy-3-methoxybenzo-
nitrile (3, Scheme 1) and proceeded in good overall yield
to give the desired compound 8, using standard meth-
ods. All compounds displayed analytical and spectro-
scopic data consistent with the assigned structure
(please see supplementary data for spectroscopic and
analytical data for compounds 8 and 9).


Before investigating the photodeprotection of 8, it was
necessary to determine the pharmacological response
of the uncaged compound (7) in cultured dorsal root
ganglia (DRG) neurones (see supplementary data for
details). The results obtained suggest that compound 7
exerts its main biological effects through activation of
TRPV1, which was expected from literature reports.2–4


Whole cell patch clamp recording was used to examine
changes in the electrophysiological properties of cul-
tured DRG neurones as a result of intracellular flash
photolysis of compound 8 resulting in photo-release of
compound 7. Extracellular photolysis of compound 8
(0.1–1 mM 8 in saline containing 0.5–5% DMSO) pro-

Scheme 1. Synthesis of the caged capsaicin analogue 8. Reagents and


conditions: (i) TIPSCl, imidazole, DMF, rt, 91%; (ii) LiAlH4, THF, rt,


90% crude yield; (iii) nonanoyl chloride, 4-DMAP, pyridine, CH2Cl2,


0 �C–rt, 78%; (iv) TBAF, THF, 81%; (v) 2-bromo-40-methoxyace-


tophenone, NaH, DMF, 0 �C–rt, 74%.

duced no significant current or voltage responses in six
neurones. The endocannabinoid, anandamide, is a more
effective activator of this receptor when applied to the
intracellular environment rather than extracellularly.19


We therefore postulated that intracellular photolysis of
compound 8 might be a more efficient way of activating
TRPV1 receptors. Intracellular photolysis of compound
8 (0.5 mM caged compound in the patch pipette solution
containing 2.5% DMSO) evoked sustained membrane
potential depolarisations of 15 ± 2 mV in four out of
five neurones (Fig. 2A) and action potentials were
evoked in two out of these four neurones (Fig. 2B). Un-
der voltage clamp, a comparison was made between in-
ward currents activated by extracellular application of
1 lM capsaicin and intracellular photolysis of com-
pound 8. Consistent with the imaging data, capsaicin
(1 lM) failed to evoke responses in five neurones, and
subsequently intracellular photolysis of compound 8
also failed to evoke currents (Figs. 2C and D). However,
DRG neurones that responded to capsaicin also pro-
duced modest (>�10% of capsaicin-activated current)
but consistent inward currents to intracellular photolysis
of compound 8 (Figs. 2C and E). Repeated flash photol-
ysis produced a cumulative inward current but the
increases in amplitude may have been limited by desen-
sitisation. Interestingly, in one DRG neurone a transient
burst of action currents was evoked by intracellular pho-
tolysis of compound 8 (Figs. 2F and G). These events
were not preceded by a clear inward current (Fig. 2)
and are likely to be due to responses being initiated on
DRG neurone processes resulting in action potential
firing and the spread of this excitation into the voltage
clamped cell body.


Apart from the final case (Figs. 2F and G), the photol-
ysis of the phenacyl compound produced smaller
responses than those observed by Zemelman et al. when
uncaging a dimethoxynitrobenzyl caged compound.20


This observation led us to investigate the amount of
uncaging of 8 that was occurring under the experimental
conditions. In an attempt to mimic our biological exper-
iments as closely as possible, an aliquot (10 ll) of a
50 lM solution was exposed to a 300 V flash from an
identical xenon flash lamp equipped with a 360 nm filter.
The small volume of material used, however, has made it
impossible to detect whether uncaging has occurred and
to what degree. Attempts were made using HPLC, 1H
NMR and mass spectrometry (MS), but in all cases,
and even when using several combined aliquots, it was
impossible to detect uncaging and in the case of 1H
NMR it was not possible to detect even the caged
material.


The photolysis of a dimethoxynitrobenzyl caged com-
pound similar to that used by Zemelman was studied
by Katritzky et al.21 We therefore decided to investi-
gate photolysis of compound 8 using conditions similar
to those reported. Katritzky employed a 450 W immer-
sion lamp with a 363 nm filter. We used a 125 W
immersion lamp with a 375 nm filter. As we were un-
able to fully match Katritzky�s conditions we synthe-
sised the dimethoxynitrobenzyl caged derivative of
compound 7 (compound 9, Scheme 2) to allow direct







Figure 2. Intracellular actions of compound 8 photolysis on the excitability of cultured DRG neurones. The same extracellular solution was used for


both the electrophysiology and the Ca2+ imaging experiments. The patch pipette solution contained (in mM): KCl, 140; EGTA, 5; CaCl2, 0.1; MgCl2,


2.0; HEPES, 10.0; ATP, 2.0; compound 8 0.5–0.1% and 2.5% DMSO. This solution after correction with Tris and sucrose had a pH of 7.2 and


osmolarity of 320 mOsm L�1. An Axoclamp 2 A switching amplifier (Axon Instruments) operated at a switching frequency of 15 kHz was used. (A)


Record showing two depolarising responses to intracellular photolysis of compound 8 from the same neurone. No action potentials were evoked in


this neurone and no further depolarisation was obtained with additional photolysis (3rd flash not shown). (B) Example record showing a single action


potential and sustained depolarisation obtained in response to intracellular photolysis of compound 8. (C) Line chart showing the diversity of DRG


neurone current responses to capsaicin and intracellular photolysis of compound 8. Only 2 out of 7 DRG neurones responded to capsaicin but both


these neurones also responded to intracellular photolysis of compound 8. Five cells failed to respond to both drugs. (D) Example voltage clamp


record showing a non-responding neurone that failed to respond to both capsaicin and intracellular photolysis of compound 8. (E) Records showing


inward currents activated by capsaicin and intracellular photolysis of compound 8; note the difference in current scale. (F) Action currents evoked by


intracellular photolysis of compound 8; showing the burst firing behaviour that gradually declines as the neurone recovers to a resting state. This


neurone was voltage clamped at a holding potential of �70 mV; the excitatory action of photoreleased compound 7 appears to have occurred in an


unclamped region of the cell and a burst of action potentials has spread into the cell body to be recorded as currents. (G) The same record as (F) but


on an expanded time scale to show the high frequency action potential firing and that the first action potential was not initiated by a clear inward


current in the cell soma. Arrows mark the points at which 300 V flashes (175 mJ; lasting �1 ms) from a xenon flash lamp, equipped with a 360 nm


filter, were applied to the DRG neurones. Under voltage clamp all neurones were held at �70 mV.
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comparison of the two caging groups using our photol-
ysis conditions.


Aliquots (1 ml) of a 7.3 mM solution of compound 8
were irradiated using a 125 Wmercury arc lamp through
a 375 nm filter. 1H NMR analysis of samples irradiated
for 1, 15 and 30 min showed no detectable uncaging
occurring. The 1H NMR spectrum of the sample that

was irradiated for 60 min showed a trace of the uncaged
material (see supplementary data). 1H NMR analysis of
a sample that had been irradiated for 16 h 40 min
showed that the caged material had degraded (data
not shown). However, the expected peaks for compound
7 were not clearly present, indicating that this
compound may be further broken down on extended
irradiation. Irradiation of compound 8 using a 125 W







Scheme 2. Synthesis of the caged capsaicin analogue 9. Reagents and


conditions: (i) 4,5-dimethoxy-2-nitrobenzyl bromide, tBuOK, THF, rt,


66%.
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mercury arc lamp with no filter showed a trace of com-
pound 7 after 15 min.


Irradiation of aliquots (1 ml) of a 7.3 mM solution of
compound 9 using a 125 W mercury arc lamp through
a 375 nm filter showed more rapid uncaging (Fig. 3).
After 30 min 35% uncaging had occurred. Examination
of the UV/vis spectra of these compounds explains these
results clearly as the absorption maximum for the car-
bonyl of the compound 8 is at 278 nm, whereas the
absorption maximum for the nitro group of compound
9 is at 345 nm, much closer to the wavelength of irradi-
ation (see supplementary data).


Zemelman observed a 1–2 s interval between flash pho-
tolysis and TRPV1 activation.20 We did not observe this
with our studies on compound 8. It is not clear to us
why Zemelman and co-workers observed the interval
that they did; we will employ compound 9 to investigate
this further.


Although it is not possible to draw any quantitative con-
clusions from these studies, our investigations into the
photolysis of compounds 8 and 9 correlate with biolog-
ical activity observed for these compounds. It can be as-
sumed that during in vitro flash photolysis of compound
8, using the conditions described above, only a very
small amount of compound 7 is being released. The fact
that a biological response is observed reflects the high
potency of compound 7 for TRPV1. Flash photolysis

Figure 3. Partial 300 MHz 1H NMR spectra of compound 9 irradi-


ated, for the time shown, with a 125 W mercury arc lamp through a


375 nm filter. Thirty-five percentage uncaging (as adjudged by


appearance of compound 7 vs total material) was observed after


30 min. The doublet at 4.19 ppm is from compound 9; the doublet at


4.14 ppm is from compound 7.

of compound 9 releases a greater amount of compound
7 and this is reflected in the more prominent biological
response observed by Zemelman et al.20 The different
amounts of photolysis observed on irradiation of these
compounds will render them useful and complementary
biological tools for the investigation of TRPV1. The fact
that the two caging groups behave in different manners
on irradiation at the same wavelength suggests that
compounds 8 and 9 may be of use in investigating the
concept of wavelength orthogonality as applied to bio-
logically active compounds. This is currently under
investigation and our findings will be published in due
course.
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Abstract—Recently, we proposed inhibition of aldosterone synthase (CYP11B2) as a novel strategy for the treatment of congestive
heart failure and myocardial fibrosis and synthesized a large number of inhibitors. In this work, a pharmacophore model for
CYP11B2 inhibitors was developed by superimposition of active and non-active compounds. This model was confirmed by the syn-
thesis of two pyridyl substituted acenaphthene derivatives (A,B). This new class of compounds as well as the pharmacophore could
be helpful for the discovery of novel inhibitors.
� 2005 Elsevier Ltd. All rights reserved.

Aldosterone synthase (CYP11B2) is the key enzyme of
mineralocorticoid biosynthesis. It catalyzes the conver-
sion of 11-deoxycorticosterone to the most potent min-
eralocorticoid, aldosterone.1 Pathological elevations in
plasma aldosterone levels increase blood pressure and
play a detrimental role in cardiovascular diseases.2 In
two recent clinical studies, the aldosterone receptor
antagonists spironolactone and eplerenone were found
to reduce mortality in patients with chronic congestive
heart failure and in patients after myocardial infarction,
respectively.3,4 The treatment with these antagonists,
however, is accompanied with severe side effects like
hyperkalemia.5 A new pharmacological approach for
the treatment of hyperaldosteronism, congestive heart
failure, and myocardial fibrosis was recently suggested
by us: inhibition of aldosterone formation with
CYP11B2-inhibitors.6,7 Non-steroidal, selective inhibi-
tors are to be preferred, because they can be expected
to have less side effects on the endocrine system. The
inhibitors must not affect other P450 (CYP) enzymes.
In the case of 11-b-hydroxylase (key enzyme of gluco-
corticoid biosynthesis, CYP11B1), this was very difficult
to achieve, since it has a sequence homology of more
than 93% compared to CYP11B2.8 Therefore, we initiat-
ed a drug discovery program6,7 which finally resulted in
potent and selective inhibitors originating from three
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classes of compounds: E- and Z-heterocyclic substituted
methylene-tetrahydronaphthalenes and -indanes and
heterocyclic substituted naphthalene derivatives.9–11


Here, we describe a pharmacophore model to get insight
into the 3-dimensional shape of the binding pocket.
Compounds named �inhibitors� were highly active in
V79MZh11B2 cells,12 expressing human CYP11B2
(IC50 values <100 nM).9–11 �Non-inhibitors� showed lit-
tle to no activity (IC50 values >300 nM).9–11


These compounds are supposed to occupy the substrate
binding site in the apoprotein moiety. They also com-
plex with their aromatic nitrogen (pharmacophore point
N, Fig. 1b) the iron ion of the heme, which is located in
the active site as well. This complexation mechanism
does not only increase binding affinity of the inhibitors
but also prevents oxygen activation at the heme, which
is required for the catalytic process. No X-ray structure
of CYP11B2, which is located in the inner mitochondrial
membrane, is available. Homology approach based pro-
tein models have been improved continuously,9–11,13 but
still are of limited predictive value.


The compounds shown in Table 1 were first built in Syb-
yl 7.0 (Tripos Associates; Inc., St. Louis, MO 2001,
USA) and then optimized in conjugate-gradient modus.
Subsequently all molecules underwent a conformational
analysis with MacroModel V7.0 (1999 Schrödinger,
Inc.) and were energy-minimized in MMFF94s14 force-
field as implemented in Sybyl 7.0. A dielectric constant
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Figure 1. Superimposition of compounds: (a) alignment of inhibitors from 17 to 39 and 66 to 81 (see Table 1); (b) skeletal structure of the


pharmacophore model: overlay of the unsubstituted 2-(3-pyridyl) naphthalene (66 yellow) and the unsubstituted E- and Z-3-pyridylmethylene-indane


(17 and 18; red and green); the pharmacophore (magenta) is built by connecting the ring centroids (C1, C2, and C2b) and the aromatic nitrogen N;


(c) sideview of the pharmacophore.
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of 1.0 has been used throughout and the optimizations
have been terminated at a gradient of 0.001 kcal/mol.
After defining the ring centroids for each compound of
the three classes (C1, C2, and C2b, Fig. 1b), the com-
pounds 17–39—with the exception of the non-inhibi-
tors—were first superimposed on compounds 20 and
21 with Sybyl by a three-point-fit strategy using the very
same atoms for E-(red) and Z-(green) 3-pyridyl substi-
tuted tetrahydronaphthalenes and -indanes (Fig. 1a).15


The naphthalene inhibitors (66–69, 72–74, and 76–78;
yellow, Fig. 1a) were aligned with both E- and Z-(3-pyr-
idyl)methylene-indanes and -tetrahydronaphthalenes,
respectively.16,17 These naphthalenes as well as the E-
and Z-imidazolyl substituted tetrahydronaphthalene
and -indane inhibitors (not shown) fitted very well into
the pharmacophore (Fig. 1b). The superimposition of
non-inhibitors—using the same procedure as applied
for the inhibitors—revealed that the corresponding sub-
stituents did not match with the model (Table 2).


The pharmacophore model (Fig. 1b) was built on four
pharmacophore points, chosen on the basis of the global
superimposition (Fig. 1):


• N: heterocyclic nitrogen (all inhibitors).
• C1: ring centroid (E-(3-pyridyl)methylene-tetrahy-


dronaphthalenes and -indanes and naphthalene
derivatives).


• C2: ring centroid (E- and Z-(3-pyridyl)-methylene-
indanes and -tetrahydronaphthalenes).


• C2b: ring centroid (Z-(3-pyridyl)methylene-tetrahy-
dronaphthalenes and -indanes and naphthalene
derivatives).


Each compound fits with three of these points and has
nitrogen N in common. The lone pair of the heterocyclic
nitrogen of all compounds has to point in almost the
same direction (Fig. 1a) for complexing the heme iron.
The three ring centroids (C1, C2, and C2b) are located
in one plane, P0, forming a planar three-ring-system
(ace-naphthene or dihydro-phenalene), while the aro-
matic nitrogen N is located slightly above plane P0
(see geometric parameters, Table 3). Actually, the whole
pharmacophore seems to be quite planar.

The steric features of active and non-active CYP11B2-
inhibitors were further explored by the �steric inclusion
area (SIA)� and the �steric exclusion area (SEA),� respec-
tively (Figs. 2a and b). The SIA is mainly located in the
region of substituents R3, R4, and R8 (see Table 2).
Larger groups as formic acid methyl ester can only be
introduced in position R4 (72), whereas position R8 is
of limited size. The SEA is located at the non-aromatic
ring and the exocyclic double bond of the Z-isomer
(substituents R1 and R2, Table 2). Additionally, large
substituents as benzyloxy- or 3-pyridyl-groups in the re-
gion of R4 and R5 are not suitable for proper inhibitor
binding (32 and 79). The SEA is also located close to
R9, since methyl-groups lead to a strong decrease of
activity (34).


To validate the model, a compound was generated as
a hybrid structure of the used E- and Z-isomers as
well as the naphthalene compounds, the acenaphthene
derivative (A). Compound A was synthesized in four
steps: nitration of acenaphthene18 and subsequently
hydrogenation19 leading to a mixture of two isomers:
3- and 5-aminoacenaphthene. In the following Sand-
meyer reaction, the bromo derivatives were formed
and used for Suzuki coupling with 3-pyridine boronic
acid. The resulting mixture was subsequently chro-
matographed and the isomers A and B were isolated
(Scheme 1).


Both isomers were tested for activity in V79 cells,12


expressing human CYP11B2.6 The IC50 values of the
compounds are given in Table 4.


As expected compound A exhibited strong inhibitory
activity (IC50 = 10 nM), thus confirming the validity of
the pharmacophore model. Surprisingly the isomer B
was also very potent. This can be explained by the align-
ment of the acenaphthene derivatives A and B (Fig. 3).
The compounds display a very similar shape; they only
differ in the position of the non-aromatic cyclopenten-
e-ring.


After having discovered the acenaphthene isomers
as highly potent lead compounds, we wanted to
know about their selectivity toward CYP11B1 (Table 4).







Table 1. Inhibitors and non-inhibitors of aldosterone synthase (CYP11B2)


Het
Het Het


Het
X X


5


6


6


7


4 X


X


Y


2
34


5


6
8


3 Y


1, 2, 5-7, 10, 19,  27,
  28, 30, 50, 51, 54


3, 4, 8, 9, 11-18, 20-26,
 29, 31-49, 52, 53,  
    55-58, 63-65 


59-62 66-81


7


2


8


3a


7a 7


3a


7a


Compound X,Y Heta Isomer IC50
b [nM]


1 H Im E 25


2 H Im Z 10


3 H Im E 41


4 H Im Z 11


5 7-CN Im E >500


6 7-CN Im Z 13


7 6-CN Im Z 23


8 5-CN Im E 36


9 5-CN Im Z 36


10 7-Cl Im E 47


11 5-F Im E 17


12 5-F Im Z 14


13 5-Cl Im E 89


14 5-Cl Im Z 4


15 5-Br Im E 93


16 5-Br Im Z 10


17 H 3-Py E 11


18 H 3-Py Z 92


19 H 3-Py E 22


20 5-F 3-Py E 7


21 5-F 3-Py Z 11


22 5-Cl 3-Py E 26


23 5-Cl 3-Py Z 73


24 5-Br 3-Py E 37


25 5-OMe 3-Py E 34


26 5-OMe 3-Py Z 26


27 6-OMe 3-Py E 57


28 6-OMe 3-Py Z 878


29 6-OMe 3-Py E >500


30 6,7-diOMe 3-Py E >500


31 5-OEt 3-Py E 79


32 5-OBn 3-Py E >500


33 6-Me 3-Py E >500


34 6-Me 3-Py Z >500


35 4-Me 3-Py Z >500


36 4-F 3-Py E 21


37 4-Cl 3-Py E 9


38 4-Cl 3-Py Z 31


39 7-OMe 3-Py E 27


40 H 4-Py E >500


41 H 4-Py Z 931


42 5-F 4-Py E 1098


43 5-F 4-Py Z 34


44 5-Cl 4-Py E 1515


45 5-Cl 4-Py Z 301


46 5-Br 4-Py E 2640


47 5-Br 4-Py Z 484


48 5-OMe 4-Py E >500


49 5-OMe 4-Py Z >500


50 6-OMe 4-Py E >500


51 6-OMe 4-Py Z >500


52 6-OMe 4-Py E >500


53 6-OMe 4-Py Z >500


54 6,7-diOMe 4-Py E >500


55 6-Me 4-Py E >500


(continued on next page)
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Table 1 (continued)


Compound X,Y Heta Isomer IC50
b [nM]


56 6-Me 4-Py Z >500


57 5-F Pyrim E 27


58 5-F Pyrim Z >500


59 bond 3-Py — >500


60 no bond 3-Py — >500


61 bond 4-Py — >500


62 no bond 4-Py — >500


63 3-Me 3-Py E >500


64 3-Me 3-Py Z >500


65 3-Phenyl 3-Py E >500


66 H 3-Py — 28


67 5-OH 3-Py — 23


68 5-OMe 3-Py — 6


69 5-OEt 3-Py — 12


70 5-OPr 3-Py — >500


71 5-OBn 3-Py — >500


72 5-COOMe 3-Py — 72


73 5-Br 3-Py — 15


74 5-CN 3-Py — 3


75 6-OMe 3-Py — >500


76 4-Cl, 5-OMe 3-Py — 13


77 4-Cl, 5-OMe, 8-Cl 3-Py — 28


78 4-Br, 5-OMe 3-Py — 33


79 4-(3-Pyridyl) 3-Py — >500


80 2,3-Benzene-annelated 3-Py — >500


81 5-OMe 4-Py — >500


aHeterocycle: Im, imidazole; 3-Py, 3-pyridine; 4-Py, 4-pyridine; Pyrim, pyrimidine.
b Activity determined in V79MZh 11B2 cells as described.9–11


Table 2. Substitution patterns of inhibitors and non-inhibitors of


CYP11B2


Het


n


Het


R1


R3


R4


R5 R6
R7


R8


R9


n=0,1


Inhibitors: Het= 3-Pyridine, Imidazole, Pyrimidine
      Non-Inhibitors: Het= 4-Pyridine 


R2


R10


R Appropriate substituents Inappropriate substituents


R1 H, CH3 Phenyl, anellated rings


(R1 to R2)


R2 — —


R3 H, F, Cl, CH3, OMe —


R4 H, F, Cl, Br, CN, OH,


OMe, OEt, COOMe


OPr, OBn


R5 H, Cl, Br Me, OMe, CN, 3-Pyridyl


R6 H, Cl —


R7 H, OMe —


R8 H, F, Cl, Br, CN, OMe Anellated rings (R8 to R9)


R9 H, CN Me


R10 Cl —


Table 3. Geometric parameters of the pharmacophore


Distances (Å) Angles (�) Angles respect


to the planes (�)


C1–C2 2.0–2.3 C1–N–C2b 12.5–15 P0–P1 13.3


C1–C2b 2.2–2.4 C1–N–C2b 10–12 P0–P2 11.9


C2–C2b 2.1–2.3 C2–N–C2b 23.5–25 P1–P2 157.8


C1–N 7.1–8.1


C2–N 5.2–6.0


C2b–N 5.2–6.4


where:
• P0: plane containing C1, C2, and C2b;


• P1: plane containing C1, N, and C2;
• P2: plane containing C1, N, and C2b;
• P3: plane containing C2, N, and C2b.


Figure 2. Unsubstituted hybrid-structure with: (a) the steric inclusion


area (SIA); (b) the steric exclusion area (SEA).


28 S. Ulmschneider et al. / Bioorg. Med. Chem. Lett. 16 (2006) 25–30

Both inhibitors showed little inhibition of CYP11B1,
which makes them interesting candidates for further
development.

Summarizing, the first pharmacophore model for inhib-
itors of aldosterone synthase (CYP11B2) was built by
superimposition of a series of compounds synthesized
by our group. This pharmacophore could be confirmed
by synthesis and biological evaluation of two hybrid
compounds derived from the model.







NH2


NH2


Br


Br


N


N


+


++


(a)


(b)


(c)


(d)


BA


A.1 B.1


(e)


Scheme 1. Reagents and conditions: (a) HNO3, in acetic anhydride, 20 h at 10 �C; (b) H2, Pt/C (5%), in THF; (c) 1—NaNO2, in HBr, 0 �C, 2—CuBr,


in HBr/toluene, 0 �C, addition of the diazonium salt, 10 min at 0 �C, 2 h at 100 �C; (d) Na2CO3-solution, 3-pyridine-boronic acid, in methanol,


tetrakis(triphenyl-phosphin)palladium, N2, reflux, 12 h; (e) separation of A and B using column chromatography.


Figure 3. Alignment of hybrid compound A (black) and its isomer B


(gray).


Table 4. Biological evaluation of hybrid compounds A and B


Compound IC50 value
a (nM) Selectivityd


CYP11B1b CYP11B2c


A 2452 10 245


B 2896 14 207


aMean value of four determinations, standard deviation less than 20%.
bHamster fibroblasts (V79 cells) expressing human CYP11B1; sub-


strate deoxycorticosterone, 100 nM.
cHamster fibroblasts (V79 cells) expressing human CYP11B2; sub-


strate deoxycorticosterone, 100 nM.
d IC50 CYP11B1/IC50 CYP11B2.
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Abstract—High-throughput screening revealed compound 1 as a potent antagonist of the CCK1 receptor. Here, we disclose the
synthesis of combinatorial libraries by solid-phase synthesis on Kenner �safety catch� resin. Additive QSAR models were used to
determine a lack of consistent additive SAR within the matrix.
� 2005 Elsevier Ltd. All rights reserved.
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Cholecystokinin (CCK) is a 33 amino acid peptide hor-
mone that is released in response to food intake and reg-
ulates gall bladder contraction, pancreatic enzyme
secretion, gastric acid secretion, gastric emptying, and
duodenal and colonic motility.1 The biological actions
of CCK are mediated through two G-protein coupled
receptors, CCK1 and CCK2. CCK�s actions on gall-
bladder contraction, pancreatic enzyme secretion, and
duodenal motility, and gastric emptying rate appear to
be mediated through agonism of the CCK1 receptor.
As a result, a number of CCK1 antagonists have been
evaluated in the clinic for pancreatic disorders, IBS,
and bilary colic. Promising clinical results from a Phase
II trial of constipation dependent IBS with the peptide
derived CCK1 antagonist dexloxiglumide encouraged
our pursuit of a differentiated non-peptide derived
antagonist of CCK1.


2


In the preceding paper, a novel series of pyrazole-based
CCK1 receptor antagonists was described.


3 As reported,
compound 1 was identified through high-throughput
screening as a potent antagonist of the CCK1 receptor
(see Fig. 1). In that work, a solution-phase library syn-
thesis, which allowed for access to derivatives of 1 where
the A- or B-ring was varied simultaneously with the
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C-ring, was described. To modify the A- and B-rings
simultaneously while maintaining a constant C-ring,
an alternative route in which the variable elements of
the matrix are installed late in the synthesis was desir-
able. In this paper, we describe a solid-phase library
strategy, which allows for this late stage simultaneous
modification of the A- and B-rings within this series.


A solid-phase synthesis of diaryl-pyrazoles, similar to
compound 1, was previously described by Chapman
and co-workers.4 The 3-methylphenyl group at position
C in place of the 1-naphthyl ring was chosen because of
its high CCK1 affinity (see, accompanying paper).3


Synthesis of the solid-phase libraries began with the
large-scale preparation of the keto-acid 4 (Scheme 1).
Allylation of the phenylacetic acid ester 2, followed by
Wacker oxidation and hydrolysis, provided 4 in good
yield on a 5–10 gram scale. Initially, 4 was coupled to
Kenner �safety-catch� resin. Treatment with excess base
and various aryl esters provided diketones of type 6 on
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solid support (Scheme 2). Addition of hydrazines and
cleavage from resin provided the desired 1,5-pyrazoles
along with the undesired 1,3-pyrazoles.


The regioselectivity of ring formation was variable and
dependent upon the nature of the hydrazine and dike-
tone coupling partners, but in all cases favored the
1,5-regioisomer. Fortunately the regioisomers were
readily separated by chromatography. Problems with
this initial procedure included incomplete loading of
the keto-acid 4, and some cleavage of the diketone from
the Kenner linker upon treatment with hydrazines. For
these reasons, and the regiochemical issues, low yields of
the desired 1,5-pyrazoles were obtained by this route.


Alternatively the coupling of keto-acid 4 to sulfon-
amide 10 could be effectively accomplished in solution
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Scheme 3. Reagents and conditions: (a) 4, PyBrop, DIPEA, DMAP (cat), D

prior to attachment to solid support (Scheme 3). Cou-
pling of the resulting acid 11 onto aminomethyl poly-
styrene afforded high loading levels of 12 as judged
by sulfur elemental analysis. Procedures similar to
those described above resulted in the desired 1,5-pyraz-
oles 13 in 20–35% overall yield (see Scheme 4). There
were no differences in pyrazole regioselectivity using
the two procedures. This recovery was sufficient to ob-
tain material for biological testing (5–10 mg product
from 200 mg resin).


The first library was composed of the elements shown in
Figure 2. The binding data (pKI) are shown in graphical
form in Figure 3. Analysis of the best fit additive data
was performed as described in Eq. 1 of the accompany-
ing paper.3 These data were then plotted against the
measured pKI�s and graphed (Fig. 4).
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The correlation of best fit additive data to actual data
was poor, r2 value being 0.71 and the RMS error being
0.34. By comparison, the experimental variability had an
average standard error of 0.17 log units in triplicate
measurements. Thus, there is clearly non-additive SAR
present in this library.


In the previous paper, one of the libraries we exam-
ined also showed non-additive effects. In that case,
the non-additive behavior was limited to a single ser-
ies, and removal of that series from the calculation
afforded an additive result. In this case, the non-addi-
tive behavior is not systematic and is found distribut-
ed throughout the matrix. This can be seen more
clearly when the actual activity is subtracted from
the predicted activity showing the deviation from the
additive model for each individual member of the
matrix (Fig. 5).


Because the deviations are not systematic, there is little
specific justification that can be offered for the non-addi-
tive behavior observed. However, it is likely that this
outcome is a result of the close proximity of the two
variables in the matrix. This makes it more likely that
electronic and steric differences in one substituent will
have an influence on the ground-state or conformational
dynamics of the other substituent. Additional explana-
tions may lie in alternative binding modes for the differ-
ent compounds to the receptor.5
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An additional library was made which more clearly illus-
trates the extent of the non-additive relationships in this
series of CCK1 receptor antagonists (Fig. 6). In this
case, when Ar2 is naphthyl or methylenedioxyphenyl
the SAR resulting from changes in Ar1 is roughly flat.
However, when Ar2 is dimethylaminophenyl the SAR
is quite pronounced, resulting in compounds having
>300-fold differences in binding affinity. These results
demonstrate the potential magnitude of non-additive
SAR. It is clear from these results that non-additive ef-
fects can have a significant impact on medicinal chemis-
try programs that are managed with the expectation of
additive behavior, and illustrates the usefulness of gener-
ating a combinatorial matrix of compounds to verify
additive behavior before embarking on linear analoging.


This case also demonstrates the importance of exercising
caution when using certain QSAR models to predict bio-
logical activity. For instance, fragment-based descrip-
tors such as TPSA, C logP, MW, H-bond donors, and
acceptors, etc., have become increasingly common as in-

puts for QSAR regression analysis. These descriptors of-
fer the advantage of requiring less computational time
to generate than whole molecule descriptors. However,
Cammareta6 has eloquently outlined the dangers of
using such descriptors when a system is not additive.
Thus, any linear regression analysis that uses exclusively
fragment-based descriptors cannot by definition be any
more than anecdotally relevant if the system in question
is found to be non-additive. In fact, for libraries such as
those we consider here, it can be shown that the additive
model described in the previous paper represents an
upper limit to the accuracy obtainable through frag-
ment-based QSAR. To adequately describe non-additive
effects in this case, for instance, descriptors that simulta-
neously treat both rings A and B are required.


Another advantage of determining the inherent additiv-
ity in a system is a more practical one. It is often neces-
sary for the medicinal chemist to optimize multiple
properties in a molecular series simultaneously (i.e.,
activity and bioavailability). In these instances, knowl-
edge about a system�s additivity would serve to provide
confidence that when one portion of a series is altered to
optimize a second property, the SAR trends for the pri-
mary target will not be altered. Conversely if a system
has a low degree of additivity then it might be advanta-
geous to adopt a strategy of combinatorial analoging to
avoid missing key parts of the SAR.
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Abstract—We report the synthesis and study of a photoreactive nitrobenzamide containing acridine that specifically interacts at
abasic site in DNA by threading intercalation and introduces under irradiation a lesion on the opposite strand at the unpaired
pyrimidine.
� 2005 Elsevier Ltd. All rights reserved.

The abasic site, that is, the loss of a base, is one of the
most frequent lesions in DNA.1 Although it can occur
spontaneously,2 this lesion results from the action of
various chemical and physical agents used in chemother-
apy. Abasic sites are also produced during the base exci-
sion repair pathway following the excision of modified
or non-natural bases by glycosylases.3 Previous works
in our laboratory focused on the design of molecules
for the specific recognition of abasic sites and capable
of interfering with the repair of this lesion.4 The first ser-
ies of acridine–purine heterodimers was shown to specif-
ically interact at abasic sites and cleave the DNA
strand.5 These molecules behave as �artificial nucleases�,
and cleavage is triggered in the pre-formed drug–DNA
complex by a non-protonated secondary amine of the
linking chain of the drug acting as a b-elimination cata-
lyst. NMR studies of the interaction of the acridine–
purine heterodimer with a duplex DNA undecamer
containing a stable analogue of the abasic site have
revealed that the drug fits perfectly the abasic site. The
purine moiety is docked in the abasic pocket and the
acridine moiety is intercalated at a two base pair
distance on the 5 0 side of the lesion.6 Starting from this
optimized structure, we have modified the acridine
nucleus to endow the heterodimer with a photodamag-
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ing or cleavage activity. The goal for creating multiply
damaged sites (MDS) upon activation of the drug is to
interfere with DNA repair as MDS are known to be a
challenge for the repair machinery.7 Two conjugates in
which a photoactive nitrobenzamide was tethered to
the 2-position of the acridine were therefore successfully
tested as photodamaging agents.8 Upon illumination
they were shown to cleave DNA on both strands in close
proximity of the abasic site after alcaline treatment. We
report here on the synthesis and DNA interaction of a
new threading molecule which contains a photoactive
nitrobenzamide group linked at the 4-position of the
acridine nucleus, and a cationic amino group at the
9-position. The novelty is based on the polyammonium
substitution of the acridine ring, which favours thread-
ing interaction of the drug specifically and more tightly
at abasic site.


The new molecule was prepared in two steps according
to Denny�s procedure9 (Scheme 1). Reaction of 3, pre-
pared as previously described8 from acyl chloride 1
and amine 2, with dimethylaminopropylamine in phenol
produced the acridine conjugate 4.� It was isolated as
the bis-hydrochloride in 44% yield.


We investigated the photoactivity of compound 4 on a 23
mer oligonucleotide duplex containing the tetrahydrofu-
ran analogue of abasic site6 (noted X) facing the unpaired

� Compound 4.Mp 240–245 �C; ms (FAB, NBA) m/z 543 (M+1)+; UV


(free base, H2O) kmax (e) 423.1 (7900), 263.7 (47,000).
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base thymine, adenine, guanine or cytosine (XT, XA, XG
and XC duplexes, respectively). The oligonucleotides
used for this study were synthesized on a Perseptive/Bio-
system 8700 synthesizer. The phosphoramidite of the tet-
rahydrofuran analogue was synthesized as previously
described.10 The duplex 23mer sequences were numbered
as follows: d(C1G2C3G4T5A6C7G8C9A10C11X12C13 A14


C15G16C17A18 T19G20C21G22C23) for the abasic strand
and d(G24C25G26C27A28T29G30C31G32T33G34Z35G36


T37G38C39 G40T41A42C43G44C45G46) with Z35 = A, G, T
or C for the complementary strand.


Compound 4 was incubated with all four duplexes,
5 0-32P successively labelled on both strands and irra-
diated at 4 �C for 2 h (at k > 320 nm). Alkali-labile
induced lesions were visualized by polyacrylamide
gel electrophoresis after piperidine treatment. In the
absence of UV illumination, no cleavage of DNA
was observed. Under illumination, as shown in Fig-
ure 1, very few non-specific damages were observed
on abasic strand, regardless of the nature of the un-
paired base. However, on the complementary strand,
strong specific cleavage was observed after piperidine
treatment only for sequences containing a thymine or
a cytosine opposite to the lesion (XT and XC duplex-
es). This cleavage is located at the unpaired base as
shown in Figure 2 for XT duplex. This first result
clearly indicates that compound 4 shows a very spe-
cific photodamaging activity towards the unpaired
base facing the abasic site when this base is a pyrim-
idine. No alkali-labile lesion was produced when the
unpaired base was a purine. As proposed by Nielsen
et al.11 the mechanism of nitrobenzamide induced
photocleavage partly involves hydrogen abstraction
from the 2 0-deoxyribose of the DNA backbone, elim-
ination of the base and cleavage of the phosphate
backbone by a b-elimination process catalyzed by
hot piperidine treatment. Nevertheless, this process
cannot explain the base specificity. Indeed, the speci-
ficity of cleavage may also reflect the higher binding
affinity of the reagent for apurinic sites (unpaired
T, C) rather than for apyrimidinic sites (unpaired
G, A). This would not be so surprising since the lat-
ter should be less accessible due to the stacking of
the purine bases.

Following these interesting results, high-field NMR
studies (Varian Unity + 500) were undertaken to get
an insight into the mode of binding of 4 with DNA.
The interaction of 4 with an 11 mer oligonucleotide
d(C1G2C3A4C5X6C7A8C9G10C11) d(G12C13G14T15G16


T17G18T19G20C21G22) was studied similarly to previous
studies.6,12,13 Known amounts of 4 were added to a du-
plex DNA sample and the complex formation was mon-
itored by 1H NMR. Original undecamer resonances
completely disappeared when a 1:1 ratio was reached
while new resonances appeared, indicating that 1:1
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complexes were formed. Chemical exchange peaks were
detected in 2D NOESY and TOCSY spectra, and re-
vealed the formation of a major complex (around
70%) along with several minor complexes.


The non-exchangeable proton resonances of the duplex
DNA in the major complex were unambiguously as-
signed using 2D NOESY and TOCSY spectra. Sequen-
tial connectivities along the duplex could be followed
from C1ÆG22 to C11ÆG12 indicating that no intercalation
of the acridine or nitrobenzamide ring occurs between
the base pairs flanking the abasic site. However, signifi-
cant variations of chemical shifts (when compared to the
free duplex resonance chemical shift)6 are observed at
the central part of the sequence, that is, around the aba-
sic site. The greatest changes occur for C5–C7 residues
suggesting a position of the drug close to these bases.


The chemical shifts of 4 assigned by analysis of 2D
NMR data set are listed in Table 1. We notice a signif-
icant upfield shift (by up to 1.68 ppm) for the acridine
ring protons with respect to the free drug, whereas no
dramatic changes are detected for the nitrobenzamide
ring. This suggests the insertion of the acridine moiety
only within the duplex, the nitrobenzamide ring being
most likely located in one of the grooves.


Identification of intermolecular NOEs allowed us to fur-
ther confirm the position of the drug. Significant drug–
DNA cross-peaks were indeed found between aromatic
protons of the drug and X6–H1 0, X6–H100, C7–H1 0 and
C5–H1 0 sugar protons of the DNA duplex. This indi-
cates that the acridine is inserted in the abasic pocket,
which is consistent with a �non-intercalative� binding
mode and a location of the drug close to C5 and C7 bases
as suggested above. But due to ambiguous assignment of
H5, H6, H7 and H8 protons of 4, it was not possible to

Table 1. 1H chemical shift of compound 4 in the free form and in the


major 4-DNA complex (measured in D2O at 283 K)


Proton Free Bound Dda


100 (NH) nab na


200 4.15 3.89 �0.26


300 2.43 2.31 �0.10


400 3.40 3.32


N-Me 2.96 3.00/2.94 �1.02


1 8.35 7.33 +0.18


2 7.50 7.68 �1.68


3 8.15 6.47 �0.64


5 7.50 6.86 �0.55


6 7.50 6.95 �1.37


7 7.90 6.53 �0.69


8 8.20 7.51


1 0 (NH) na na �0.16


3 0 3.4/3.3 3.23 �0.26/�0.16


4 0 1.81 1.65 �0.15


5 0 1.81 1.75


6 0 3.4/3.3 3.14


7 0 (NH) na na


10 0/140 7.70 7.55


11 0/130 7.50 7.42


aDd = d (complex) � d(free) (P0.10 ppm).
b na, not assigned.

determine precisely the orientation of the acridine moie-
ty. The detected NOE could indeed either be 4-H6/C7–
H1 0, 4-H6/X6–H1 0, 4-H7/X6–H1 0, 4-H7/X6–H100 and 4-
H8/X6–H1 0, or 4-H7/C7–H1 0, 4-H7/X6–H1 0, 4-H6/X6–
H1 0, 4-H6/X6–H100 and 4-H5/X6–H1 0. The difference be-
tween these two data sets is only due to a rotation of
180� of the acridine ring around the main axis of the
aromatic chromophore.


In any case, the NOE described above are in favour
of the acridine orientation where their A cycle is
directed towards the minor groove, constraining the
bis-methylated chain to be located in this groove.
However, probably due to the high flexibility of the
linker, we could not evidence NOE between the chain
and the DNA duplex and thus could not position it in
the complex. In contrast, NOE observed between the
nitrobenzamide ring protons and T17-CH3 demon-
strate its close proximity to T17.


Amolecular dynamics has beenperformed in vacuounder
experimental restraints to construct a model of the drug
binding site. This can only be analyzed from a qualitative
point of view due to the reduced number of drug–DNA
NOEs and to the presence ofminor competing complexes.
A representation of the mode of binding in accordance
withNMRdata is given in Figure 3. A close examination,
looking down to the helical axis of the complexation site,
is given in Figure 4. NMR data, together with molecular
modelling, suggest that the acridine moiety stacks with
the bases on one strand (i.e., C5 andC7) and not with their
complementary counterparts. Similar partial overlap
involving stacking of the drug with the two flanking bases
on the same strand has only been described previously for

Figure 3. A possible model of 4/DNA complex displaying the


threading of the drug, the acridine positioned into the abasic pocket


and the chains located one in each groove.







Figure 4. View looking down to the helical axis of the complexation


site. Only the acridine (black) and the flanking base pairs C5ÆG18


(blue), X6ÆT17 (red) and C7ÆG16 (green) are represented.


A. Martelli et al. / Bioorg. Med. Chem. Lett. 16 (2006) 154–157 157

threading intercalators such as nogalamycin14 and a
bisacridine derivative.12


In conclusion, compound 4 was shown to specifically in-
duce photodamages at the unpaired base located oppo-
site the abasic site. This specificity suggests a specific
interaction of the molecule at the abasic site. NMR data
of the major complex are in favour of the threading
intercalation of the acridine nucleus in the abasic pock-
et, positioning the photoreactive nitrobenzamide group
in the major groove. In addition to abasic site specificity
compound 4 displays a pyrimidine preferred photoreac-
tivity that leads to the formation of alkali-sensitive
modifications.
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Abstract—Previously we found that 3,4-(methylenedioxy)-1-(2 0,3 0-epoxypropyl)-benzene (safrole oxide) induced a typical apoptosis
in A549 human lung cancer cells. In this study, we further investigated which caspases were activated by safrole oxide during the
apoptosis. The data showed that the activity of caspase-3, -8, and -9 was significantly enhanced by the compound, which suggested
that safrole oxide might be used as a caspase promoter to initiate lung cancer cell apoptosis.
� 2005 Elsevier Ltd. All rights reserved.

Figure 1. Safrole reacts with 3-chloroperoxybenzoic acid (mCPBA) in


chloroform to yield 3,4-(methylenedioxy)-1-(2 0,3 0-epoxypropyl)-ben-


zene (safrole oxide).7

Apoptosis plays a fundamental role in many normal
biological processes as well as in several disease states,
including cancer.1 The poor ability of cancer cells to
undergo spontaneous apoptosis is partly due to negative
or low expression of the crucial components in cell
apoptosis pathway. So, up-regulation of the expression
of crucial molecules mediating apoptosis by chemother-
apeutic agents has been one of the considerable ways for
cancer therapy.2,3


A �library� of small molecules has been established in our
laboratory. According to chemical genetics,4–6 we use
the �library� as a powerful tool for screening-specific
drugs to induce cancer cell apoptosis. Previously safrole
oxide was synthesized in our laboratory and added into
our �library� (Fig. 1).7 We found that safrole oxide,
112.36–449.44 lM, induced a typical apoptosis in
A549 human lung cancer cells (the cell density being
100,000 cm�2) from 24 to 48 h (Fig. 2).8 Importantly,
safrole oxide showed more powerful ability to induce
apoptosis than its derivative, 1-ethoxy-3-(3,4-methylene-
dioxyphenyl)-2-propanol (EOD).8,9 However, apopto-
sis-related molecules activated by safrole oxide in
A549 cells remain unclear. In this study, we investigated
which caspases were activated by safrole oxide, wishing
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to use safrole oxide as a �key� to activate caspases and
then to initiate lung cancer cell apoptosis.


Caspases, intracellular cysteine proteases, play an essen-
tial role in apoptosis.10 Among the caspases, caspase-3 is
involved in the execution phase of apoptosis.11,12 So, we
measured the changes in caspase-3 activity by colorimet-
ric assay. Compared with the control group, safrole
oxide-treated group showed a higher light absorption
at 405 nm (0.375 vs 0.155, P < 0.001, n = 3) (Fig. 3).
Since the solvent control group, ethanol, 0.045% (v/v),
had no effect on the activity of caspase-3 (P > 0.05,
n = 3).9 Obviously, caspase-3 was activated by safrole
oxide in A549 cells. Once caspase-3 is activated, the cell
has no alternative but death.10,11


In addition to executioner caspase-3, initiator caspase-8
and -9 are also important for drug-induced apopto-
sis.13,14 Our study showed that safrole oxide enhanced
the activity of caspase-8 to 2.05-fold (P < 0.01, n = 2)
(Fig. 4). Interestingly, fluorescence assay showed a
dramatic increase in caspase-9 activity to 6.13-fold by
the compound (P < 0.001, n = 3) (Fig. 5). Though
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Figure 5. Fluorescence assay for caspase-9 activity at 24 h. Data are


means ± SE from three independent experiments (***P < 0.001 vs the


control group).


Figure 6. Fluorescence assay for caspase-6 activity at 24 h. Data are


means ± SE from three independent experiments (#P > 0.05 vs the


control group).


Figure 2. Effect of safrole oxide on nuclear fragmentation of A549 cells at 24 h.8 (A) Cells in the control group; (B) cells treated by safrole oxide


112.36 lM; (C) cells treated by safrole oxide 224.72 lM; and (D) cells treated by safrole oxide 449.44 lM. (600·).


Figure 4. Colorimetric assay for caspase-8 activity at 24 h. Data are


means ± SE from two independent experiments (**P < 0.01 vs the


control group).


Figure 3. Colorimetric assay for caspase-3 activity at 24 h. Data are


means ± SE from three independent experiments (***P < 0.001 vs the


control group).
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caspase-6 is one of the downstream caspases of caspase-
9, the activity of caspase-6 was hardly affected by safrole
oxide (P > 0.05, n = 3) (Fig. 6). Furthermore, we found
that in the solvent control group, ethanol, 0.04% (v/v),
hardly affected the activity of caspase-8,9 -9 or -6
(P > 0.05).


Based on these results, we reported that safrole oxide
markedly activated caspase-8, -9, and -3, while cas-

pase-6 might be irrelevant to safrole oxide-induced
apoptosis. Once initiator caspases are activated, they
can trigger a cascade to activate downstream executioner
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caspases.15 These executioner caspases subsequently
cleave proteins that will ultimately lead to the morpho-
logical manifestations of apoptosis, such as DNA con-
densation and fragmentation, membrane blebbing, and
apoptotic body formation.16


So far, it has been reported that some reagents, includ-
ing interferon-c,17 proinflammatory cytokine IL-4,18


ZD1839 (Iressa, quinazoline derivative),19 and
gossypol,20 initiate apoptosis in A549 human lung
cancer cells by activating fas and caspases. Compared
with interferon-c and IL-4, safrole oxide has such
advantages as: higher membrane permeability, ease of
preparation, and lower cost. Interferon-c, Iressa, and
gosspol can trigger the activation of caspase-8, but
not caspase-9. In contrast, in addition to activation of
caspase-8, safrole oxide also elevated the activity of cas-
pase-9 dramatically to 6.13-fold. Multiple kinds of
caspases activation greatly enhance the effects of safrole
oxide on the apoptosis of A549 human lung cancer
cells. Activation of caspases is a critical component of
execution phase of cell death in most forms of apoptosis.
Therefore, factors affecting caspase activation might be
important determinants of drug sensitivity.21 Moreover,
Xie et al. reported the feasibility of using tissue-specific
expression of inducible caspase-9 as a nonmutagenic
alternative modality for prostate cancer suicide gene
therapy.22 Similarly, activation of caspases in lung cancer
cells would provide a novel strategy for lung cancer
therapy.


In summary, interference of safrole oxide with the apop-
tosis pathway in A549 cells might take place by activat-
ing caspase-3, -8, and -9. The small compound might be
used as a significant promoter of caspase-3, -8, and -9 to
initiate lung cancer cell apoptosis. These findings would
lead us to further investigate the mechanism by which
safrole oxide activates caspases. Nevertheless, we
hypothesized that the small molecule might be used as
a �key� to the target proteins to activate caspases and
then initiate cancer cell apoptosis, which would lay the
foundation for us to gain insight into the new strategies
for lung cancer therapy.
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Abstract—We describe the identification, SAR, and pharmacology of the src-family selective lck inhibitor A-770041 that prolongs
the survival of major histocompatibility mismatched allografts in models of solid organ transplant rejection for greater than 65 days.
� 2005 Elsevier Ltd. All rights reserved.

The src-family of tyrosine kinases comprises eight highly
homologous proteins that are primarily expressed in
hematopoietic tissues, two of which, lck and fyn, are ex-
pressed in T cells. Lck plays a critical function during
the initial steps of T-cell-receptor signaling1 resulting
in a cascade of downstream signaling pathways leading
to T-cell activation and the production of cytokines such
as IL-2 and IFNc.2,3 A selective inhibitor of lck should
prevent T-cell activation and thus have broad applica-
tion for the treatment of T-cell-dependent processes
such as autoimmune and inflammatory diseases as well
as organ transplant rejection.


We previously reported the identification of a novel pyr-
azolopyrimidine A-420983, a 37 nM lck inhibitor that
prevents TCR-mediated T-cell activation and prolongs
survival of major histocompatibility mismatched allo-
grafts in models of solid organ transplant rejection after
oral administration.4 Although A-420983 provides a
useful tool, it is less than 10-fold selective over fyn
(fyn = 330 nM) and thus hindered the study of TCR sig-
naling and interpretation of in vivo data due to the com-
pensatory role of fyn in T-cell activation.5 Herein we
describe our efforts that result in the identification of
lck inhibitors with high selectivity within the src-family,
and in particular with greater than 250-fold selectivity
against fyn. We focused our efforts on two historical
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compounds, the pyrazolopyrimidine 1, (lck = 0.141 lM)
and the pyrrolopyrimidine 2 (lck = 0.196 lM), both of
which exhibited >15-fold selectivity for lck versus fyn
and also src. It was noteworthy that the o-F, p-CF3


benzamide in 1 and the piperidine in 2 were widely rep-
resented in clusters of compounds that exhibited similar
kinase selectivity profiles suggesting that these pharma-
cophores were important for selectivity. With this in
mind, we assembled iterative arrays to probe the south-
ern (R1) and northern (R2) domains that captured these
common features as represented by the pyrazolopyrimi-
dine in Figure 1.


Inhibitors were screened against a non-phosphorylated
construct of human lck, lck (64–509) in HTRF format
using 1 mM ATP and biotinylated lck peptide as sub-
strates. Fyn served as our counterscreen. Potent com-
pounds were progressed for profiling in cellular
settings and ultimately in vivo. Data are presented here
for the inhibition of anti-CD3 mAb-induced IL-2 pro-
duction in human whole blood and for an acute in vivo
assay of the inhibition of TCR stimulated (anti-CD3
mAb) IL-2 production in mice after oral dosing.


Table 1 shows initial R1 modifications in the context of
the o-F, p-CF3 phenyl northern domain.


Incorporation of distal non-basic R1 groups generated
compounds with greater than 450-fold selectivity versus
fyn. Particularly illustrative are the data for the N-meth-
yl piperidine 7 and the N-acetyl analog 8. The former is
45-fold selective for fyn whereas the latter, devoid of the
basic nitrogen, is greater than 450-fold selective. This
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Table 1. Inhibition of lck, fyn whole blood IL-2 production (IC50 lM)


and in vivo potency (ED50 mg/kg) by compounds 3–8


N


N


NH2


N
N


N


O


NH


OMe


F


CF3


R1


R1 Compound lck fyn Whole


blood


ED50
a


(mg/kg)


H 3 0.080 >50 0.05 27.0


Me 4 0.106 >50 0.03 17.8


Bn 5 0.341 >50 0.54 ND


O 6 0.102 >50 0.04 7.0


NMe 7 0.023 1.07 0.02 ND


NAc 8 0.093 >50 0.03 9.2


a Oral dosing, measured 2.5 h after dosing.
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Figure 1. Northern and southern domain array assembly.
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observation is also seen for src itself, with compounds 7
and 8 being 0.15 and 15.8 lM inhibitors, respectively.
Selected compounds that displayed suitable kinase selec-
tivity and whole blood activity were further progressed
into the acute in vivo assay. Initial potency data for
the selective compounds after oral dosing in mice were
generated 2.5 h after compound dosing. In this setting,
compound 6 was the most potent at suppressing IL-2
production. Given these findings, evaluation of the
northern domain (R2) was subsequently conducted in

the context of the most selective and potent
tetrahydropyranyl southern domain (R1) seen in 6.
These data are given in Table 2.


The tetrahydropyranyl indole amide 14 (hereafter A-
641359) distinguished itself with an ED50 of 1.8 mg/kg.
A-641359 is a potent and selective lck inhibitor that
inhibits IL-2 production in vivo. In mice, it has an oral
bioavailability of 93% and an iv half-life of 3.1 h. In con-
trast to A-420983 which inhibits IL-2 production >90%
at 18 h when dosed orally at ED90, A-641359 exhibited a
statistically significant inhibition for only 6 h when
dosed at ED90 (15.5 mg/kg).


In an effort to enhance in vivo duration of action and
take advantage of the selectivity profile of A-641359,
we probed a further set of non-basic alternatives for
the tetrahydropyranyl group, focusing on oxygen
replacements.


The N-acetyl derivative 19 shown in Figure 2 emerged as
the most potent and selective analog (lck = 0.074 lM,
src = 17.15 lM, fyn = P50 lM) with comparable in vivo
potency to A-641359 (ED50 = 3.6 mg/kg, ED90 = 19 mg/
kg). Compound 19 exhibited an in vivo duration of ac-
tion similar to A-641359 (data not shown), falling short
of our goal. In contrast, analogous incorporation of the
N-acetyl group into A-420983 gave compound 20 (A-
770041) that is a src-family selective lck inhibitor with
greater than 90% inhibition of IL-2 in vivo at 8 h when
dosed at ED90 in mice and rats. As can be seen in
Table 3, it is noteworthy that A-770041 is greater than
300-fold selective against fyn, the other src-family kinase
involved in T-cell signaling. A-770041 exhibits >60-fold
selectivity versus the src-family members src and fgr,
and >8-fold versus lyn and hck. Selectivity against the
receptor tyrosine kinases tie-2 and kdr was >340-fold.
This was also the case for downstream kinases such as
ZAP-70, ITK, and PKC (data not shown).7


In the anti-CD3 stimulated human whole blood assay,
A-770041 inhibited IL-2 production with an IC50 of
0.08 lM. In rats, a correlation of concanavalin A-in-
duced serum IL-2 levels to A-770041 concentrations
was observed. Inhibition of IL-2 production was shown
to be dependent upon in vivo plasma concentration of
A-770041 (data not shown) with an in vivo EC50 of







Table 4. Pharmacokinetic parameters for A-770041


Cmax


(ng/ml)


Tmax


(h)


Vd


(L/kg)


Clp


(L/h/kg)


T 1/2


(h)


F


(%)


Mouse 387 1.0 10.3 1.5 4.7 27


Rat 2079 4.7 1.2 0.2 4.1 52


Table 2. Inhibition of lck, fyn, and whole blood IL-2 production (IC50 lM) and in vivo potency (ED50 mg/kg) by compounds 9–18


N
N


NH2


N
N


N


O


NH


OMe


O


R2


R2 Compound lck fyn Whole blood ED50
a (mg/kg)


4-NMe2-Ph 9 0.106 >50 0.035 17.9


4-Me-Ph 10 8.96 >50 ND ND


4-OCF3-Ph 11 2.35 >50 ND ND


3-OH-Ph 12 23.2 >50 ND ND


N


N


Me


13 0.318 >50 0.054 16%b


N


Me


14 0.107 >50 0.020 1.8


N


Me


Cl


15 0.054 13.6 0.013 54%b


N


Me


CN


16 3.48 32.5 ND ND


N


Me


CONH2


17 >50 >50 ND ND


N


OH


18 9.18 >50 ND ND


aOral dosing, measured 2.5 h after dosing.
b Percent inhibition at 6 h after 12.5 mg/kg oral dose.
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Table 3. Kinase inhibition (IC50 lM) by compound 20


lck src fyn fgr hck lyn tie-2 kdr


0.147 9.05 44.1 14.1 1.22 1.18 >50 >50
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0.078 lM. The extended pharmacodynamic effect of A-
770041 prompted us to explore the pharmacokinetic
profile in rats and mice (Table 4).


A-770041 has a 7-fold lower clearance and a 2-fold high-
er bioavailability in the rat compared to the mouse

enabling a wider exploration of chronic efficacy in rats
rather than mice.


To establish further the potential of lck inhibitors in
T-cell mediated diseases, A-770041 was advanced into
a rat heterotopic transplant model of solid organ trans-
plantation and data are shown in Figure 3. Hearts were
transplanted from Brown Norway into Lewis rats by
end to side anastamoses of the graft aorta to the recipi-
ent abdominal aorta and the graft pulmonary artery to
the vena cava.6 The abdomen was palpated daily to
determine the graft survival. Recipient animals were
treated for 14 days beginning on day 1 with vehicle con-
trol or 2.5-10 mg/kg/day of A-770041 dosed orally in
equally divided doses 12 h apart. Hearts transplanted
into animals receiving the vehicle control ceased beating
between days 6 and 7. 2.5 mg/kg/day of A-770041 did







Figure 4. The crystal structure of A-420983 bound to human hck


(residues 60–505, pTyr501).


Figure 5. The crystal structure of A-641359 bound to human hck


(residues 60–505, pTyr501).
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Figure 3. Effect of A-770041 on 14 day survival of heterotopically


transplanted heart allografts.
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not lengthen graft survival time. There was a dose-de-
pendent increase in survival of transplanted hearts with
doses of 5 and 10 mg/kg/day. At 10 mg/kg/day (bid) of
A-770041, 100% of transplanted grafts were still beating
at 14 days. This dose–response mirrored the compound
plasma concentrations observed at the termination of
the study as compound levels at 2.5, 5, and 10 mg/kg/
day were 0.35, 1.06, and 2.9 lM, respectively. A subse-
quent study showed that all grafts in animals receiving
10 mg/kg/day (bid) A-770041 or 10 mg/kg/day cyclo-
sporin A survived to 65 days after transplantation and
will be the subject of a detailed future publication.8


The ability of A-770041 to provide sufficient immune
suppression to prolong the survival of transplants for
at least 65 days in this setting underscores the central
role lck plays in T-cell activation. The fact that a com-
pound selective for lck versus fyn achieves this supports
the notion that fyn activation plays a minor, if any, role
in acute rejection in concert with its documented partial
contribution to T-cell activation.5


To understand the structural features of compounds
that impact selectivity, we utilized protein:ligand:crystal-

lographic analysis. The crystal structures of A-420983
and A-641359 bound to human hck determined at
2.15- and 2.3-Å resolution are shown in Figures 4 and
5, respectively.9 The cyclohexylpiperazine moiety of
A-420983 makes a charge-reinforced hydrogen bond to
the side chain of Asp326. The tetrahydropyran of A-
641359 is unable to make this contact, resulting in the
loss of fyn potency and greater than 220-fold lck selec-
tivity. Although lck retains this conserved Asp, the dif-
ferential rigidity of lck versus fyn in response to this
hydrogen bond appears to drive selectivity. A discussion
of this aspect will be the subject of a subsequent publi-
cation. The indole extends into the hydrophobic pocket
and is surrounded by residues Leu303, Ile314, Met292,
and Leu385. The methoxy group makes a van der Waals
contact with the side chain of Thr316, whilst the amide
carbonyl contacts the backbone NH of Asp382 in the
conserved DFG-motif .


In summary, to our knowledge, A-770041 represents
the most selective lck inhibitor described to date and
represents an advance not only in the understanding
of structural features important for src-family selectiv-
ity, but also in the potential arsenal for the treatment
of immunological conditions, in particular transplant
rejection.

Acknowledgments


We are grateful to Brian Bettencourt, Dean Hickman,
and Edit Tarcsa for generating the in vivo PK data on
compounds 13 and 20.

References and notes


1. Straus, D. B.; Weiss, A. Cell 1992, 70, 585.
2. Weil, R.; Veillette, A. Curr. Top. Microbiol. Immunol. 1996,


205, 63.
3. Van Oers, N. S.; Kileen, N.; Weiss, A. J. Exp. Med. 1996,


183, 1053.







122 A. Burchat et al. / Bioorg. Med. Chem. Lett. 16 (2006) 118–122

4. Borhani, D. W.; Calderwood, D. J.; Freidman, M. M.;
Hirst, G. C.; Li, B.; Leung, A. K. W.; McRae, B.;
Ratnofsky, S.; Ritter, K.; Waegell, W. Bioorg. Med. Chem.
Lett. 2004, 14, 2613.


5. Molina, T.; Kishihara, K.; Siderovski, D. P.; Van Ewijk,
W.; Narendran, A.; Timms, E.; Wakeham, A.; Paige, C. J.;
Hartmann, K. U.; Veillette, A.; Davidson, D.; Mak, T. W.
Nature (London) 1992, 357, 161.


6. Korecky, B.; Masika, M. Toxicol. Pathol. 1990, 18(4, Pt.1),
541.


7. A-770041 was tested against a wider panel of kinases.
Notably, it was greater than 25 lM against IKK1, IKK2,
IRAK-4, p38, JAK-3, ZAP-70, ITK, PKC, MK-2, PKA,
TYK-2, COT and Syk.

8. Stachlewitz, R. F.; Hart, M. A.; Bettencourt, B.; Kebede,
T.; Schwartz, A.; Ratanofsky, S. E.; Calderwood, D. J.;
Waegell, W. O.; Hirst, G. C. J. Pharm. Exp. Ther. 2005, in
press.


9. The X-ray coordinates have been deposited with the
Protein Data Bank, www.rcsb.org, as entries 2c0i
(HCK/A-420983), 2c0t (HCK/A-641359). Use of the
IMCA-CAT beamline 17-ID & 17-BM at the Advanced
Photon Source was supported by the companies of the
Industrial Macromolecular Crystallography Association;
use of the Advanced Photon Source was supported by
the U.S. Department of Energy, Office of Science,
Office of Basic Energy Sciences, under Contract No. W-
31-109-Eng-38.



http://www.rcsb.org



		Discovery of A-770041, a src-family selective orally active lck inhibitor that prevents organ allograft rejection

		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters 16 (2006) 49–54

Synthesis of the PPARb/d-selective agonist GW501516
and C4-thiazole-substituted analogs


Raquel Pereira,a Claudine Gaudon,b Beatriz Iglesias,a Pierre Germain,b


Hinrich Gronemeyerb and Angel R. de Leraa,*


aDepartamento de Quı́mica Orgánica, Universidade de Vigo, 36310 Vigo, Spain
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Abstract—Sequential, position-selective, Pd-catalyzed cross-coupling reactions of 2,4-dibromo-5-hydroxymethylthiazole provided
the scaffold for the synthesis of GW501516, the most potent PPARb/d agonist yet described, and equally selective analogs at the
thiazole-C4 position.
� 2005 Elsevier Ltd. All rights reserved.

Peroxisome proliferator-activated receptors (PPARs)
are members of the nuclear hormone receptor superfam-
ily.1 Upon activation by a ligand, these proteins act as
transcription factors, regulating multiple physiological
pathways, including reproduction, growth, differentia-
tion, development, energy metabolism, and homeosta-
sis.1b,c The PPAR subfamily comprises three subtypes
(a, c, and b/d) that exhibit different tissue distribution
and physiological functions, serving as dietary lipid sen-
sors for the control of fatty acid and carbohydrate
metabolism.2 PPARa is highly enriched in the liver
and, upon binding its ligands, such as the fibrates, mod-
ulates lipid metabolism. PPARc is mostly expressed in
adipose tissue and activates adipogenesis when bound
to natural [(S)-15-deoxy-D12,14-PGJ2] or synthetic (thia-
zolidinedione or glitazone) ligands. Together, the a and
c subtypes regulate the balance between catabolism and
storage of long-chain fatty acids. Interestingly, the
PPARb/d subtype, widely expressed in brain, colon,
and skin, can be a potent transcriptional repressor,3


inhibiting the ligand-induced transcriptional activity of
the a and c subtypes. The anti-lipid oxidation and
anti-adipogenic role of PPARb/d holds considerable
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promise for the therapeutic control of obesity and type
II diabetes through ligand design.3


Compared to the a and c subtypes, relatively few ligands
for PPARb/d have been described.2 In common with the
other subtypes, a variety of polyunsaturated fatty acids
(arachidonic acid, linoleic acid, and eicosapentaenoic
acid) and their metabolites bind PPARb/d at micromo-
lar concentrations, whereas the semisynthetic carba-
prostacyclin shows higher affinity.4 Synthetic ligands
have been discovered which show selectivity for the
b/d subtype, in particular those built around thiazole
and oxazole rings.5 GW501516 1a (Scheme 1) is the
most potent (Ki = 1.1 ± 0.1 nM) and selective (>1000-
fold selective for PPARb/d over the other subtypes)
PPARb/d agonist.3 GW501516 also promotes reverse
cholesterol transport, an effect of potential interest for
the prevention of cardiovascular diseases.3


The synthesis of GW501516 has recently been described6


and consists of a linear sequence in which the thiazole
ring 3 is constructed by a Hantzsch-type condensation of
thiobenzamide 5 and 2-chloroacetoacetate 4 (Scheme 1).


We considered an alternative synthesis that would allow
the incorporation of a variety of substituents on the
thiazole scaffold. To this end, dihalogenated thiazole
derivatives, such as 7 or 11, were selected, with the
purpose of exploiting the differential reactivity of the
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halogens using palladium-catalyzed cross-coupling reac-
tions7 (Schemes 2 and 3).


The premise that site-selective reactions of 7 or 11 are
possible was based on previously reported sequential
halogen replacement reactions in (un)substituted
dibromoheteroarenes (thiophenes,8,9 furans,10 and thiaz-
oles11) at the most electron-deficient position. Sequential
replacement of 2,4-dibromothiazole with organozinc
compounds, first at C2 and then at C4, has been descri-
bed.11e The halogen-selective Pd-catalyzed cross-coupling
reaction of 2-bromo-5-chlorothiazole-4-carboxylate has
been described,11g but the site-selective cross-coupling
of a functionalized dibromothiazole is unprecedented.
We show that this approach for building functional
diversity at the thiazole scaffold is indeed feasible, and
describe a new total synthesis of GW501516 as well as
a group of derivatives that incorporate aryl and hetero-
aryl substituents at C4 using commercially available
organometallic compounds.


The required 2,4-dibromo-5-formylthiazole 7, Scheme 2,
can be readily prepared from commercially available
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thiazolidinedione 6.12 Given the enhanced reactivity
expected at the most electron-deficient C2 position of
7, a metal derivative 8—prepared from commercially
available 4-bromotrifluoromethylbenzene13—for trans-
ferring a 4-trifluoromethylphenyl group was used. How-
ever, under the Suzuki reaction conditions optimized for
the selective coupling of dibromothiophenes,8 boronate
8 [M = B(OMe)2] led to mixtures of mono- (9) and
di-substituted (10) derivatives together with unreacted
starting material. The electron-withdrawing nature of
both the formyl and trifluoromethylphenyl substituents
in the thiazole ring of monosubstituted derivative 9
combines to induce a second coupling at C4 at a rate
which competes with that of 7.


Position-selective replacement of the bromine at C2 was
achieved on the less electron-deficient hydroxymethyl
dibromothiazole 11,12 using either the Stille or the
Suzuki cross-coupling reactions (Scheme 3) under care-
fully optimized conditions.8 The organotin derivative 8
(M = SnBu3, 1.3 mol equiv) coupled at 70 �C for 24 h
using Farina�s catalytic system14 [Pd2(dba)3/AsPh3 as
palladium source/ligand combination in NMP] to
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provide derivative 12 in 68% yield. Increasing the reac-
tion temperature to 90 �C led to erosion of selectivity
(71:29 12/13). The Suzuki reaction with 8
[M = B(OMe)2, 1.3 mol equiv] [Pd(PPh3)4, K2CO3, tolu-
ene]15 required a higher temperature (100 �C) but the
selectivity was also complete (87% yield).16


For the second metal-catalyzed coupling, more forcing
reaction conditions were required (Scheme 4, Table 1)
to reach completion. The Stille reaction was optimized
for coupling 12 with tetramethyltin 14a (entry 1, 70%),
tri-n-butyl-2-furyltin 14b (entry 3, 70%), and tri-n-butyl-
vinyltin 14c (entry 6, 69%), whereas Suzuki cross-cou-
pling served well for the reaction with phenylboronic
acid 14d (entry 8, 78%), to furnish the trisubstituted
thiazoles 2a–d, respectively. NOE experiments at this
stage in derivative 2a revealed the proximity of the
methyl and methylene substituents, thus supporting
the anticipated outcome of the sequential cross-coupling
reactions.


The synthesis of GW501516 and its C4-substituted ana-
logs was completed as shown in Scheme 5, following
the previously described protocol.6b Alcohols 2 were
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Table 1. Palladium-catalyzed cross-coupling reactions of bromothiazole 12


Entry R–M (mol equiv) Reaction conditions


1 Me4Sn (2.0) PdCl2(PPh3)2 (15%), DMA


2 O SnBu3
(1.5)


Pd2(dba)3 (3%), AsPh3 (20%), NM


3 O SnBu3
(2.0)


Pd2(dba)3 (3%), AsPh3 (20%), NM


4 SnBu3
(1.5)


Pd2(dba)3 (3%), AsPh3 (20%), NM


5 SnBu3
(2.2)


Pd2(dba)3 (3%), AsPh3 (20%), NM


6 SnBu3
(2.2)


Pd2(dba)3 (7%), AsPh3 (47%), NM


7 SnBu3
(2.2) 


Pd2(dba)3 (1.5%), PtBu3 (6%), Cs


8 B(OH)2


(1.5)


Pd(PPh3)4 (5%), K2CO3, PhMe


aYield was determined by 1H NMR integration of the mixture.

converted into the corresponding chlorides 15 using
MsCl and Et3N. Substitution of the chloride by aryl thi-
ols 166 and 226b (Scheme 6) using Cs2CO3 in CH3CN
proceeded at room temperature to give esters 17a,17


17b, 17d, 23a, 23b, and 23d. However, the vinyl deriva-
tives 17c and 23c could not be isolated. Reaction of 15c
led to a complex mixture including ester 17c, which may
be present in an approximate 45% yield, as estimated by
1H NMR, thiol 16, or its disulfide derivative, and the
product of addition of the thiol to the vinyl group, 18.
Only the addition product 18 could be isolated from this
mixture in 20% yield. Its formation during the reaction
course is not totally unexpected due to the known prece-
dents for the addition of thiols onto carbon–carbon
double bonds in the presence or absence of an acidic
catalyst.18


The synthetic route was completed with the saponifica-
tion of esters 17 and 23 with potassium carbonate to
afford the desired targets 1a,17 1b, 1d, 24a, 24b, and 24d.


The transcriptional activity of the newly synthesized
compounds has been investigated using a PPARb/d
�reporter� cell line and compared to the activity of the
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previously identified potent agonist GW501516 1a. At
high concentrations (10�7 M) all studied compounds
are quite similar in their ability to activate reporter gene
transcription through PPARb/d (Fig. 1). None of the
compounds displayed any detectable activity with either
PPARa or PPARc (data not shown), demonstrating a
PPARb/d selectivity similar to that of GW501516 1a.
Dose–response curves with increasing ligand concentra-
tions were performed to assess the cellular potency of
the compounds to PPARb/d. Similar curves were ob-
tained with GW501516 1a and both its derivatives 1b
and 1d, indicating comparable transcriptional activities
(Fig. 2). However, EC50 derived from our experimental
data indicate that GW501516 1a is slightly more effec-
tive than both 1b and 1d (5 · 10�10, 4 · 10�9, and
2 · 10�9 M, respectively). Series 1 exhibited a higher cel-
lular potency than series 24, because the compounds of
series 24 required, in general, higher concentrations to
attain the same transcriptional outcome as series 1 (see
the right shift of the curves in Fig. 3 compared to

Fig. 2). The EC50 determined for series 24 are
4 · 10�9 M for 24a, 3 · 10�8 M for 24b, and
9 · 10�9 M for 24d. Thus, addition of furyl and phenyl
groups does not significantly affect the potencies of
GW501516 1a and 24a to PPARb/d, whereas removal
of the methyl group in series 1 (converting series 1 into
series 24) provoked a loss of efficacy. Increasing
the bulkiness at the thiazole C4-position by introducing
a phenyl group reduced the agonist activity of the
ligand.


In summary, the potent PPARb/d agonist GW501516 1
and analogs have been synthesized from a trisubstituted
thiazole scaffold 2 itself obtained by position-selective
consecutive palladium-catalyzed cross-coupling reaction
of 2,4-dibromo-5-hydroxymethylthiazole 11 and orga-
nometallic derivatives. Structural variations of the
organometallic components (as shown for the second
cross-coupling) add potential to the synthetic scheme
and lead to a diverse range of thiazole C4-analogs built







Figure 1. Transactivation studies were performed to assess PPARb/
d activity of synthetic compounds using stably transfected HeLa


cells expressing chimeric proteins containing the GAL4 DNA-


binding domain fused to the ligand binding domain of PPARb/d
and a luciferase gene driven by a pentamer of the Gal4


recognition sequence (�17 m�) in front of the b-globin promoter,


as illustrated at the top. This reporter system is unaffected by the


presence of endogenous receptors as they cannot recognize the


Gal4 binding.19 Cells were incubated with various synthetic


compounds at 0.1 lM.


Figure 2. Transactivation studies to assess PPARb/d activity of


compounds 1. Gal-PPARb/d reporter cells were incubated with


increasing concentrations of 1a (closed triangles), 1b (open diamonds),


or 1d (closed circles) for 16 h.


Figure 3. Transactivation studies as in Figure 2. Gal-PPARb/d
reporter cells were incubated with increasing concentrations of 24a


(closed squares), 24b (open diamonds), or 24d (closed circles) for 16 h.
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around the same scaffold that retains agonist activity
and subtype selectivity. Inspired by the structural analy-
sis of the agonist–antagonist switch of retinoids de-
scribed previously,20 an increase in the bulkiness of the
added substituent could generate PPARb/d ligands with
antagonistic activity. We are currently exploring this
possibility.

Acknowledgments


We thank Audrey Bindler for technical assistance, the
European Commission (QLK3-2002-02029 �Anticancer
Retinoids�), the Spanish Ministerio de Educación y
Ciencia (Grant SAF04-07131), and FEDER and Xunta
de Galicia (Grant PGIDIT02PXIC30108PN) for finan-
cial support.

References and notes


1. (a) Mangelsdorf, D. J.; Evans, R. M. Cell 1995, 83, 841;
(b) Gronemeyer, H.; Laudet, V. Protein Profile 1995, 2,
1173; (c) Gronemeyer, H.; Gustafsson, J. A.; Laudet, V.
Nat. Rev. Drug Disc. 2004, 3, 950.


2. (a) Willson, T. M.; Brown, P. J.; Sternbach, D. D.; Henke,
B. R. J. Med. Chem. 2000, 43, 527; (b) Rangwala, S. M.;
Lazar, M. A. Trends Pharmacol. Sci. 2004, 25, 331; (c)
Evans, R. M.; Barish, G. D.; Wang, Y. X. Nat. Med. 2004,
10, 355; (d) Kersten, S.; Desvergne, B.; Wahli, W. Nature
2000, 405, 421.


3. Oliver, W. R.; Shenk, J. L.; Snaith, M. R.; Russell, C. S.;
Plunket, K. D.; Bodkin, N. L.; Lewis, M. C.; Winegar, D.
A.; Sznaidman, M. L.; Lambert, M. H.; Xu, H. E.;
Sternbach, D. D.; Kliewer, S. A.; Hansen, B. C.; Willson,
T. M. Proc. Natl. Acad. Sci. U.S.A. 2001, 98, 5306.


4. Forman, B. M.; Chen, J.; Evans, R. M. Proc. Natl. Acad.
Sci. U.S.A. 1997, 94, 4312.


5. Chao, E. Y.-H.; Haffner, C. D.; Lambert, M. H.;
Maloney, P. R.; Sierra, M. L.; Sternbach, D. D.;
Sznaidman, M. L.; Willson, T. M.; Xu, H. E.; Gellibert,
F. J. Int. Pat. Appl. WO 0100603, 2001; Chem. Abstr.
2001, 134, 86235.


6. (a) Beswick, P. J.; Hamlett, C. C. F.; Patel, V.; Sierra, M.
L.; Ramsden, N. G. Int. Pat. Appl. WO 0292590, 2002;
Chem. Abstr. 2002, 137, 384743; (b) Sznaidman, M. L.;
Haffner, C. D.; Maloney, P. R.; Fivush, A.; Chao, E.;
Goreham, D.; Sierra, M. L.; LeGrumelec, C.; Xu, H. E.;
Montana, V. G.; Lambert, M. H.; Willson, T. M.; Oliver,







54 R. Pereira et al. / Bioorg. Med. Chem. Lett. 16 (2006) 49–54

W. R.; Sternbach, D. D. Bioorg. Med. Chem. Lett. 2003,
13, 1517.


7. (a) Diederich, F., Stang, P. J., Eds.; Metal-catalyzed
Cross-coupling Reactions; Wiley-VCH: Weinheim, 1998;
(b) Li, J. J.; Gribble, G. W. Palladium in Heterocyclic
Chemistry; Pergamon: Oxford, 2000.


8. Pereira, R.; Iglesias, B.; de Lera, A. R. Tetrahedron 2001,
57, 7871.


9. (a) Minato, A.; Suzuki, K.; Tamao, K.; Kumada, M.
J. Chem. Soc., Chem. Commun. 1984, 511; (b) Tamao, K.;
Nakamura, K.; Ishii, H.; Yamaguchi, S.; Shiro, M. J. Am.
Chem. Soc. 1996, 118, 12469; (c) Karlsson, J. O.; Gron-
owitz, S.; Frejd, T. J. Org. Chem. 1982, 47, 374; (d)
Bussolari, J. C.; Rehborn, D. C. Org. Lett. 1999, 1, 965; (e)
Kodani, T.; Matsuda, K.; Yamada, T.; Kobatake, S.; Irie,
M. J. Am. Chem. Soc. 2000, 122, 9631.
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Abstract—The crystal structure of the DNA minor groove phenyl benzimidazole diamidine ligand DB819 has been determined,
bound to the DNA sequence d(CGCGAATTCGCG)2, at a resolution of 1.36 Å. Conditions for reliable in silico docking that repro-
duce the observed position of the ligand in the minor groove have been determined.
� 2005 Elsevier Ltd. All rights reserved.

The minor groove of DNA is the target for a wide
range of anticancer, antiviral and antiprotozoal
agents. Non-covalently binding molecules tend to bind
to the minor groove of A/T-rich sequences,1 and sev-
eral are of current clinical use.2 They are preferentially
taken up, often by active transport mechanisms, into
susceptible cell types, and exert their effect by blocking
topoisomerases, and sometimes by acting as global
inhibitors of transcription. Pentamidine is employed
against antimony-resistant leishmaniasis, primary stage
human African trypanosomiasis (HAT) and for AIDS-
related Plasmodium jiroveci pneumonia.3 An orally
effective prodrug of the bis-amidino-phenyl-substituted
furan drug furamidine is currently in phase II clinical
trials against malaria and Pneumocystis carinii pneu-
monia,4 and is scheduled for phase III trials against
HAT.5


A series of biphenyl benzimidazole diamidines we have
previously reported,6 with several members having
nanomolar activity against Trypanosoma brucei rhodes-
iense, and some showing in vivo activity against a mur-
ine model for this disease. In a search for analogues with
improved DNA binding and biological properties, the
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diamidino-phenyl-benzimidazole compound DB818
was recently prepared,7 with the thiophene ring replac-
ing the furan ring in the compound DB293,6,8 which
has the effect of significantly enhancing DNA binding
ability. An X-ray crystallographic study of DB818
bound to the DNA duplex sequence d(CGCGAATT
CGCG)2 was able to rationalise the binding and ther-
modynamic data.7 It showed that the replacement of
the oxygen atom by sulfur resulted in a widening of
the concave inner surface so that the amidinium groups
of DB818 are in hydrogen bond contact with A/T base
pair edges, whereas the geometry of DB293 precludes
this occurring.
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The increasing number of diamidinium and related

Figure 2. Fo electron density map, drawn at 1.2r, and looking down


onto the plane of the DB819 molecule in the minor groove. A bound


water molecule is indicated by an arrow.


Figure 3. View of the three water molecules and their contacts with an


imidazole group in DB819 and the DNA. Hydrogen bonds are


indicated by thin black lines.

compounds is creating a demand for rapid and reliable
ways of screening for DNA binding and biological
activity.


DNA binding is an important determinant of biological
response to these minor groove drugs, and the crystal
structures of drug complexes have provided insight into
the factors that govern the binding. We have therefore
started to examine whether in silico screening could pro-
vide a viable approach to lead compound selection in
this area, as it has in other therapeutic areas.9 This ap-
proach requires a high-quality crystal structure against
which the results of in silico docking can be assessed.
We have used the structure of a complex of the closely
related compound DB819, which was co-crystallised10


with the DNA sequence d(CGCGAATTCGCG)2. The
crystal structure was solved to a resolution of 1.36 Å
and refined with 13,180 unique reflections to an R factor
of 19.6% (and an Rfree of 24.4%).


Coordinates and structure factors for the structure,
including 101 water molecules, have been deposited at
the Protein Data Bank with ID code 2B3E. The struc-
ture (Figs. 1 and 2) shows the ligand bound as expected
in the AATT region of the minor groove, covering five
base pairs. The inner-facing nitrogen atom of one imid-
azole ring of DB819 hydrogen bonds to O2 of a thymine
(2.9 Å) and more weakly to N3 of an adenine (3.3 Å).
The analogous imidazole nitrogen at the other end of
the ligand does not contact DNA base edges directly,
but hydrogen bonds to two water molecules (Figs. 2
and 3), that together with a third water, also make con-
tacts with DNA base edges and O4 0 sugar oxygen
atoms. This tight network involves eight hydrogen
bonds. The inner-facing nitrogen atom of the benzimid-
azole ring participates in a pair of hydrogen bonds to
thymine O2 atoms, with N� � �O distances of 2.8 and
3.0 Å. Our previous structure of the amidino analogue
DB818 bound to the four base pair AATT in the same
DNA sequence showed both amidino groups participat-
ing in direct hydrogen bonding to DNA bases in the
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Figure 1. View of the structure of the DB819–


d(CGCGAATTCGCG)2 complex, with DB819 coloured cyan and


the bound water molecules (as red spheres) indicated by arrows.

groove. The replacement of the amidinium groups by
imidazoles in DB819 results in an extension of ligand
dimension along its long axis, and it is no longer possi-
ble for both inner-facing imidazole nitrogen atoms to
contact DNA directly; hence, the need for bridging
waters at one end.


There are numerous programs designed to predict the
bound state of ligands in a macromolecular receptor by
in silico screening of compound libraries9 but relatively
few of them have been developed with drug–nucleic acid
interactions in mind,11,12 and applications to the predic-
tion of DNA minor groove binding molecules are rare.13


The DOCK program (version 5.1.1) was used in this
study, as there have been recent attempts to optimise
the scoring function of this program for DNA minor
groove binders,14 and there are previous examples of the
use of DOCK with DNA.15–17 DOCK uses a rigid-recep-
tor, flexible-ligandapproach.18,19 In particular,wewished
to see if in silico screening could predict the correct bind-
ing position forDB819 in viewof the observation from the
crystal structure that one end of the ligand does not con-
tact the DNA directly, but instead is hydrogen bonded
with a cluster of three water molecules.
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The DNA coordinates from the crystal structure of
berenil bound to the d(CGCGAATTCGCG)2 duplex
(PDB ID: 2DBE20) were used as the receptor for the
docking runs. This complex was chosen because it was
taken as a starting point in the structure solution of
the DB818 crystal structure.7 It was decided to use the
structure of a previously determined analogous complex
in the docking studies, rather than the DNA from the
DB819 co-crystal structure, in order to more realistically
mimic the process of structure prediction in the absence
of crystallographic information. Partial atomic charges
in the DNA were assigned according to the Amber94
all-atom force field,21 although a united-atom model
was applied in the construction of grids, whereby the
charge on non-polar hydrogen atoms was subsumed
into the adjacent carbon atom. The non-polar interac-
tion grid was also defined using a united-atom model.
DOCK requires that the binding site be defined by a
set of spheres, and a sphere cluster was defined which
included the entire minor groove. All other preparation
steps were carried out using default settings.22


The two ligands were drawn using the Sybyl 7.0 model-
ling package23 and minimized to an rms gradient of
0.05 kcal mol�1 Å�1 using the MMFF94 force field.24–
28 Two possible atom type assignments that are avail-
able in the SYBYL package, each with distinct charge
distributions, were investigated for each ligand. Charge
assignments were DB818 for each nitrogen atom in the
amidinium groups, of �0.75442e (model A with Sybyl
atom types N2, N3 for the amidinium nitrogen atoms)
and �1.1924e (model B with Sybyl atom type Nar for
the imidazole nitrogen atoms); and DB819 for each
nitrogen atom attached to a nitrogen in the imidazole
rings, of �0.7939e (model A with Sybyl N2, N3 for
the amidinium nitrogen atoms) and �1.0129e (model
B with Sybyl atom type Nar for the imidazole nitrogen
atoms). We chose MMFF94 charges as these are provid-
ed in the �mol2� format files downloadable from the cur-
rent version of the ZINC database29 and we are
interested in extending the docking methodology to
screen larger collections of molecules for their DNA
binding ability. All-atom representations of the ligands
were used.


The standard DOCK energy score, based on a molecu-
lar-mechanics estimation of the binding energy, was
used as the primary and secondary scoring function in
the docking runs. A generalized-Born scoring function
has been incorporated into DOCK,30 but this was found
to be too slow to be used for adequate conformational
searching over the multiple trial runs carried out and
may be better suited for use as a filter on pre-docked
positions of multiple ligands.31 Default run parameters
were used for the DOCK runs,32 except for three param-
eters which were systematically varied to determine their
effect: ma, the minimum anchor size as a number of hea-
vy atoms; no, the number of orientations of each anchor
attempted; and nc, the number of conformations per cy-
cle of ligand growth. These parameters all relate to the
anchor-first flexible-ligand algorithm.32 Increasing no
and nc will increase the sampling carried out in each
docking run, which should improve the accuracy of

the method if the scoring function is adequate, but nat-
urally also increases the run time. Decreasing ma should
also increase sampling, as more anchors are used. The
accuracy of each docking run was assessed by calculat-
ing the root-mean-squared deviation (rmsd) of the
non-hydrogen atom coordinates of the docked ligand
compared with those of the ligand actually in the final
refined crystal structure, after the non-hydrogen atoms
of the two DNA duplexes had been placed in maximal
alignment. This procedure was automated via a script
written for the VMD program.34 Only the best-scoring
orientation from each docking run was considered.


The rmsd results are presented in Table 1. DOCK ener-
gy scores for DB819 with model A vary between �41
and �55 kcal mol�1, and between �48 and
�59 kcal mol�1 for model B. The most striking result
is the difference between the rmsd values for ligand mod-
els A and B. In model A, neither DB818 nor DB819
could be docked to an rmsd to the crystal structures that
was <2 Å in any of the runs. Moreover, there is no sys-
tematic improvement in the performance of the method
with increased sampling, with a plateau of rmsd values
of around 6 Å. This indicates that the scoring function
is inadequate to accurately predict the binding position.
By contrast, the results for model B show both ligands
approaching a low rmsd value relatively systematically
as the sampling is improved. This was correlated with
the lowest values for the DOCK energy scores. For
DB818 a value just above 2 Å in rmsd was achieved reli-
ably, and for DB819, the ligand in this crystallographic
study, DOCK predicted the binding mode to <0.7 Å.
The series of structures with low rmsds in Table 1 has
the ligand in a position very close to that observed crys-
tallographically (Fig. 4), with the ligand–DNA hydro-
gen-bonding pattern being reproduced (apart from
those involving water molecules). This indicates that a
careful consideration of the method of charge and atom
type assignment used in model B is necessary to give an
accurate scoring function for these two ligands.


It is also noteworthy that a relatively extensive sampling
is required to reliably locate the correct binding posi-
tion, even with the correct scoring function.
no = 100,000, nc P 100 appear to be minimal require-
ments in this case, compared to the program defaults
of no = 1000, nc = 25. We note that this sampling re-
quired 550 s on a 2.4 GHz Intel CPU, which is not sig-
nificant if one is only interested in a handful of
ligands, but problematic if it is required to scale the
methodology to screen very large databases of com-
pounds, even with a computer cluster. The ma variable,
controlling the number and size of anchors, did not ap-
pear to significantly affect the accuracy of the docking
results.


We conclude from these docking results that it was pos-
sible to use the DOCK 5.1.1 program33 to predict the
binding position of the DB819 ligands bound to the
d(CGCGAATTCGCG)2 duplex to an rmsd of <0.7 Å,
without a knowledge of the crystal structure. For both
DB818 and DB819, the increased charge polarization
of the N–H groups and particular atom type assign-







Table 1.


ma no nc Model A


DB818


rmsd/Å


Model A


DB819


rmsd/Å


Model B


DB818


rmsd/Å


Model B


DB819


rmsd/Å


4 1000 10 2.02 13.08 1.51 12.27


4 10000 10 10.42 13.05 4.33 4.78


4 100000 10 5.95 13.06 13.47 12.33


4 1000000 10 10.65 11.83 — —


4 10000 100 5.83 13.08 1.78 12.31


4 100000 100 10.40 6.48 1.74 12.34


4 10000 1000 6.03 6.52 5.97 0.63


4 100000 1000 6.08 6.54 2.10 0.69


6 1000 10 5.40 6.71 1.53 12.27


6 10000 10 10.42 6.72 10.42 4.69


6 100000 10 5.59 12.29 13.47 12.33


6 1000000 10 10.63 11.81 — —


6 10000 100 5.79 12.33 2.20 0.72


6 100000 100 6.05 2.17 2.16 0.63


6 10000 1000 5.97 6.48 2.04 0.70


6 100000 1000 6.00 11.93 2.16 0.64


10 1000 10 5.40 6.02 1.51 11.94


10 10000 10 10.42 6.36 4.35 5.72


10 100000 10 5.59 12.29 13.47 12.33


10 1000000 10 10.63 11.82 13.43 12.34


10 10000 100 5.99 11.91 2.02 12.32


10 100000 100 6.00 13.09 2.18 0.63


10 10000 1000 6.03 13.07 2.02 0.63


10 100000 1000 5.95 11.90 2.05 0.71


Figure 4. Overlay of the DNA in the crystal structure with that used in


the docking calculations, showing the two positions of the DB819


molecule, in the complex (cyan) and in the docked position (purple).


The rmsd between the two drug positions is 0.63 Å.
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ments of the amidinium groups in the model B ligand set
were critical for correct positional prediction in the
groove, as was the extent of sampling undertaken, dem-
onstrating the need for caution in applying default
parameters when using DOCK and other in silico
programs.


The crystal structure of the DB819–d(CGCGAATTCG
CG)2 complex shows one water molecule bridging be-
tween the DNA and an amidinium group at one end
of the ligand. We speculate that the highly polar charac-
ter of the amidinium groups in model B was able to
compensate in some way for the absence of discrete
water molecules in the docking model, even without
use of knowledge-based potentials that incorporate

structural information about water positions.35 Preli-
minary tests with DOCK have also been carried out
on seventeen minor groove binders with amidinium
groups that are in the PDB as dodecanucleotide com-
plexes. Positional prediction with charge model A was
successful (to <2.5 Å rmsd) in 59% of cases, whereas
charge model B was successful in 76% of cases, suggest-
ing that the charges on amidinium group atoms are
important generally, but not overriding factors for all
compounds. It is encouraging that at least in the case
of DB819, the DOCK program is able to correctly pre-
dict minor groove binding position even in the absence
of the explicit solvent molecules that are present in the
binding site of the crystalline complex.
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Abstract—The first crystallographic structure of an N-hydroxyurea inhibitor bound into the active site of a matrix metalloproteinase
is reported. The ligand and three other analogues were prepared and studied as inhibitors of MMP-2, MMP-3, and MMP-8. The
crystal structure of the complex with MMP-8 shows that the N-hydroxyurea, contrary to the analogous hydroxamate, binds the
catalytic zinc ion in a monodentate rather than bidentate mode and with high out-of-plane distortion of the amide bonds.
� 2005 Elsevier Ltd. All rights reserved.

Matrix metalloproteinases are a class of proteolytic en-
zymes that use an electrophilic zinc ion to catalyze
hydrolysis of the peptide bond.1 They are involved in
many important physiological processes. Over-regula-
tion of their activity, however, results in uncontrolled
degradation of the extracellular matrix in diseases such
as cancer,2 arthritis,3 and multiple sclerosis.4 Design
and synthesis of low molecular weight MMP inhibitors
have thus become an important target for many medic-
inal chemists and pharmaceutical companies.5


MMP inhibitors generally incorporate a substrate-like
fragment that can be accommodated in at least one of
the subsites of the enzyme active site and a functional
group capable of binding the catalytic zinc ion. While
a practically endless variability of the peptide or pepti-
domimetic fragment allows modulation of potency and
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selectivity against various MMPs, only a small set of
zinc binding groups (ZBGs) have been identified and
employed in the design of MMP inhibitors. They in-
clude, in an arbitrary, but generally accepted, order of
efficacy,6 hydroxamate > reversed hydroxamate > thio-
late > phosphinate > carboxylate and phosphonate. An
interesting series of eleven new heterocyclic zinc chela-
tors, reminiscent of barbiturate ligands,7 have been
described,8a and the importance of novel ZBGs, togeth-
er with elucidation of their mode of binding, has been
further emphasized.8b


The hydroxamate9 function appears to be ideally suited
as ZBG for MMP inhibitors since it not only forms five-
membered chelates with optimal zinc–oxygen distances,
but even establishes two strong hydrogen bonds with the
protein (Fig. 1a).10 Hydroxamic acids, however, are fre-
quently affected by rapid excretion, low oral bioavail-
ability, and in vivo hydrolysis.11 The N-hydroxyurea
group, incorporating the CO–NH–OH determinant nec-
essary for zinc chelation can, in principle, retain all the
binding interactions of the hydroxamate. It has been
therefore evaluated against enzymes containing a cata-
lytic zinc ion such as carboxypeptidase A,12 carbonic
anhydrase,13 and MMPs by Abbott researchers14 and



mailto:cgallina@unich.it





Figure 1. (a) Key bonding interactions of batimastat hydroxamate


function as found in the complex with MMP-8 (distances in Å). (b)


Preferred conformation of N-hydroxyureas bearing a hydrogen atom


on N3 in the solid state.


C. Campestre et al. / Bioorg. Med. Chem. Lett. 16 (2006) 20–24 21

by ourselves (unpublished results), providing rather
weak inhibitors. This ZBG, however, may be interesting
under the pharmacokinetic and toxicity profile, since
several 5-lipoxygenase N-hydroxyurea inhibitors with
improved oral bioavailability and slower in vitro metab-
olism, with respect to hydroxamates, were reported.15


To further investigate the behavior of this ZBG, we
focused our attention on the described16 nonpeptide
hydroxamate 1 and the structurally related N-hydroxy-
urea 2a14 (Fig. 2). They were reported to bind in the
MMP-3 active site, accommodating the lipophilic biaryl
moiety into the large S1 0 hydrophobic pocket, and ligat-
ing the catalytic zinc ion by the hydroxamate or
N-hydroxyurea group, respectively. The reported IC50


of 2a against MMP-3 was 80 lM,14 more than 20-fold
higher than that of the hydroxamate analogue 1. The
hydroxamate containing one less methylene in the linker
between N-hydroxyurea and the biphenyl group16 was
some 100-fold more potent than 1 and would have been
a much more attractive model for the present study, but
the corresponding N-hydroxyurea presented serious
problems of stability and synthesis.

Figure 2. N-Hydroxyureas structurally related to the hydroxamate 1


studied as MMP inhibitors.


Scheme 1. Reagents and conditions: (a) BrCH2CH2OH, K2CO3, DMF, 90


(d) PPh3, o-dichlorobenzene, reflux; H2O/acetic acid, reflux; (e) phenyl-N


(g) p-nitrophenyl-N-hydroxycarbamate, CH3CN, N2.

One reason for the decrease in binding affinity of N-
hydroxyureas with respect to hydroxamate analogues
is the difference in conformational preferences. In the
solid state, N-hydroxyureas bearing at least one hydro-
gen atom on N3 (Fig. 1b) adopt a trans N1–CO amide
bond conformation,17 unproductive for zinc chelation.
This trans conformation is stabilized by intramolecular
hydrogen bonding in N-hydroxyureas,17 while hydroxa-
mic acids prefer, in general, the cis N–CO amide bond
conformation. Furthermore, the partial sp2 character
of the N-hydroxyurea N3–CO bond, with its implica-
tions on the geometry and conformational preferences,
strongly decreases the chain flexibility required for the
optimal alignment of the ligand.


On the basis of these considerations, N3 methylation of
N-hydroxyurea ligands was expected to improve binding
affinity for MMPs by hampering the trans N1–CO
amide bond conformation, balancing the stability of
the cis–trans conformers of the N3–CO amide bond,
and lowering the rotational barriers for their intercon-
version. The N3-methyl derivative 2b of the N-hydroxy-
urea 2a, and the new analogues 3a and 3b, based on a
flexible biphenyl ether hydrophobic moiety and a short-
er spacer, were synthesized (Schemes 1 and 2) and tested
against MMP-2, MMP-3, and MMP-8 (Table 1). Only
the N-methyl derivatives 2b and 3b allowed determina-
tion of their IC50, owing to the increase of their solubil-
ity in the assay conditions. Available data show that
methylation of 2a and 3a increased the binding affinity
for MMP-2 and MMP-3, respectively. The IC50 against
MMP-8, however, are in the range of millimolar and are
too high to allow evaluation of the effect of methylation.


Although none of the N-hydroxyureas 2a–3b attains an
IC50 lower than 58 lM, it is interesting to note that 2b
shows a 20-fold increase of potency by going from
MMP-8 to MMP-2. Rationalization of these results
would require some knowledge on the behavior of
N-hydroxyurea as ZBG. To shed some light on this mat-
ter, lacking adequate amounts of MMP-2 for the cocrys-
tallization, we determined the crystal structure18 of the
complex of 2b with MMP-8.


The main binding interactions of 2b in the active site of
MMP-8 are reported in Figure 3. The lipophilic biphe-
nyl substituent occupies the hydrophobic primary spec-
ificity pocket S1 0. The N-methyl group is involved in
favorable hydrophobic interactions with the Ile159 side

�C, N2; (b) CBr4, PPh3, THF, N2; (c) NaN3, Bu4NI, CH3CN, reflux;


-hydroxycarbamate, pyridine, N2; (f) KI, CH3NH2, THF, 40 �C;







Scheme 2. Reagents and conditions: (a) BH3, THF, N2; (b) phenyl-N-hydroxycarbamate 11a, pyridine, N2; (c) p-nitrobenzenesulfonyl chloride,


pyridine, CH2Cl2; (d) CH3I, K2CO3, DMF; (e) HSCH2COOH, LiOH, DMF; (f) KI, CH3NH2, THF, 40 �C; (g) p-nitrophenyl-N-hydroxycarbamate,


CH3CN, N2.


Table 1. IC50
a (lM), or percent inhibition, of N-hydroxyureas 2a–3b


against MMP-2, MMP-3, and MMP-8, at pH 7.5


Compound MMP-2 MMP-3 MMP-8


1 NDb 3.4c NDb


2a >120d 22% at 120e,f >120d


2b 58 200 1200


3a >380d >380d >380d


3b 685 380 1000


a Replicate determinations indicate standard deviations less than 20%.
b Not determined.
c Ref. 16, pH 6.5.
d No inhibition observed at the reported concentration, upper solu-


bility limit in the assay conditions.
e Percent inhibition at the reported concentration.
f IC50 80 lM reported in Ref. 14.


Figure 3. Schematic representation of the main bonding interactions of


the N-hydroxyurea 2b in the MMP-8 active site (distances in Å).
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chain and the ethereal oxygen is H-bonded to Leu160
NH. The inhibitor hydroxyl is coordinated by the cata-
lytic zinc ion (2.3 Å) and forms an H-bond with the
Glu198 carboxylate, whereas the carbonyl oxygen is
turned toward the solvent, 4.8 Å away from the zinc
ion. The inhibitor NH forms a water mediated H-bond
with the Ala163 CO group. The bridged water is further
bonded to Ala163 NH and Glu198 carboxylate. Crystal
structures of native MMP-219 and MMP-320 contain a
water molecule coordinated by the catalytic zinc ion
and H-bonded to the conserved Glu carboxylate, and
all MMPs, presumably, bind water prior to substrate
or inhibitor bonding. This water molecule may be com-
pletely displaced upon inhibitor binding,6 or retained as
bridged water, in some complexes with hydroxamates21


and carboxylates.22


Conformational changes required to accommodate the
N-hydroxyurea ZBG in its planar conformation, with

retention of the binding interactions proper of hydroxa-
mate, are beyond the extensive flexibility of the MMP
active site loop.23 Thus, the N-hydroxyurea is forced
to bend and to ligate as monodentate ZBG. The
O@C–N1–O torsion angle (�122�) highly deviates from
planarity, and the two oxygen atoms are closer to the
trans rather than cis amide bond conformation, adopted
by hydroxamate in zinc chelation. The amide N3–CO
bond is also significantly distorted from planarity as
shown by the high value of the O@C–N3–Me torsion
angle (�43�). The presence of three non-H substituents
on N3 allows evaluation of the valence angles of this
atom. Their sum (325�) denotes a substantial sp3 charac-
ter of the nitrogen, which is in accordance with the high
value of the out-of-plane distortion (43�) of its amide
bond. The high value (58�) of the out-of-plane distortion
of the N1–CO amide bond indicates negligible amide
resonance and suggests substantial sp3 character also
for the N1 nitrogen.


Two hypothetical monodentate N-hydroxyurea zinc
interactions in the active site of carboxypeptidase A12


and carbonic anhydrase13 were previously reported
and the N-hydroxyurea group is proposed to bind in
the deprotonated form, in accordance with the assump-
tion of a value of 6.16 for its pKa. An experimental pKa


value of 9.7 has been however reported24 for H2N–CO–
NHOH, and calculated pKa values, in the 10–11 range,
are easily available25 for several N3-alkyl-N1-hydroxyu-
reas. In accordance with its weak acidity, the N-hy-
droxyurea group of the MMP-8:2b complex binds in
the protonated form (Fig. 2, N1–O . . .�OOC–Glu198
distance 3.3 Å).


It was also interesting to compare the mode of binding
of the N-hydroxyurea 2b and the reference hydroxa-
mate 1 containing an sp3 methylene group in place of
the N3-CH3 group of 2b. To this purpose, hydroxa-
mate 1 was docked into the MMP-8 binding site
(Fig. 4) using the program FLO+/QXP.26 The simulat-
ed docking conformation of 1 (yellow carbon atoms)
retains both zinc chelation and the two H-bonds typi-
cal of the hydroxamate ZBG, although the bisaryloxy
group is more deeply buried into the S1 0 pocket and
the H bond between the ethereal oxygen and Leu160
NH is lost. In the MMP-8:2b complex, both the high
out-of-plane distortions, involving N1 and N3 amide
bonds, and the pyramidal character of N3 show that
the presumably planar preferred conformation of the
N-hydroxyurea17 is forced to bend, in the active site
of MMP-8, in order to coordinate the catalytic zinc







Figure 6. Superimposition between the calculated geometry of the


adduct formed by MMP-2 (orange) with the inhibitor 2b (light blue


carbon atoms) and the crystallographic pose of the same inhibitor


(green carbon atoms) in the MMP-8 (yellow). Only the relevant section


of the active site is displayed.Figure 4. Superimposition of the crystallographic pose of 2b (green


carbon atoms) with the hydroxamate 1 (yellow carbon atoms) as


docked into the MMP-8 binding site. MMP-8 is represented as a solid


ribbon.
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ion by the hydroxyl oxygen and simultaneously insert
the biphenyl group into the S1 0 pocket.


Although N-hydroxyurea group was reported27 to form
chelation complexes with Fe(III) and Cu(II) metal ions,
it seems to be less effective than hydroxamate for zinc
chelation in MMP inhibitors. The monodentate zinc
coordination observed in the MMP-8:2b complex is
probably also conserved in the active site of MMP-2
and MMP-3. When 2b was minimized26b into the active
site of these enzymes, maintaining the experimentally
observed zinc coordination geometry, the simulated
complexes could explain the increased affinity for
MMP-2 and MMP-3. The MMP-3:2b complex (Fig. 5)
is stabilized by a further H-bond of the ethereal oxygen
with Ala165 NH, in addition to the usual H-bond with

Figure 5. Calculated geometry of 2b (green carbon atoms) minimized


in the MMP-3 active site. Two H-bonds connecting 2b ethereal oxygen


with Ala165 and Leu164 are shown as green dotted lines. The rest of


the enzyme is represented as a solid ribbon.

Leu164 NH. In the MMP-2:2b complex (Fig. 6),
the loop defining the S1 0 pocket is moved away about
1 Å from the biphenyl internal ring, with respect to
MMP-8:2b. While the two rings of the biphenyl in the
MMP-8:2b complex are forced in a practically eclipsed
conformation (dihedral angle 9�), they can be better
accommodated, in the wider MMP-2 active site, with a
dihedral angle of 47�. The ensuing release of the torsion-
al strain probably contributes to the observed increase
in affinity for MMP-2. To further improve N-hydroxyu-
reas as MMP inhibitors, work is in progress to design
and test ligands that may favor zinc chelation by
the N-hydroxyurea group in its preferred planar
conformation.
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Abstract—The discovery, SAR, and X-ray crystal structure of novel biarylaminoacyl-(S)-2-cyano-pyrrolidines and biarylaminoacyl-
thiazolidines as potent inhibitors of dipeptidyl peptidase IV (DPP IV) are reported.
� 2005 Elsevier Ltd. All rights reserved.
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Glucagon-like peptide-1 (GLP-1) stimulates glucose-de-
pendent insulin secretion, inhibits hepatic glucose pro-
duction, lowers blood glucose levels, and promotes the
growth and differentiation of b-cells. GLP-1 may also
play a role in suppressing appetite in humans and in
modulating peripheral glucose uptake.1 The hormone�s
activity is rapidly abolished by the N-terminal cleavage
of the peptide by the aminopeptidase dipeptidyl pepti-
dase IV (DPP IV, CD26, EC 3.4.14.5), a sequence-spe-
cific non-classical serine protease.2 Both mice and rats
genetically deficient in DPP IV have shown enhanced
insulin secretion and accelerated clearance of blood glu-
cose partly due to increased levels of active GLP-1.3


Since Type 2 diabetes is a disease characterized by ele-
vated blood glucose levels and a relative insufficiency
of insulin, a therapeutic agent that extends the duration
of GLP-1 action may aid in controlling glucose homeo-
stasis, by enhancing b-cell glucose-stimulated insulin re-
lease and promoting insulin gene expression and its
biosynthesis.4 In addition, elevation of GLP-1 levels
may increase b-cell proliferation and survival. Thus,
DPP IV inhibition has the potential to be a promising
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new therapy for elevating plasma GLP-1 levels and the
treatment of Type 2 diabetes.5


Most of the small molecule inhibitors of DPP IV report-
ed in the literature have a 1� or 2� amine at the P2 site
with the P1 site occupied by a proline mimetic
(Fig. 1).6 The most active inhibitors incorporate an elec-
trophilic group (e.g., P(O)(OPh)2, CO–NH–O–COR 0,
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Figure 1. Selected inhibitors of DPP IV.
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Scheme 1. Synthesis of biaryl-based DPP IV inhibitors. Reagents: (a)


EDCI, HOBt, DIEA, CH2Cl2; (b) ArB(OH)2, Pd(OAc)2, Na2CO3; (c)


TFA, CH2Cl2, thioanisole.
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B(OH)2, or CN) as a replacement for the normally
cleaved P1–P1 0 substrate amide on the proline at P1
and providing a reactive center to interact with the
DPP IV active site serine residue. Low nanomolar inhi-
bition and chemical stability adequate for oral adminis-
tration have been obtained with the nitrile containing
inhibitors.6c–e,7 Recently inhibitors lacking an electro-
philic group with good activity have also appeared in
the literature.6f,8


Our goal was to identify non-nitrile inhibitors with good
potency and ADME characteristics. Optimizing the P2
interactions could allow for the removal of the electro-
philic group and still retain acceptable characteristics.
In this paper, we report the preparation of a series of
P2 optimized nitrile containing biaryl DPP IV inhibi-
tors. The SAR from this series was used to identify
non-nitrile inhibitors with low nanomolar potency and
good pharmacological properties. In addition, the X-
ray crystal structure of DPP IV with inhibitor 1-[2-(S)-
amino-3-biphenyl-4-yl-propionyl]-pyrrolidine-2-(S)-car-
bonitrile bound has been determined, revealing the nat-
ure of the covalent interaction of the nitrile group with
the active-site serine.


Analysis of the published crystal structure9 of human
DPP IV with valine pyrrolidide bound in the active site
(Fig. 2, PDB ID:1N1M) revealed a linear hydrophobic
pocket at the S2 subsite formed by the side chains of
Phe357 and Arg358. We envisioned that filling this
pocket with appropriate groups would lead to more po-
tent inhibitors and potentially allow for the removal of
the nitrile moiety at P1.10


The general synthetic route to the biaryl-based inhibi-
tors is shown in Scheme 1. The commercially available

H2N
O


N


Ki = 2µM


Figure 2. Space filling picture of DPP IV in complex with valine


pyrrolidide. PDB ID is 1N1M. Inhibitor is shown in yellow with


nitrogen colored blue and oxygen colored red.

Boc-LL-4-iodophenylalanine was coupled to the proline
mimetic using EDCI and HOBt in CH2Cl2 to give the
4-iodophenylalanine derivatives in 70–90% yields. The
iodo-compounds were then converted to the biaryls
using a Pd(OAc)2 catalyzed Suzuki reaction11 (60–
80%). Removal of the Boc-protecting group with triflu-
oroacetic acid in the presence of thioanisole gave final
products in 70–99% yields.


A survey of the S2 site was undertaken using the 2-
(S)-cyano-pyrrolidine at the S1 as our initial probe
with the intention of extrapolating the findings of this
study to non-nitrile analogs (Table 1). Entries 2–5
indicated that non-polar groups are favored at the
4-position of phenylalanine moiety, giving potencies
similar to the reference NVP-DPP728 (entry 1).12


Placement of a carboxylic acid moiety at the 4-posi-
tion of the phenylalanine (entry 4) resulted in a 7-fold
loss of potency compared to the known7b compound
entry 2. However, addition of a phenyl ring at the
4-position (entry 5) resulted in a 5-fold improvement
in activity. Substitution on the terminal phenyl ring
was then explored.13 Substitution with bulky or elec-
tron-donating groups, for example, 4-methyl or 3,4-di-
methoxy groups (entries 6 and 7), gave less active
compounds compared with the unsubstituted entry 5.
However, when fluorine was placed to the 4-position
(entry 8), a 4-fold improvement in activity was ob-
served. This increase in activity was attributed to a
better fit in the targeted lipophilic pocket and a stron-
ger edge-to-face p–p interaction between the middle
ring of the biphenyl group and the Phe357. Moving
the fluorine to the 2-position of the terminal phenyl
ring (entry 9) was also tolerated. Di-substitution with
fluorine at the 2- and 4-positions (entry 10) had an
additive effect to give a compound with further in-
creased activity. And lastly replacement of the termi-
nal phenyl ring with a furan (entry 11) gave a
compound with activities comparable to that of the
known10a 4-iodophenyl-alaninyl-(S)-2-cyano-pyrroli-
dine (entry 3).







Figure 3. X-ray structure of DPP IV in complex with compound 5.


PDB code is 2AJL. (A) Active site residues are depicted in gray.


Inhibitor is in green and atoms are colored by element with nitrogen


blue and oxygen red. (B) Space filling picture showing the ligand-


binding cavity.


Table 1. Ki values of the 4-substituted phenylalanine cyano-(S)-


pyrrolidine derivativesa
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H2N
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N


CN


R


Ki (µM)


Compound R Ki (lM)


2 H 0.063


3 I 0.034


4 HO2C 0.470


5 0.013


6
Me


0.020


7
H3CO


OCH3


0.026


8


F
0.0031


9


F


0.0053


10


F


F


0.0022


11
O


0.036


a Potency was assessed by a kinetic method monitored at 405 nm


similar to that of Hughes et al.12 IC50 was determined from the slope


of regression lines of modified Dixon plots of uninhibited velocity/


inhibited velocity versus inhibitor concentration. Ki was calculated


using substrate concentration [S], substrate Km, and IC50 with


Ki = IC50 · (1/(1 + [S]/Km)).
14 Compounds were assayed in duplicate.


The assay coefficient of variation was 10.1% (N = 5).
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A crystal structure of compound 5 covalently bound
to the active site of the enzyme was determined (Figs.
3A and B).15 The structural information validated the
inhibitor design and binding hypothesis. The inhibitor
is covalently bound to active site Ser630 through the
nitrile at P1. The pyrrolidine ring fits into the hydro-
phobic S1 pocket formed by the side chains of
Arg125, Tyr547, Ser630, Tyr662, and Tyr666. The
main chain of the P2-residue interacts with the enzyme
at two anchor sites. Glu206 forms a salt bridge with
the free amino terminus of the P2 residue.9 The Nd2

of Asn710 stabilizes the P2 carbonyl oxygen atom.
The biphenyl extends into the lipophilic pocket
formed by the side chains of Phe357 and methylene
groups of the Arg358 side chain. The surface represen-
tation clearly shows the biphenyl group extending into
the lipophilic pocket (Fig. 3B). The middle ring of the
biphenyl group is situated in the pocket in such a way
as to allow for an edge to face p–p interaction with
the Phe357.


Using the information gleaned from the crystal struc-
ture and the SAR generated from our study of the 4-
substituted phenylalanine cyano-(S)-pyrrolidines, we
looked to extend our results to non-nitrile inhibitors.
The nitrile group forms a reversible covalent bond
with the active site serine and yields potent inhibitors.
However, under neutral and basic aqueous conditions,
the P2 site amine could potentially undergo a nucleo-
philic attack of the carbon of the nitrile to form an
inactive cyclic amidine.16 For this reason it was of
interest to identify non-nitrile containing and revers-
ible inhibitors, which may offer an advantage over
existing inhibitors. A quick survey of the proline mim-
ics was done using 4-phenyl-phenylalanine as P2 moi-
ety (Table 2). Replacement of the (S)-cyano-
pyrrolidine with a thiazolidine ring gave compound
12 with sufficient potency (360 nM) to build on. Ex-
change of the terminal phenyl ring with a pyridyl ring
(Table 3, Entry 18) had little effect on the activity.
Placement of a carboxylic acid to the 4-position of
the biaryl gave compound 19 with only slightly in-
creased activity. However,sss addition of a carboxylic
acid at the 3-position increased the potency by 2-fold
(entry 20), indicating a potential interaction of the
acid moiety with R358. Addition of a cyano- or fluo-
rine atom to the 4-position of the biphenyl (entry 21,
22) also resulted in a 2-fold increase in potency. Inter-
estingly parallel to the SAR of the (S)-cyano-pyrroli-
dine series, disubstitution with fluorine at the 2- and
4-positions (entry 23) again demonstrated an additive







Table 3. Ki value of aminoacylthiazolidines


N S


O
H2N


R


Compound R Ki (lM)


17
I


0.98


12 0.36


18 N 0.355


19


OH


O
0.31


20


CO2H


0.166


21


NC


0.16


22


F


0.17


23


F F


0.096


24 8.9


25 >12.8


26


H
N


>12.8


Table 2. Ki values of 4-phenylphenylalaninyl proline mimetics


R
H2N


O


Compound R Ki (lM)


5
N


CN


0.013


12 N S 0.36


13 N 1.16


14
N


OH


>12.8


15
N


OBn


>12.8


16 N O >12.8
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effect and increased the potency by about 4-fold to
96 nM and gave us our most potent inhibitor of this
series to date.


The size requirements of the S2 pocket were also probed.
Replacement of the linear biphenyl group with naphtha-
len-2-yl group resulted in a huge loss of activity (Table 3,
entry 24). A naphthalen-1-yl or a 1H-indol-3-yl group in
place of the biaryl was detrimental to activity (entry 25,
26).


After the discovery that the biaryl thiazolidines were
potent inhibitors of DPP IV, a study was conducted
to investigate Caco-2 permeability and microsome
stability of the thiazolidine analogs compared to the
corresponding nitrile derivatives. Five compounds
were selected and the results are shown in Table 4.
In most cases, changing from (S)-cyano-pyrrolidine
to the thiazolidine improved the Caco-2 permeability
while maintaining good human liver microsome
stability.


In summary, a series of novel biaryl inhibitors of DPP
IV was identified using a structure-based approach.
The Ki of the biaryl (S)-cyano-pyrrolidines reached a
lower single digit nanomolar range, and a preliminary

SAR was established. The SAR was then successfully
transferred to non-cyano containing biaryl thiazoli-
dines, and double-digit nanomolar Ki as well as im-
proved ADME characteristics were achieved. A
crystal structure of human DPP IV in complex with
one of our inhibitors was obtained, and the structural
information is expected to facilitate future lead opti-
mization efforts.







Table 4. Caco-2 permeability and human microsome stability study of selected compounds


R1


R2


H2N
O


Compound R1 R2 Caco-2a HLMb


A ! B B! A


5 N


CN
2.66 3.82 52.3


12 N
S 4.56 1.5 62


8
F


N


CN
7.21 4.45 6.7


22
F


N
S 16.81 5.61 78.5


10
F


F


N


CN
4.93 4.93 73.9


aPapp, apparent permeability (·10�6 cm/s) at 10 lM compound concentration.
b % remaining after 10 min of incubation at 1 lM compound concentration.
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Abstract—A novel variant of 6-deoxyerythronolide B synthase (DEBS) module 2 was constructed to explore the balance between
protein–protein-mediated intermodular channeling and intrinsic substrate specificity within DEBS. This construct, termed
(N3)Mod2 + TE, was co-incubated with a complementary, donor form of the same module, (N5)Mod2(C2), as well as with a
mutant of (N5)Mod2(C2) with an inactive ketosynthase domain, in order to determine the extent of intermediate channeling versus
substrate diffusion into the downstream module.
� 2005 Elsevier Ltd. All rights reserved.

Polyketide synthases (PKSs) are large modular enzymes
responsible for the biosynthesis of numerous medically
important polyketides. The most extensively studied
PKS, 6-deoxyerythronolide B synthase (DEBS), trans-
forms one propionyl CoA starter unit and six methyl-
malonyl CoA extender units into 6-deoxyerythronolide
B, the heptaketide precursor of erythromycin.1 DEBS
is comprised of three polypeptide chains with each chain
consisting of two distinct modules, each of which pos-
sesses all the catalytic machinery necessary for a single
round of polyketide chain elongation and modification.
The growing polyketide chain is passed from module to
module in an assembly line format. This transfer of the
polyketide intermediate from one module to the next not
only requires some means of intermodular recognition,
but is also sensitive to the inherent substrate specificity
of the downstream module.2,3 Modules recognize their
correct pairing partner through the use of short linker
peptides, also termed docking domains, of �35–100
amino acids located at the C- and N-termini of the do-
nor and acceptor module, respectively.2,4–7 These
docking domains may be genetically fused to new PKS
modules to force new module pairings.2,4
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Several DEBS module constructs have been previously
studied individually and in combination. DEBS module
2, bearing the N-terminal 35-aa docking domain of
DEBS module 5 (N5) and a C-terminal thioesterase
(TE) domain, which promotes lactonization and release
of the final polyketide product,2 produces triketide lac-
tone 2 when incubated with methylmalonyl-CoA,
NADPH, and 1, the N-acetylcysteamine (SNAC) thioes-
ter analog of the natural diketide product of DEBS
module 1 (Scheme 1).2


Previously, we have shown that incubation of
(N5)Mod2(C2), which lacks the thioesterase domain,
with methylmalonyl-CoA, NADPH, and 1 also results
in the production of triketide lactone 2, albeit at a rate
approximately 10-fold slower than (N5)Mod2 + TE,
due to the absence of TE-catalyzed release of the en-
zyme-bound acyclic triketide product. On the other
hand, incubation of (N5)Mod2(C2) and its downstream
modular pairing partner, (N3)Mod3 + TE, with 1,
methylmalonyl-CoA, and NADPH, yielded almost
exclusively the tetraketide ketolactone 3 (Scheme 1).
The generation of the tetraketide 3 with concomitant
suppression of triketide 2 formation by this bimodular
mixture is the result of a vectorial transfer of the acyclic
triketide product of module 2 to the ketosynthase (KS)
domain of the paired module 3, facilitated by the com-
plementary pair of docking domains (C2)/(N3), followed
by an additional round of polyketide chain elongation
and product release.
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Scheme 1. Intermodular transfer of polyketide intermediates.
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We now report that (1) productive intermodular vecto-
rial transfer depends not only on complementary mod-
ule–module recognition, but also on the intrinsic
substrate specificity of the acceptor module for the prod-
uct of the donor module and (2) illegitimate transfer can
interfere with the normal catalytic efficiency of the target
downstream module.


To explore the balance between intermodular communi-
cation and inherent substrate specificity, we first
constructed a variant of DEBS module 2 with an N-ter-
minal docking domain derived from DEBS module 3
(N3).8 Incubation of the resultant (N3)Mod2 + TE with
diketide 1, methylmalonyl-CoA, and NADPH produced
the predicted triketide lactone 2 with a Km of 8.1 mM
and kcat of 0.9 min�1, values similar to those exhibited
by (N5)Mod2 + TE (Scheme 2A).9 This result confirmed
that the replacement of the N-terminal docking domain
had no significant effect on the measured catalytic
activity of (N3)Mod2 + TE.


Co-incubation of the new donor–acceptor module
pair, (N5)Mod2(C2) and (N3)Mod2 + TE, carrying
complementary docking domains, was expected to gen-
erate either the tetraketide lactone 4, resulting from vec-
torial transfer of the intermediate triketide from
(N5)Mod2(C2) to (N3)Mod2 + TE, or cyclized triketide
2, resulting from processing of the diketide substrate by
either module. Because both engineered modules are de-

Scheme 2. Formation of triketide 2 by complementary module 2 pairs.

rived from the same DEBS module 2, both have identi-
cal ketosynthase domains and, therefore, the same
inherent specificity and affinity for the diketide substrate
1. In fact, when a 1:1 mixture of (N5)Mod2(C2) and
(N3)Mod2 + TE (1 lM each) was incubated with 1, 2-
[methyl-14C]methylmalonyl-CoA, and NADPH for 3 h
at 30 �C, the sole product obtained was the triketide lac-
tone 2, with no detectable formation of tetraketide
lactone 4 as monitored by TLC-phosphorimaging
(Scheme 2B). Surprisingly, however, the yield of trike-
tide lactone 2 was reduced by 50% compared to the yield
of 2 observed under identical incubation conditions
using (N3)Mod2 + TE alone (Fig. 1, blue). Further-
more, increasing concentrations of the presumptive do-
nor module (N5)Mod2(C2) progressively decreased the
observed kcat for formation of 2 (Fig. 1, blue).10 At a
7:1 ratio of (N5)Mod2(C2) to (N3)Mod2 + TE the yield
of triketide 2 was only 20% that obtained with
(N3)Mod2 + TE.


To investigate the molecular basis for this unexpected
inhibition of diketide processing, we next examined the
acylation of the donor and acceptor modules by labeled
diketide 1. Incubation of either (N5)Mod2(C2) or
(N3)Mod2 + TE with [1-14C]diketide 1 in the absence
of NADPH and methylmalonyl-CoA (non-turnover
conditions) stoichiometrically labeled each protein, due
to the expected acylation of the ketosynthase domain,
as evidenced by the detection of labeled protein by







Figure 1. Inhibition of the formation of triketide lactone 2 by 1 lM (N3)Mod2 + TE as a function of the proportion of added (N5)Mod2(C2) (blue)


or (N5)Mod2(C2)/C2200A (red).
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SDS–PAGE/phosphorimaging (Fig. 2A, and Supple-
mentary data). When the incubation with [1-14C]dike-
tide 1 was carried out on a 1:1 mixture of the two
modules, each module underwent the normal level of
acylation.


When the analogous incubation was performed with
[1-14C]diketide 1 in the presence of the co-substrates
methylmalonyl-CoA and NADPH, the recovered
(N3)Mod2 + TE protein retained only relatively minor
amounts of covalently attached radiolabel, whether or
not (N5)Mod2(C2) was present (Fig. 2B). This result
was not unexpected, since the presence of the TE domain
promotes release of the derived product, triketide 2. By
contrast, the presumptive donormodule, (N5)Mod2(C2),
still retained the same amount of radiolabel, independent
of the presence or absence of acceptor module
(N3)Mod2 + TE. These results suggest that any labeled
triketide that might be generated by (N5)Mod2(C2) does
not acylate the KS domain of the downstream module,
(N3)Mod2 + TE. Alternatively, if such acylation were
to occur, the resultant KS-bound triketide may be too
unstable to be detected by SDS–PAGE analysis.


In principle, the observed attenuation of triketide lac-
tone formation when both modules are present could

Figure 2. Acylation of module 2 by diketide 1. Proteins were incubated


with [1-14C]-1 in the absence (A) or the presence (B) of methylmalonyl-


CoA and NADPH before analysis by SDS–PAGE/phosphorimaging.


Lanes 1 and 4, (N5)Mod2(C2); lanes 2 and 5, (N3)Mod2 + TE; lanes 3


and 6, 1:1 (N5)Mod2(C2) + (N3)Mod2 + TE.

result from two distinct types of interaction: (1)
protein–protein association of (N5)Mod2(C2) and
(N3)Mod2 + TE mediated by their complementary
docking domains could prevent access of free diketide
1 to the active site of the downstream module,
(N3)Mod2 + TE; or (2) the enzyme-bound, acyclic trike-
tide product of the upstream (N5)Mod2(C2) module
might act as a non-covalent (or unstable covalent) inhib-
itor of the downstream (N3)Mod2 + TE. To distinguish
between these two possibilities, we used site-directed
mutagenesis to construct the inactive C2200A mutant
of (N5)Mod2(C2) in which the active site cysteine of
KS2 was replaced by alanine.11 As expected, this KS0


mutant underwent acylation by 2-[methyl-14C]methyl-
malonyl-CoA but not by [1-14C]diketide 1 (data not
shown). When this C2200A (N5)Mod2(C2) mutant
was co-incubated with (N3)Mod2 + TE in ratios from
1:1 to 5:1, there was no significant decrease in the net
rate of formation of triketide lactone 2 (Fig. 1, red).
The ability of (N5)Mod2(C2) to inhibit the formation
of triketide lactone 2 by (N3)Mod2 + TE therefore is
shown to require the generation of acyclic triketide by
the upstream module.


The failure of the combined (N5)Mod2(C2) and
(N3)Mod2 + TE module pair to generate tetraketide
lactone 4 is presumably due to the inability of the down-
stream module to process efficiently the ACP-bound
acyclic triketide generated by the upstream module. At
the same time, the observed suppression of
(N3)Mod2 + TE activity by active (N5)Mod2(C2) is
apparently due to inhibition of the downstream module
by this same acyclic triketide, thereby preventing access
of free diketide to the ketosynthase active site in
(N3)Mod2 + TE. It is conceivable that the triketide
intermediate itself may synergistically enhance the
intrinsic affinity of the complementary (C2)- and (N3)-
terminal docking domains. Notably, while the free
SNAC derivative of the ACP-bound (2R,3S,4S,5R)-
triketide has never been directly used as an in vitro
substrate for PKS modules, due to its propensity to
cyclize rapidly in the absence of enzyme, the stereochem-
ically related syn-(2R,3S)-2-methyl-3-hydroxyl diketide-
SNAC, the enantiomer of the natural diketide,
(2S,3R)-1, has a kcat/Km for DEBS module 2 that is only
1% that of diketide 1.12 These results reinforce earlier
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findings that the successful engineering of novel PKS
module–module combinations requires both functional
communication between donor and acceptor modules
and the transfer of polyketide chain elongation interme-
diates that are compatible with the intrinsic substrate
specificity of the downstream, acceptor module.13


Recently, Menzella et al. have reported that DEBS mod-
ule 2 can transfer (2R,3S)-diketide in vivo to a paired
DEBS module 2 acceptor but with an efficiency that is
<2% that for transfer and processing of the natural
(2S,3R)-diketide substrate of module 2.14 The observed
intermediate-mediated inhibition of the downstream
module may explain why in precursor-directed biosyn-
thesis experiments, exogenously added substrates enter
the polyketide assembly line only at the most upstream
functional module, and are not taken up and processed
by any of the available downstream modules.13c,15
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Abstract—The de novo molecular design program SPROUT has been applied to the X-ray crystal structures of Plasmodium and
human dihydroorotate dehydrogenase, respectively. The resulting design templates were used to prepare a series of molecules which,
in keeping with predictions, showed useful levels of species-selective enzyme inhibition.
� 2005 Elsevier Ltd. All rights reserved.

Malaria continues to represent a major threat to world
health infecting between 300 and 500 million people
annually and causing up to two million deaths.1 The dis-
ease results from infection by parasites belonging to the
Plasmodium species and is transmitted by the female
mosquitoes of the Anopheles genus. Of the four species
of parasite that infect humans, Plasmodium falciparum
is responsible for the majority of fatalities. Although
prophylactic treatments are available, widespread resis-
tance to commonly employed anti-malarial drugs (e.g.,
chloroquine,2 pyrimethamine3 and atovaquone4) is
widespread. There is, therefore, an urgent need for the
development of new drugs that can control infection
which can also act at previously unexploited biological
targets.


De novo pyrimidine biosynthesis represents an attractive
and potentially selective target for the development of
new therapeutics against P. falciparum. Unlike human
cells, which can both synthesise and salvage pyrimidine
bases, P. falciparum lacks any pathway for the salvage
of preformed pyrimidine bases or nucleosides and relies
completely on a de novo biosynthesis pathway.

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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Dihydroorotate dehydrogenase (DHODH) is the
fourth enzyme in the pyrimidine biosynthetic pathway
and catalyses the oxidation of dihydroorotate (DHO)
to orotate in the presence of the co-factors flavin
mononucleotide (FMN) and ubiquinone (CoQ)
(Scheme 1). The human version of this enzyme
(hDHODH) is the target of a number of inhibitors
with proven efficacy in the treatment of arthritis and
leflunomide, a pro-drug that is metabolised to the ac-
tive DHODH inhibitor, A77-1726, is approved for clin-
ical use.5–9 Additionally, random high-throughput
screening of chemical libraries has been used to identify
selective inhibitors of Escherichia coli,10 Helicobacter
pylori11 and P. falciparum12 PfDHODH, respectively.
Additionally, Boa et al., have recently shown that
selective inhibitors of PfDHODH can be developed
from existing inhibitors.13 The PfDHODH enzyme is
thus an attractive target for the development of new
anti-malarial drugs.


As part of a continuing structure-based synthesis and
biological evaluation program for the discovery of new
enzyme inhibitors and receptor antagonists, respective-
ly, we have previously described the computer-aided
molecular design, synthesis and biological evaluation
of novel inhibitors of the bacterial enzyme MurD,14


and of the human NK2 receptor,15, respectively. Here,
we report the application of our de novo molecular de-
sign program SPROUT16 to the design of novel inhibi-
tors of PfDHODH.
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Figure 1. X-ray structure of human DHODH.
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Scheme 1. Reactions catalysed by DHODH.
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SPROUT16 is a powerful suite of software modules for
de novo structure-based molecular design. SPROUT
has modules for (i) characterising regions within a pro-
tein, (ii) detecting �hotspots� where ligand atoms would
form favourable interactions with the protein, (iii) dock-
ing molecular fragments to these sites, (iv) joining these
fragments with a molecular backbone to give a complete
ligand and (v) ranking the set of predicted ligands by cri-
teria including predicted binding energy, structural com-
plexity and synthetic accessibility.


In order to use a de novo design approach for the dis-
covery of novel PfDHODH inhibitors, we have applied
SPROUT to the recently solved X-ray crystal structure
of PfDHODH the details of which are published else-
where.17 The human and Plasmodium enzymes share a
very similar structural morphology. The previously
reported18 X-ray crystal structure of hDHODH, co-
crystallised with the inhibitor A77-1726, revealed the
presence of an N-terminal a-helical domain that forms
a channel leading to the active site (which contains both
FMN and orotate) and that is thought to facilitate bind-
ing of CoQ. This structure also features a molecule of
A77-1726 bound within this putative �ubiquinone chan-
nel� which makes H-bonding contacts to R136 and
Y356, respectively (Fig. 1).


The X-ray crystal structure of PfDHODH, also contain-
ing a molecule of A77-1726 in the ubiquinone channel,
features analogous positioning of the FMN and orotate
molecules to those found in the human enzyme (Fig. 2).


A detailed comparison of the two structures however re-
veals subtle differences, particularly in the dimensions
and topography of the hydrophobic ubiquinone chan-
nels. In particular, the channel within the human en-
zyme is considerably �flattened� by the protrusion of a
methyl group from A59 in the region occupied by the
aromatic ring of the bound inhibitor (Fig. 3).


Therefore, the shape of this cavity appears to require
inhibitors of this type to be essentially planar. In contrast,

the same region within thePlasmodium-derived enzyme is
much less congested and, unlike that in the human en-
zyme, appears to be able to accommodate inhibitors that
are somewhat cylindrical in overall shape. With this dif-
ference in mind, we wished to explore the possibility of
using SPROUT to design species-selective inhibitors
targeted at this channel.


In order to design structurally simple inhibitors, for
which good affinity for PfDHODH was predicted,
we specified that in addition to use of the hydropho-
bicity within the channel, just two residues, histidine
185 and arginine 265, were to make direct H-bonding
contacts to the designed inhibitors. Both of these res-
idues are highly conserved in all type II dihydrooro-
tate dehydrogenases of eukaryotic organisms studied
to date.


SPROUT-based de novo ligand design produced
some 20 different small molecule templates. The most







Figure 4. A SPROUT-designed template within the �ubiquinone
channel� of Plasmodium DHODH.


Figure 5. Conformations of designed inhibitor template.


Figure 2. Overlay of X-ray structures of human and Plasmodium


DHODH (Plasmodium structure and contacting residues numbered


and coloured in red; distances of ligand to R265 and H185 indicated).


Figure 3. Surfaces of ubiquinone cavities within PlasmodiumDHODH


(top) and human DHODH (bottom), coloured according to electro-


static potential.
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attractive of these, for which predicted binding affini-
ties were in the micromolar range or better, consisted
of simple and readily prepared amides of anthranilic
acid, an example of which is shown in Figure 4. As
noted previously, the differing shapes of the ubiquinone
cavities within the Plasmodium and human enzymes
suggest that inhibitors of this type would fit better
within the Plasmodium—as opposed to the human en-
zyme, if they adopt a non-planar arrangement between
the amide unit, attached aryl groups and the carboxylic
acid moiety (2, Fig. 5). This twisting appears to maxi-
mise the interaction of the aromatic rings of the de-
signed inhibitors with the walls of the hydrophobic
cavity. In contrast, planar versions of this type of
inhibitor (1, Fig. 5) are predicted to interact best with
the human enzyme, where the somewhat flattened nat-
ure of the cavity allows close contacting with both fac-
es of the aromatic portions of these inhibitors.

In order to test this hypothesis, we prepared19 a small
number of amides based upon this general design, which
were either N-unsubstituted (R = H) to provide systems
predominantly populating conformation 1 (via intramo-
lecular H-bonding between the amide NH and carboxyl-
ic acid group), or N-methylated (R = Me) and therefore,
preferring to exist predominantly as conformation 2.


The binding affinities of these for both Plasmodium and
human DHODH were then established from IC50 values
as described20,21 and are summarised below (Table 1).
As is evident from the data in Table 1, four of the six
inhibitors are active against the Plasmodium enzyme
whereas only the N-unsubstituted systems (entries 2, 4
and 6) show affinity to hDHODH.


Additionally, in keeping with our design criteria, N-
methyl systems (entries 1 and 3) exhibit a higher affinity
for the Plasmodium enzyme than those found for the N-
unsubstituted cases (entries 2 and 4). Curiously, whereas
the bromonaphthyl-derived N-methyl amide (entry 3)
was active towards PfDHODH, the simpler naphthyl-
derived N-methyl amide (entry 5) was found to be inac-
tive towards both enzymes.


In conclusion, the de novo design program SPROUT
has been used to produce simple molecular templates
for the selective inhibition of Plasmodium and human







Table 1. Structures, IC50 and apparent binding affinities21 (lM) of designed inhibitors with PfDHODH and hDHODH


Entry Structure IC50 (Pf) IC50 (h) Kapp
i (Pf) Kapp


i (h)


1


O


N


HO2C


Me
42.6 (4.6) >200 4.9 n.a.


2


O


N
H


HO2C


153.5 (13.2) 5.0 (1.6) 17.7 0.7


3


O


N


HO2C
Me


Br 93.4 (6.4) >200 10.8 n.a.


4


O


N
H


HO2C


Br 142.6 (14.2) 8.4 (2.7) 16.4 1.1


5


O


N


HO2C


Me
>200 >200 n.a. n.a.


6


O


N
H


HO2C


>200 13.8 (3.3) n.a. 1.8


Values in brackets refer to ± error limits; n.a. = not attempted.
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DHODH, respectively. Subtle differences in the struc-
tures within the targeted binding regions of these en-
zymes, which might provide the basis of this
selectivity, have been identified.


In these proof-of-principal studies, the designed inhibi-
tors show only modest enzyme affinities, but provide
an excellent starting point for further optimisation. We
believe that these results further illustrate the tremen-
dous potential of a de novo design-based approach in
inhibitor discovery. Such an approach is complementary
to the use of high-throughput screening and is particular-
ly attractive where such screening methodology is not
available or where access to large collections of library
compounds of sufficient molecular diversity is limited.
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Abstract—High throughput screening revealed compound 1 as a potent antagonist of the CCK1 receptor. Evaluation of the CCK1


SAR in a series of these diarylpyrazole antagonists was conducted in a matrix synthesis format revealing additive (Free–Wilson) and
non-additive SAR. This use of additive QSAR modeling in conjunction with combinatorial libraries represents a unique approach to
the evaluation of SAR interactions between the variables of any combinatorial matrix.
� 2005 Elsevier Ltd. All rights reserved.
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Figure 1. Lead CCK1 antagonist from HTS.

Cholecystokinin (CCK) is an endogenous 33 amino acid
peptide hormone first identified by its pharmacological
actions in 1928,1 and later purified and sequenced in
1971.2 Subsequently, it has been shown that CCK is re-
leased in response to food intake and regulates gallblad-
der contraction, pancreatic enzyme secretion, gastric
acid secretion, gastric emptying, duodenal-, and colonic
motility. In addition, CCK is abundant in the CNS and
is thought to be involved in aspects of nociception, sati-
ety, anxiogenesis, memory, and learning.3


The biological actions of CCK are mediated through
two G-protein coupled receptors, CCK1 and CCK2.
CCK�s actions on gallbladder contraction, pancreatic
enzyme secretion, duodenal motility, and gastric empty-
ing rate appear to be mediated through agonism of the
CCK1 receptor. As a result, a number of CCK1 antago-
nists have been evaluated in the clinic for pancreatic dis-
orders, IBS, and biliary colic. Promising clinical results
from a phase II trial of constipation dependent IBS with
the peptide derived CCK1 antagonist, dexloxiglumide,
encouraged our pursuit of a differentiated non-peptide
derived antagonist of CCK1


4 (Fig. 1).


Compound 1 was identified through a high throughput
screening campaign as a potent and selective antagonist

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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at the CCK1 receptor (pKI = 7.6). The compound had
promising physical properties and constituted a novel
chemical scaffold for SAR investigations.3a


The modular synthesis of compound 1 (Scheme 1) led to
the investigation of both solid- and solution-phase li-
brary strategies to establish the SAR around this lead.
The work on solution-phase libraries is reported here,
while the solid-phase approach is reported in the accom-
panying paper.


In these investigations, a novel method for the evalua-
tion of SAR in combinatorial matrices was discovered.
Namely, the quantitative assessment of additive and
non-additive relationships in the SAR allowed us to
identify potential changes in the binding modes of these
antagonists. These methods may prove generally appli-
cable to the evaluation of SAR in a combinatorial ma-
trix of ligands against any biological target.


The solution-phase approach described here was well
suited to the simultaneous investigation of the C-ring
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and the A- or B-rings of 1, and was devised for the initial
SAR studies (Scheme 1).


Multi-gram quantities of 1,5-diarylpyrazole bromides
(5) were synthesized using the procedure described by
Murray et al.5 Acetophenones 2 were condensed with
diethyl oxalate to afford the lithium salt of diketones 3
in quantitative yield. Treatment of 3 with arylhydrazines
provided 1,5-diaryl pyrazoles 4 in 60–90% yield. The
selectivity for the formation of the 1,5-pyrazoles over
the 1,3-pyrazoles was >10:1 in all cases, owing to the in-
creased electrophilicity of the a-ketoester. Esters 4 could
then be readily converted to the bromides 5 (Scheme 1).
The final bond connection in the sequence involved
alkylation of commercial phenyl acetic acid esters with
the pyrazole bromides 5, and hydrolysis of the resulting
ester with LiOH to afford the targeted acids 6. These fi-
nal two steps were carried out in a 48-well parallel for-
mat in a Bohdan Miniblock, and the compounds were
purified by automated reverse-phase preparative HPLC.


For cases where the phenyl acetic acids were not com-
mercially available, the procedure in Scheme 2 was
used.6


The synthetic scheme used to access these analogs al-
lowed for the simultaneous evaluation of variations of
the naphthyl group (Ar3) and of the diarylpyrazole sub-
stituents (Ar1 or Ar2). The first library was composed of
the building blocks depicted in Figure 2 with variables at
positions Ar2 and Ar3. The CCK1 binding results of the
first library are reported in graphical form in Figure 3.7


Depiction of the results in the bar-graph format allows
for the visualization of trends in the data relative to
the structural changes made. The X (Ar2) and Y (Ar3)

O H


R


a, b


R


O


OEt


50-75%


Scheme 2. Reagents and conditions: (a) thiomethyl-dimethyl sulfox-


ide, Triton B, methanol, dioxane, 80 �C; (b) HCl, EtOH, rt, 12 h.

axes represent the structural changes made to each var-
iable fragment of the series. The Z axis shows binding
affinity expressed as the negative log of the affinity con-
stant (pKI). The white bar at position Ar2F–Ar3C repre-
sents the activity of the original lead compound 1.


The library provided compounds which spanned a range
of activity from pKI = 6.2–8.1. The nine compounds not
represented in the graph are compounds that were not
tested due to difficulties in synthesis and/or purification.
The library above was then analyzed using an additive
QSAR method.


Additive models of SAR were first described by Free
and Wilson in 1964 and later modified by Fujita and
Ban in 1971.8,9 These models are generally used to pre-
dict the activity of all compounds in a matrix when a
cross-section of analogs is synthesized. The assumption
made is that one variable in the structure does not effect
the binding or conformation of the second variable.
However, in many documented cases this assumption
is invalid, thus limiting the predictive power of additive
models.8 Interestingly despite this knowledge many
medicinal chemistry papers continue to report uni-di-
mensional analoging. In these cases, chemists seem pre-
pared to accept the risks of missing key pieces of SAR
due to non-additive behavior, or are perhaps unaware
of the limitations of the additive assumption.


Fortunately, with the advent of combinatorial methods,
a full matrix of compounds can be readily accessed syn-
thetically. In this situation, the presence of non-additive
relationships in the full matrix can suggest either a dif-
ferent binding mode in the biological target or direct
interactions between different parts of a ligand.


Traditionally, the Fujita–Ban equation9 has been used
to model non-additive effects in libraries. Our case is
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Figure 3. CCK1 binding data from library 1.
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slightly different in that we do not have an unsubstituted
compound to use as a reference. Therefore, we use the
following modified form of the Fujita–Ban equation:


pKI ¼ lRbi þ Rbj. ð1Þ
In this equation, l represents the activity associated with
an arbitrary compound in a two-dimensional matrix of
compounds, such as the one shown in Figure 3. This
compound serves as a reference. bi represents the change
in activity associated with moving from the reference
row to a different row i in the matrix (in this case, asso-
ciated with changing the group at Ar2), and bj represents
the change in activity associated with moving from the
reference column to a different column j (in this case,
changing the group at position Ar3). Thus, the activity
of any compound in the matrix is represented by the
sum of three numbers: the reference, plus a row value
(0 if the compound is in the reference row), and a col-
umn value (0 if the compound is in the reference col-
umn). The assumption in this model is that the activity
of column i does not depend on the choice of row j.
Mathematically, this is the additive assumption. For
an N · M matrix of compounds, this gives N + M � 1
parameters to fit using a least-squares procedure. Note
that by evaluating the entire matrix the highest possible
confidence is achieved in the fitting of the variables of
the additivity model. Note also that a change in the
choice of the reference compound does not affect the
quality of the fit (given by r2), but will affect the value
of the individual variables l, bi, and bj.


Figure 4 shows a plot of the activities as predicted by
Eq. 1 against the experimentally determined ones. In this
case, r2 is 0.91 and the RMS error is 0.16. This is statis-
tically equivalent to the experimental uncertainty of the
assay, which has an average standard error in three rep-
licate determinations of 0.17 log units.


Thus, the additive model seems to apply in this case;
there do not appear to be special cases where particular

substituents in one variable alter the SAR of variables in
the second dimension. Therefore, our assumption in this
matrix is that all the compounds probably bind in a sim-
ilar binding mode to the receptor.


A second library was then synthesized where Ar2 was
held constant, and Ar1 and Ar3 were altered simulta-
neously utilizing the same synthetic method used for li-
brary 1. The inputs for this library are shown in Figure
5. The CCK1 binding results for the second library are
presented in graphical form in Figure 6. These results
were analyzed in the same fashion as the first library
and the resulting least-squares fit to the additive model
is plotted against the experimentally determined pKI�s
in Figure 7. In this case, the fit is significantly worse than
that obtained from library 1 (r2 = 0.75, RMS
error = 0.25).


Figure 7 illustrates distinct outliers that do not ap-
pear to conform to the additive hypothesis. Interest-
ingly, these outliers are seen only in the series
where Ar1 = benzyl (orange bars, Ar1F). If we leave
out the Ar1F series of the matrix and recalculate the
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Figure 9. Superposition of aryl and benzyl pyrazole.
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least-squares fit of the remaining data and re-plot the
data against the actual data in the new matrix, the
result is given in Figure 8. Figure 8 demonstrates
conformance to the additive model r2 = 0.9, RMS
error = 0.13).


One interpretation of this result is that in an effort to
maintain an optimal alignment of the A- and B-rings
in the receptor, the Ar1F series of compounds must adjust
their binding modes slightly, effectively reorienting Ar3

relative to the aryl pyrazole. An example of a
superposition of an aryl and benzyl pyrazole is shown
in Figure 9.


This is only required in the case where the additional
methylene in the benzylic series extends the distance
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between the pyrazole ring andAr1. This adjustment in the
way the series binds is manifested in a change in the SAR
of theAr3 substituent. Thismodel is in agreementwith the
models previously reported by Varanavas et al.10 which
suggests a pharmacophore containing two aryl binding
elements spaced by a distance of 9.5 Å. In fact, recent
modeling suggests that the distance and orientation of
the key lipophilic components required for binding in
an anthranilic acid series of antagonists were critical for
binding and may supply a similar driving force for non-
additive behavior in this instance as well.11


CCK1 antagonists have potential therapeutic utility in
IBS, pancreatitis, and other GI disorders. Here we de-
scribe a novel class of potent pyrazole-based CCK1


antagonists. The SAR was evaluated using a matrix
synthesis approach allowing for the quantitative deter-
mination of additive relationships between substituents
in the matrix. In this case, all but one series complied
with an additive SAR model. In the case of the sub-
stituent that was non-additive, we propose a change
in binding mode that allows this series to comply with
previously published CCK1 binding models. This is
the first case we are aware of combining combinatorial
libraries with additive QSAR modeling to obtain a
better understanding of interactions which effect bind-
ing modes within a matrix. Further in vivo data and
SAR on these compounds will be presented in future
publications.
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Abstract—The urokinase-type plasminogen activator (uPA) is a protein involved in tissue remodeling and other biological processes.
The inhibitors of uPA have been shown to prevent the spread of metastasis and tumor growth, and accordingly this enzyme is widely
accepted as a promising anticancer target. In this work, we have investigated the conformation of the uPA inhibitor 3-TAPAP in
two different crystalline environments of a picrate and a uPA complex. These structures were compared to the known structure of
the 3-TAPAP in the complex with trypsin. In the complexes with the proteins, trypsin, and uPA, the binding mode of 3-TAPAP is
similar. A larger difference in the conformation, in the comparison to these structures, has been observed by us in the 3-TAPAP
picrate crystal. This observation contradicts the hypothesis that 3-TAPAP derivatives inhibit serine proteinases in preformed stable
conformations.
� 2005 Elsevier Ltd. All rights reserved.

Plasminogen activators (PA) are serine proteinases,
which activate plasminogen to plasmin. Plasmin is a
broad spectrum proteinase which catalyzes the degrada-
tion of a variety of protein substrates. These substrates
include fibrin,1 fibronectin, laminin,2 vitronectin,3 prote-
oglycans,4 and collagen.5 With this activity, plasmin is
involved in tissue remodeling, angiogenesis, embryogen-
esis, pathogen and tumor cell invasion, and also in
metastasis.6,7 The process of plasminogen activation in
a healthy organism is strictly controlled through the
availability of PAs and interaction with specific inhibi-
tors. The human PAs exist in two forms known as tis-
sue-type (tPA) and urokinase-type (uPA).


Both uPA and tPA are similar to each other in sequence
and structure. In the active site, uPA carries the two
amino acids Lys98A and Ala98A, as well as the two
replacements of Tyr99 to His99 and Ser195 to Ala195.
uPA and tPA appear to have different biological func-
tions.5,8 The main role of tPA is thought to be the disso-
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lution of blood clots,9 whereas uPA is involved in tissue
remodeling, cellular migration, cancer invasion, and
metastasis.10–12 It has been found that uPA-catalyzed
plasminogen activation is rate-limiting for tumor inva-
sion and/or formation of distant metastasis.13 Presence
of uPA in human tumor cell environments finally caused
the search for several strategies to inhibit the activity of
this enzyme. Specific active site inhibitors or blocking
antibodies for the specific uPA receptor effectively delay
the process of tumor progression.14,15 It has been report-
ed that using anti-uPA antibodies could prevent tumor
cell invasion, but not their metastasis to lung in mice.16


Antisense oligodeoxynucleotides directed to uPA
expression led to a reduction in uPA expression in hu-
man ovarian carcinoma cells. Furthermore, uPA anti-
sense oligodeoxynucleotides applied to nude mice
which had prior been inoculated with tumorigenic hu-
man ovarian cancer cells led to a significant reduction
in tumor mass.17 Invasion of human ovarian cells was
significantly inhibited by the addition of enzymatically
inactive uPA fragments.18,19


Synthetic inhibitors of uPA have been shown to de-
crease cancer growth and the rate of metastasis.20,21


Since uPA is a trypsin-like serine proteinase, most of
the described inhibitors of uPA contain groups which
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Table 1. Crystal data, intensity measurement, and refinement details


for 3-TAPAP picrate


Crystal data Data collection


C22H29N4O3SÆC6H2N3O7Æ2H2O 19268 measured reflections


Mr = 1315.31 5799 independent reflections


Monoclinic, I2/a 3705 reflections with I > 2r(I)
a = 16.0689(1) Å Rint = 0.1370


b = 18.9464(1) Å hmax = 25�
c = 21.5561(2) Å �19 6 h 6 19


a = 90.000(0)� �22 6 k 6 22


b = 93.276 (3)� �25 6 l 6 22


c = 90.000(0)�
V = 6551.98 Å3 Refinement


Z = 8 Refinement on F2


Dx = 1.37 Mgm�3 R [F2 > 2r(F2)] = 0.092


Mo Ka, k = 0.71073 Å wR (F2) = 0.249


H = 0.998�–25.028� 5799 reflections


l = 0.17 mm�1 509 parameters


T = 293(2) K H-atom positions calculated


Prism and refined as riding model


0.3 · 0.4 · 0.5 mm w ¼ 1=½r2ðF 2
oÞ þ ð0:0861P Þ2


þ10:29P �
where P ¼ ðF 2


oÞ þ ð2F 2
cÞ=3


(D/r)mean = 0.000


(D/r)max = 0.000


Dqmax = 0.45 eÅ�3


Dqmin = �0.32 eÅ�3
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mimic the basic side chain of arginine. One family of
known uPA inhibitors contains either an amidine or a
guanidine group, and the crystal structures of several
of these inhibitors in complex with uPA have been
extensively studied,22–26 in search for new anticancer
drugs.


In this paper, we present the crystal structures of an
inhibitor containing a benzamidine group: Na-[4-toluene
sulfonyl]-D,LD,L-m-amidino-phenylalanyl-piperidine (3-
TAPAP) to examine the effect of different crystalline
environments on its conformation. 3-TAPAP has been
the lead structure for the development of large inhibitor
series, whose complexes with several serine proteinases
have been determined.27 One derivative (UKI-1D)22


has already finished the phase I of clinical trials. We de-
scribe preparation and the structure determinations of 3-
TAPAP picrate, as well as the crystal structure of 3-TA-
PAP in complex with the catalytic domain of uPA (bc-
uPA). The structural results concerning the conforma-
tion and hydrogen-bonding of 3-TAPAP in these two
environments are compared to each other, as well as
with the known structure of 3-TAPAP in complex with
trypsin.27


Preparation of 3-TAPAP picrate and crystal structure
determination. The Na-[4-toluene sulfonyl]-D,LD,L-m-ami-
dino-phenylalanyl-piperidine (3-TAPAP) was obtained
by the method described previously.28 Preparation of
3-TAPAP picrate was carried out by dissolving stoichi-
ometric amounts of 3-TAPAP hydrochloride and picric
acid in hot ethanol. After cooling, an amorphous yellow
salt precipitated, which after filtration was dissolved and
submitted to crystallization. Crystals suitable for X-ray
analysis were obtained from ethanol using a method of
slow evaporation of the solvent. Within 3 weeks, dark
yellow crystals appeared at 20 �C.


All diffraction data were collected using Kappa CCD
diffractometer and processed with HKL Denzo and
Scalepack.29 The structure was solved by use of the
SHELXS30 program, a final refinement was performed
by SHELXL97,31 and ORTEP was used for molecular
graphics.32 The crystal data, intensity measurement,
and refinement details are summarized in Table 1.


Preparation of bc-uPA–3-TAPAP complex, data collec-
tion, and structure refinement. The crystallization of
Cys122Ser mutant of the serine proteinase domain of
uPA (bc-uPA) in complex with benzamidine suitable
for soaking experiments has been described elsewhere.22


A crystal of this complex was soaked for one week at
4 �C in harvesting solution (0.125 M sodium citrate,
pH 5.2, 1 M (NH4)2SO4, and 1.25 M Li2SO4) containing
a suspension of the inhibitor 3-TAPAP. This crystal was
mounted in a capillary. X-ray data were collected at
16 �C using an image plate detector (Mar Research,
Germany) installed on a rotating anode generator (Rig-
aku, Japan) operating at 50 kV and 80 mA, and evaluat-
ed with the CCP4 program package.33 Starting
coordinates were taken from the bc-uPA-benzamidine
structure22 to obtain initial difference density for the
bound 3-TAPAP. A molecular model of the inhibitor

was constructed with HyperChem and built into the
electron density using �O.34 The structure was crystallo-
graphically refined using standard protocols of CNS35


and the Engh and Huber36 geometric restraints. Water
molecules were added into the density when well-defined
Fo � Fc density contoured at 2.5 r coincided with
2Fo � Fc density contoured at 1.0 r. Finally, individual
restrained B factors were refined, and the crystallo-
graphic weights were set to values, where the Rfree runs
through a shallow minimum. Data collection and refine-
ment statistics are given in Table 2.


3-TAPAP picrate. The projection of 3-TAPAP picrate
with its atom numbering is given in Figure 1. The asym-
metric unit consists of one molecule of the 3-TAPAP
cation, a picrate anion, and disordered water molecules.
The molecule of 3-TAPAP forms hydrogen bonds with
picrate ions. 3-TAPAP is a big molecule containing ben-
zamidine, 3-toluene, and piperidine groups.


The amidine group is protonated and conjugated with
benzene ring, which is suggested by the bond lengths
of C7-N5, C7-N4, and C7-C8, which are 1.307(5),
1.304(5), and 1.485(5) Å, respectively. In the earlier de-
scribed structures of benzamidine and benzdiamidine,
the amine groups are not protonated.37,38 The bond
lengths between carbon and nitrogen atoms in these
structures are 1.344(3), 1.294(3) Å, and 1.349(2),
1.283(2) Å, respectively. The localization of electrons
in a single and double C–N bond of the amidine group,
reported in Refs. 37 and 38, is not observed in our struc-
ture. The angle between the C7-N4 and C7-N5 bonds in
the amidine group of 3-TAPAP is 119.8(4)�, whereas in
the benzamidine and benzdiamidine structures its values
are 124.4(2)� and 119.5(1)�, respectively. The angle be-







Figure 1. Asymmetric unit of the unit cell of 3-TAPAP picrate together with atom numbering. Hydrogen atoms were omitted for clarity. Only one


(A) of two disordered piperidine rings and one of two disordered nitro-groups are labeled. Atomic displacement ellipsoids are drawn with 40%


probability.


Table 2. Crystal data, intensity measurement, and refinement details for bc-uPA–3-TAPAP


Space group P212121 Rfac 19.6%


Cell parameters Rfree 23.5%


a = 53.07 Å, b = 54.80 Å, c = 82.54 Å,


a = 90�, b = 90�, c = 90�
Resolution 2.0 Å RMSD bonds 0.006 Å


Range of last resolution shell 2.0–2.1 Å I/r(I): overall = 5.5, last shell = 1.9


Completeness (overall/last shell) 90.3/90.2 RMSD angles 1.20�
Multiplicity 2.4 No. of protein atoms/average B-factor 1952/25 Å2


Rmerge (overall) 10.7%,


Rmerge (for last resolution shell) 37.0% No. of inhibitor atoms/average B-factor 30/24 Å2


Number of unique reflections 14733 No. of solvent atoms/average B-factor 117/43 Å2


No. of sulfate ions/average B-factor 2/33 Å2
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tween the amidine and benzene planes of 19.60� in 3-
TAPAP is smaller than in the mentioned structures of
benzamidine and benzdiamidine, where the correspond-
ing angles are 27.71� and 24.52�, respectively.


The piperidine ring is clearly confined to one of two pos-
sible chair conformations. The displacement parameters
of this group indicate its possible disorder, so this ring
was refined in two positions resulting in an occupation
factor of 0.5.


The conformation of picrate is comparable with those
observed in other known structures. The ortho-NO2


groups are not coplanar with the benzene ring. One of
them (N1, O2, and O3) has significant atom displace-
ment parameters, indicating its possible disorder and
this group was refined in two positions resulting in occu-
pation factors of 0.7 and 0.3. The torsion angles C1-C2-
N1A-O2A, C1-C2-N1B-O2B, and C1-C6-N3-O7 are
�41.5(2)�, 74(4)�, and �15.6(7)�, respectively. The bond
angles C1-C2-C3 and C1-C6-C5 are much larger than
120�, their values being 125.7(4)� and 123.4�, respective-
ly, while the bond angle C2-C1-C6 was found to de-
crease to the value of 111.4(4)�. These observations are
in agreement with the correlations, which Szumna
et al.39 found for the picrate ion in structures retrieved

from the Cambridge Structural Database. According
to these authors, the deviation from planarity of the
ortho-nitro groups is a consequence of repulsion be-
tween the phenolate and nitro oxygen atoms, and the
simultaneous attraction of a partially positively charged
nitrogen atom.


3-TAPAP picrate crystallizes with two water molecules
which are disordered and their oxygen atoms were re-
fined in seven positions with site occupation factors in
the range between 0.2 and 0.4.


The packing of the molecules in the unit cell can be char-
acterized by intermolecular interactions listed in Table 3
and shown in Figure 2A. The hydrogen atoms, H4A and
H5A, of the nitrogens N4 and N5 of the amidine group
are engaged in two kinds of intermolecular hydrogen
bonds. Both protons are donated to the oxygen, O1,
of the phenolate leading to formation of the canonical
salt bridge. H4A and H5A are additionally shared by
the oxygen atoms of the ortho-nitro groups, that is, by
O3 (disordered) and O7, respectively. Thus, the hydro-
gen bonds, in which H4A and H5A take part, may be
treated as bifurcated. The other hydrogen atoms, H4B
and H5B of the amidine group, are donated, respective-
ly, to the oxygen atoms, O9 of the sulfonyl group and to







Figure 3. Stereo view of four 3-TAPAP picrate molecules showing


their mutual packing. The disordered piperidine and nitro groups are


not shown.


Figure 4. Ribbon representation of bc-uPA in complex with 3-TAPAP


(yellow).


Figure 2. Patterns of hydrogen bonds formed by 3-TAPAP molecule


in the structures of: (A) picrate, (B) bc-uPA complex. The hydrogen


bonds are shown with broken lines with the distances of the interacting


atoms given in Å.


Table 3. The hydrogen bond parameters


D–H d(D–H) (Å) d(H..A) (Å) <DHA (�) d(D..A) (Å) A Symmetry codes


N5–H5B 0.824 2.042 165.76 2.848(6) O10 �x, y � 1/2, �z + 1/2


N5–H5A 0.800 2.019 147.71 2.729(5) O1


N5–H5A 0.800 2.518 139.01 3.166(6) O7


N4–H4A 0.860 2.091 143.03 2.826(5) O1


N4–H4A 0.860 2.519 145.76 3.266(13) O3A


N4–H4A 0.860 2.609 141.16 3.32(4) O3B


N4–H4B 0.860 2.172 163.34 3.006(5) O9 x �1/2, �y, z


N6–H6 0.860 2.214 163.54 3.048(5) O7 �x, y + 1/2, �z + 1/2
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O10 of the carbonyl group of another molecule. The
nitrogen atom, N6, forms also an intermolecular hydro-
gen bond with O7 of the ortho-nitro group.


The arrangement of the molecules in the unit cell is
dominated by the intermolecular hydrogen bonds, but
it is also stabilized by stacking interaction between pic-

rate ions (Fig. 3). An interesting feature is a system of
channels parallel to x axis containing disordered clusters
of water molecules.


The bc-uPA–3-TAPAP complex. The complex of bc-
uPA with 3-TAPAP has been obtained in the crystal
by the exchange of benzamidine. When we calculated
difference electron density maps from data sets taken
with 3-TAPAP soaked crystals, the inhibitor was clearly
visible (see Fig. 5).


bc-uPA is a spherical molecule consisting of two op-
posed six-stranded b-barrels (Fig. 4), similar to other
trypsin-like catalytic domains of serine proteinases.







Figure 5. Stereo view of 3-TAPAP (blue) in the active site of bc-uPA
(yellow). The Fo-Fc map contoured at 1r around the inhibitor and


calculated after extensive annealing of the structure with the inhibitor


omitted is shown. The hydrogen bonds are shown with dashed black


lines.


Figure 6. 3-TAPAP molecules in picrate (pick) and in the bc-uPA
complex (yellow) with their benzene rings of benzamidine group


overlapped. The disordered atoms are not shown.
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The inhibitor fills the active site that is located at the
junction between both barrels of the catalytic domain
of bc-uPA, with only a few hydrogen bonds to the pro-
tein (Fig. 5).


The benzamidine group binds to the S1 specificity pock-
et and forms the canonical salt bridge with the carbox-
ylate of Asp189, as well as hydrogen bonds with the
carbonyl oxygen of Gly219 and Oc of Ser190. The oxy-
gen atom of the sulfonyl group forms a hydrogen bond
with the nitrogen atom of Gly219, and the neighboring
nitrogen atom, N6, forms a hydrogen bond with the
oxygen atom of Gly216. The described hydrogen bonds
together with the donor–acceptor distances are shown in
Figure 2B. The piperidine ring is placed between the tol-
uene and the imidazole ring of His57. The oxyanion hole
is occupied by a sulfate anion from the solvent.


Comparison of 3-TAPAP conformation in different struc-
tures. The binding mode of 3-TAPAP in complex with
uPA is similar to that of the 3-TAPAP in complex with
trypsin.27 3-TAPAP is a 45-fold better inhibitor of tryp-
sin (Ki = 1.2 lM) in comparison to uPA (Ki = 55 lM),
and a 100-fold better inhibitor in comparison to tPA
(Ki = 120 lM). The oxygen atom of the carbonyl group
of 3-TAPAP in complex with trypsin forms a hydrogen
bond with the nitrogen atom of Gly216, which we do
not observe in the complex with uPA. In our structure,
the inhibitor is further apart from the polypeptide chain
and the carbonyl group has another orientation. This
distance is in accordance with the presence of His99 in
the structure of uPA instead of Leu99, which occurs in
the structure of trypsin. Consequencely, the piperidine
ring of the inhibitor has less room in the S2 pocket.
On the basis of these observations, we can postulate that
the lack of hydrogen bond between the carbonyl group
of the inhibitor and peptide chain of protein is responsi-
ble for the weaker binding of 3-TAPAP to uPA in com-
parison to trypsin. uPA as well as trypsin have Ser190,
but tPA has Ala190 instead of this amino acid residue.
The hydroxyl group of Ser190 forms the hydrogen
bonds with the inhibitor in uPA which is not possible
in tPA. Therefore, the still weaker binding of 3-TAPAP
to tPA seems to be caused by the lack of the hydrogen
bond between Ala190 and the inhibitor.

The conformation of 3-TAPAP in the complex with bc-
uPA has been compared to its conformation in 3-TA-
PAP picrate, which is shown in Figure 6. In this figure,
the molecules are overlaid with their benzamidine
groups positioned in the same plane. The distance be-
tween the asymmetric carbon atoms is 0.6 Å.


The orientation of the toluene and piperidine groups dif-
fers from each other. The toluene group in the picrate
has hydrophobic contact with the benzamidine group,
the distances between atoms of both groups being 3.6–
4.3 Å. Similar orientation of the toluene group in the
complex with protein is impossible, because in its place
there is a polypeptide chain (amino acids 214–216). This
difference leads to another orientation of the piperidine
group. In the molecule of 3-TAPAP, there is freedom to
rotate around the bonds C14-C15, C15-N6, and C15-
C23, which enables the change of the conformation of
the inhibitor, so that the binding to protein is more
effective.


Comparison of the hydrogen-bonding patterns in the
structure of 3-TAPAP picrate and in the structure of
3-TAPAP in its complex with uPA (Fig. 2) shows that
in both structures the same inhibitor atoms are involved
in a similar way in the formation of the intermolecular
hydrogen bonds.


By the inspection of crystal structures of TAPA deriv-
atives it became obvious that these inhibitors display
high potency despite a relatively small number of polar
interactions with the protein binding partners and
overall small hydrophobic interaction surface. This
controversy could be explained by the hydrophobic
collapse of these inhibitors in solution in a way that
the conformation finally recognized by the enzyme is
preformed in solution. Collapsed structures, which
would enhance the energy gain upon binding because
entropically the conformational freedom is already re-
duced, were claimed by Ranatus et al.40 for TAPAP-
like molecules. These authors postulated folding of
the inhibitor molecules in solution around their hydro-
phobic cores, i.e., hydrophobic collapse of the N- and
C-terminal groups. Theoretical considerations of such
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possibility were carried out by Lamb et al.41 for a 3-
TAPAP-similar compound, which is an inhibitor of
FK506 binding protein. Simulation of this molecule
conformational behavior in its unbound state in solu-
tion and in its bound state in the complex with the pro-
tein showed that the overall shapes of the inhibitor in
both situations are comparable. According to the mod-
el obtained by Lamb et al., the aromatic ring and two
aliphatic rings (one of them containing nitrogen atom)
of this inhibitor had similar mutual orientations in
solution and at the protein active site, the latter con-
firmed by crystal structure determination. Since, as
far as the authors know, any studies of 3-TAPAP con-
formation in solution have not been performed, the
question if it resembles the one in uPA–3-TAPAP com-
plex cannot be directly answered. On the other hand,
according to calculations with several optimization
algorithms,42 the global minimum conformation of 3-
TAPAP was found to be relatively far (approximately
4.2 Å) from that determined in the crystal structure
of its complex with trypsin.27 In this connection, the
shape of 3-TAPAP molecule observed in its crystalline
complex with picrate showed that there exists at least
one convincing conformation in an alternative hydro-
phobic collapse, in which the aromatic benzamidine
moiety interacts with the toluene group and not with
the aliphatic piperidine group.
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David Beer, Siew Pheng Lim, Subhash G. Vasudevan and Thomas H. Keller


Substrate-based tetrapeptide inhibitors with various warheads were designed, synthesized, and evaluated against the Dengue virus


NS3 protease. Effective inhibition was achieved by peptide inhibitors with electrophilic warheads such as aldehyde, trifluoromethyl


ketone, and boronic acid. A boronic acid has the highest affinity, exhibiting a Ki of 43 nM.


Peptide inhibitors of dengue virus NS3 protease. Part 2: SAR study
of tetrapeptide aldehyde inhibitors


pp 40–43


Zheng Yin,* Sejal J. Patel, Wei-Ling Wang, Wai-Ling Chan,
K. R. Ranga Rao, Gang Wang, Xinyi Ngew, Viral Patel, David Beer,
John E. Knox, Ngai Ling Ma, Claus Ehrhardt, Siew Pheng Lim,
Subhash G. Vasudevan and Thomas H. Keller


With the aim of discovering potent and selective dengue NS3 protease inhibitors,


we systematically synthesized and evaluated a series of tetrapeptide aldehydes based


on lead aldehyde 1 (Bz-Nle-Lys-Arg-Arg-H, Ki = 5.8 lM). In general, we observe


that interactions of P2 side chain are more important than P1 followed by P3 and P4.


Tripeptide and dipeptide aldehyde inhibitors also show low micromolar activity.


Additionally, an effective non-basic, uncharged replacement of P1 Arg is identified.


Synthesis and biological activity of novel 4-phenyl-1,8-naphthyridin-2(1H)-on-3-yl ureas:
Potent acyl-CoA:cholesterol acyltransferase inhibitor with improved aqueous solubility


pp 44–48


Hitoshi Ban,* Masami Muraoka, Katsuhisa Ioriya and Naohito Ohashi
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The synthesis and structure–activity relationships of 4-aryl-1,8-naphthyridin-2(1H)-on-3-yl urea derivatives with hydrophilic groups


are described as a novel potent ACAT inhibitor.
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Synthesis of the PPARb/d-selective agonist GW501516 and C4-thiazole-substituted analogs pp 49–54


Raquel Pereira, Claudine Gaudon, Beatriz Iglesias, Pierre Germain,
Hinrich Gronemeyer and Angel R. de Lera*
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Crystal structure of human ERK2 complexed with a
pyrazolo[3,4-c]pyridazine derivative


pp 55–58


Takayoshi Kinoshita,* Masaichi Warizaya, Makoto Ohori,
Kentaro Sato, Masahiro Neya and Takashi Fujii
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A series of pyrazolopyridazine compounds were briefly investigated as ERK2


inhibitors. The crystal structure of ERK2 complexed with the allyl derivative provides


structural insight which could be used in the design of more potent ERK2 inhibitors.


3-Substituted indolizine-1-carbonitrile derivatives as phosphatase inhibitors pp 59–63


Timo Weide, Lars Arve, Heino Prinz, Herbert Waldmann and Horst Kessler*
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The solid-phase supported synthesis and antiphosphatase activity of a series of indolizines are reported.


p38 MAP kinase inhibitors: Metabolically stabilized piperidine-substituted quinolinones and
naphthyridinones


pp 64–68


Jianming Bao,* Julianne A. Hunt,* Shouwu Miao, Kathleen M. Rupprecht,
John E. Stelmach, Luping Liu, Rowena D. Ruzek, Peter J. Sinclair,
James V. Pivnichny, Cornelis E.C.A. Hop, Sanjeev Kumar, Dennis M. Zaller,
Wesley L. Shoop, Edward A. O�Neill, Stephen J. O�Keefe, Chris M. Thompson,
Rose M. Cubbon, Ruixiu Wang, Wen Xiao Zhang, James E. Thompson
and James B. Doherty


Quinolinones and naphthyridinones with C7 N-t-butyl piperidine substituents were found to be potent p38 MAP kinase inhibitors.


These compounds significantly suppress TNF-a release in both cellular and LPS-stimulated whole blood assays. They also displayed


excellent PK profiles across three animal species. Quinolinone 4f at 10 mpk showed comparable oral efficacy to that of


dexamethasone at 1 mpk in a murine collagen-induced arthritis model.
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Hexylitaconic acid: A new inhibitor of p53–HDM2
interaction isolated from a marine-derived fungus, Arthrinium sp.


pp 69–71


Sachiko Tsukamoto,* Takushi Yoshida, Hidetaka Hosono, Tomihisa Ohta and Hideyoshi Yokosawa


())-Hexylitaconic acid (1), a new inhibitor of p53–HDM2 interaction, was isolated from a culture of marine-derived fungus,


Arthrinium sp. Compound 1 is the second inhibitor isolated from natural resources.


Pyrazole CCK1 receptor antagonists. Part 1: Solution-phase
library synthesis and determination of Free–Wilson additivity


pp 72–76


Kelly McClure, Michael Hack, Liming Huang, Clark Sehon, Magda Morton, Lina Li,
Terrance D. Barrett, Nigel Shankley and J. Guy Breitenbucher*
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Pyrazole CCK1 receptor antagonists. Part 2: SAR studies by solid-phase library synthesis and
determination of Free–Wilson additivity


pp 77–80


Clark Sehon, Kelly McClure, Michael Hack, Magda Morton, Laurent Gomez, Lina Li,
Terrance D. Barrett, Nigel Shankley and J. Guy Breitenbucher*
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Safrole oxide induces apoptosis by activating caspase-3, -8, and -9 in A549 human lung cancer cells pp 81–83


AiYing Du, BaoXiang Zhao,* DeLing Yin, ShangLi Zhang and JunYing Miao*


Safrole reacted with 3-chloroperoxybenzoic acid (mCPBA) in chloroform to yield 3,4-(methylenedioxy)-1-(20,30-


epoxypropyl)-benzene (safrole oxide). Safrole oxide induced apoptosis in A549 human lung cancer cells by activating


caspase-3, -8, and -9.
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NBD-labeled derivatives of the immunomodulatory drug FTY720
as tools for metabolism and mode of action studies


pp 84–87


Peter Ettmayer,* Thomas Baumruker, Danilo Guerini, Diana Mechtcheriakova,
Peter Nussbaumer, Markus B. Streiff and Andreas Billich
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Fluorescent derivatives 1a-d
n = 4,6,8,11


NBD n


Fluorescently labeled bioactive analogs of FTY720 and its


phosphate with variable aliphatic spacers between the aromatic ring


and the NBD label have been synthesized. Efficient phosphorylation


in vitro, in vivo as well as signaling via the S1P receptors were


demonstrated for the octanyl and undecanyl derivatives.


The first de novo designed inhibitors of Plasmodium falciparum
dihydroorotate dehydrogenase


pp 88–92


Timo Heikkilä, Srinath Thirumalairajan, Matthew Davies,
Mark R. Parsons, A. Glenn McConkey, Colin W. G. Fishwick*


and A. Peter Johnson*


The de novo molecular design program SPROUT has been applied to


the X-ray crystal structures of Plasmodium and human dihydroorotate


dehydrogenase, respectively. The resulting design templates were used to


prepare a series of molecules which, in keeping with predictions, showed


useful levels of species-selective enzyme inhibition.


Analogues of N-terminal truncated synthetic peptide fragments derived from RANTES
inhibit HIV-1 infectivity


pp 93–95


Emabelle J. Ramnarine, Anthony L. DeVico and Sandra C. Vigil-Cruz*
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Ac-Tyr-Ser-Ser-Asp-Thr-Thr-Pro-Ala-Ala-Phe-Ala-Tyr-NH2


AA314


In a preliminary screening assay, several small peptide fragments derived from RANTES retained anti-HIV activity despite


N-terminal truncation, with AA314 exhibiting anti-HIV activity at 10 nM.


Scaffold oriented synthesis. Part 1: Design, preparation, and biological evaluation of thienopyrazoles as
kinase inhibitors


pp 96–99


Irini Akritopoulou-Zanze,* Daria Darczak, Kathy Sarris, Kathleen M. Phelan,
Jeffrey R. Huth, Danying Song, Eric F. Johnson, Yong Jia and Stevan W. Djuric
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We report the synthesis of kinase targeted libraries based on the thienopyrazole scaffold. Several thienopyrazole analogs have been


identified as submicromolar inhibitors of KDR.
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Tetrahydrobenzothiophene inhibitors of hepatitis C virus NS5B polymerase pp 100–103


M. G. LaPorte,* T. A. Lessen, L. Leister, D. Cebzanov, E. Amparo, C. Faust, D. Ortlip,
T. R. Bailey, T. J. Nitz, S. K. Chunduru, D. C. Young and C. J. Burns
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A series of tetrahydrobenzothiophenes have been prepared and identified as potent inhibitors of HCV NS5B polymerase. R = 6,6-


Dimethyl, R0 = CONHSO2Ar.


The design, synthesis, and evaluation of two universal doxorubicin-linkers:
Preparation of conjugates that retain topoisomerase II activity


pp 104–107


Chengzao Sun,* Simon E. Aspland, Carlo Ballatore, Rosario Castillo, Amos B. Smith, III*


and Angelo J. Castellino*
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Two universal DOX-linkers were synthesized, which in turn allowed the parallel preparation of DOX conjugates that retain


topoisomerase II activity.


Design and preparation of 2-benzamido-pyrimidines as inhibitors of IKK pp 108–112


Rudolf Waelchli,* Birgit Bollbuck, Christian Bruns, Thomas Buhl, Jörg Eder, Roland Feifel,
Rene Hersperger, Philipp Janser, Laszlo Revesz, Hans-Günter Zerwes and Achim Schlapbach
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A series of 4-substituted 2-benzamido-pyrimidines has been synthesized and evaluated for their IKK2 inhibitory activities.


Biological evaluation of 1-alkyl-3-phenylthioureas as orally active HDL-elevating agents pp 113–117


Gary M. Coppola,* Robert E. Damon, J. Bruce Eskesen, Dennis S. France and James R. Paterniti, Jr.
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A series of 1-alkyl-3-phenylthioureas were evaluated as HDL- and Apo A-I-elevating and triglyceride-lowering agents. Analogue 8d


(HDL376) raises HDL cholesterol in rat, hamster, dog, and monkey models.
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Discovery of A-770041, a src-family selective orally active lck inhibitor that
prevents organ allograft rejection


pp 118–122


Andrew Burchat, David W. Borhani, David J. Calderwood,* Gavin C. Hirst,*


Biqin Li and Robert F. Stachlewitz
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A-770041


We describe the identification, SAR, and pharmacology of the src-family selective lck inhibitor A-770041 that prolongs the survival


of major histocompatibility mismatched allografts in models of solid organ transplant rejection for greater than 65 days.


Discovery, SAR, and X-ray structure of novel biaryl-based dipeptidyl peptidase IV inhibitors pp 123–128


Lei Qiao, Christian A. Baumann, Carl S. Crysler, Nisha S. Ninan, Marta C. Abad,
John C. Spurlino, Renee L. DesJarlais, Jukka Kervinen, Mike P. Neeper,
Shariff S. Bayoumy, Robyn Williams, Ingrid C. Deckman, Malini Dasgupta,
Rolanda L. Reed, Norman D. Huebert, Bruce E. Tomczuk
and Kevin J. Moriarty*
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The discovery, SAR, and X-ray crystal structure of novel biarylami-


noacyl-(S)-2-cyano-pyrrolidines and biarylaminoacylthiazolidines as


potent inhibitors of dipeptidyl peptidase IV (DPP IV) are reported.


Synthesis of a novel biotin-tagged photoaffinity probe for VEGF receptor tyrosine kinases pp 129–133


Sun-Young Han, Seok-Soon Park, Woo Ghil Lee, Yong Ki Min* and Bum Tae Kim
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A novel biotin-tagged photoaffinity probe (2) was synthesized and evaluated as a vascular endothelial


growth factor receptor-2 (VEGFR-2) tyrosine kinase inhibitor.


Design and synthesis of downsized metastin (45–54) analogs with maintenance of high GPR54 agonistic
activity


pp 134–137


Ayumu Niida, Zixuan Wang, Kenji Tomita, Shinya Oishi, Hirokazu Tamamura,
Akira Otaka, Jean-Marc Navenot, James R. Broach, Stephen C. Peiper and Nobutaka Fujii*
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New metabolically stable fatty acid amide ligands of cannabinoid receptors: Synthesis and
receptor affinity studies


pp 138–141


Paolo Urbani, Paolo Cavallo, Maria Grazia Cascio, Mariafrancesca Buonerba,
Giovanni De Martino, Vincenzo Di Marzo* and Carmela Saturnino
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UP70 (CB1 Ki = 0.3 µM; CB2 Ki = 5.1 µM)


Thirty-five novel stable fatty acid amide ligands selective for cannabinoid CB1 receptors are reported, including


some tertiary amides of arachidonic acid.


The structure–activity relationships of mansonone F, a potent anti-MRSA sesquiterpenoid quinone:
SAR studies on the C6 and C9 analogs


pp 142–145


Young-Ger Suh,* Sun Nam Kim, Dong-Yun Shin, Soon-Sil Hyun, Do-Sang Lee,
Kyung-Hoon Min, Sae Mi Han, Funan Li, Eung-Chil Choi and Seong-Hak Choi


For the systematic SAR study on mansonone F, a series of C6 and C9 analogs of mansonone F have been synthesized and their anti-


MRSA activities were evaluated. Most of the analogs exhibited good or excellent anti-MRSA activities. In particular, the 6-n-butyl


mansonone F showed fourfold higher antibacterial activities compared to that of vancomycin.


4-Phenyl-4-[1H-imidazol-2-yl]-piperidine derivatives, a novel class of selective d-opioid agonists pp 146–149


Andrés A. Trabanco,* Shirley Pullan, José M. Alonso, Rosa M. Alvarez, José I. Andrés,
Inge Boeckx, Javier Fernández, Antonio Gómez, Laura Iturrino, Frans E. Janssens,
Joseph E. Leenaerts, Ana I. De Lucas, Encarna Matesanz, Theo Meert and Thomas Steckler
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A new chemical class of selective d-opioid agonists based on the 4-phenyl-4-[1H-imidazol-2-yl]-piperidine scaffold is reported.


A highly selective d agonist (18a, EC50 = 14 nM) was identified.


3-Arylpiperazinylethyl-1H-pyrrolo[2,3-d]pyrimidine-2,4(3H,7H)-dione derivatives as novel,
high-affinity and selective a1-adrenoceptor ligands


pp 150–153


Valeria Pittalà,* Giuseppe Romeo, Loredana Salerno, Maria Angela Siracusa, Maria Modica,
Luisa Materia, Ilario Mereghetti, Alfredo Cagnotto, Tiziana Mennini,
Gabriella Marucci, Piero Angeli and Filippo Russo
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The discovery of a new series of selective and high-affinity a1-adrenoceptor (a1-AR) ligands, characterized by a 1H-pyrrolo[2,3-


d]pyrimidine-2,4(3H,7H)-dione system, is described in this paper.
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Photoreactive threading agent that specifically binds to abasic sites in DNA pp 154–157


Alain Martelli, Muriel Jourdan, Jean-François Constant,* Martine Demeunynck* and Pascal Dumy
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The synthesis and DNA binding of an acridine photoreactive agent are described.


Affinity identification of d-opioid receptors using latex nanoparticles pp 158–161


Makoto Hasegawa, Hiroshi Ohno, Hiroshi Tanaka, Mamoru Hatakeyama, Haruma Kawaguchi,
Takashi Takahashi* and Hiroshi Handa*
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The synthesis of three types of nanoparticles carrying naltrindole derivatives and their use as probes for the affinity isolation of the


d-opioid receptor are described.


A novel class of potent influenza virus inhibitors: Polysubstituted acylthiourea and its fused
heterocycle derivatives


pp 162–166


Chuanwen Sun,* Hai Huang, Meiqing Feng, Xunlong Shi, Xiaodong Zhang and Pei Zhou*
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16  IC50 =0.08 µM                                                50 IC50 = 0.09 µM


A series of polysubstituted and fused heterocycle derivatives of acylthiourea was prepared and shown to be a novel class of highly


potent and selective inhibitors of influenza virus. Derivatives 16 and 50 were further investigated as potential candidates for future


development.


New 7,8-ethylenedioxy-2,3-benzodiazepines as noncompetitive AMPA receptor antagonists pp 167–170


Maria Zappalà, Alessia Pellican, Nicola Micale,* Frank S. Menniti, Guido Ferreri,
Giovambattista De Sarro, Silvana Grasso and Carlo De Micheli
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Synthesis, anticonvulsant activity and AMPA receptor affinity of 1-aryl-3,5-dihydro-7,8-ethylenedioxy-4H-2,3-benzodiazepin-4-


ones (2a–f) are reported.
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Synthesis and biological evaluation of novel heterocyclic quinones as inhibitors of the dual specificity protein
phosphatase CDC25C


pp 171–175


Olivier Lavergne,* Anne-Cécile Fernandes, Laetitia Bréhu, Alban Sidhu,
Marie-Christine Brézak, Grégoire Prévost, Bernard Ducommun and Marie-Odile Contour-Galcera
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Pulvinones as bacterial cell wall biosynthesis inhibitors pp 176–180


Schuyler Antane,* Craig E. Caufield, William Hu, David Keeney, Pornpen Labthavikul,
Koi Morris, Shaughnessy M. Naughton, Peter J. Petersen, Beth A. Rasmussen,
Guy Singh and Youjun Yang


R2
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pulvinones


Pulvinones were synthesized (>180) in arrays and evaluated as inhibitors of early stage cell wall


biosynthesis enzymes MurA–MurD. Several pulvinones inhibited Mur enzymes with IC50�s in the 1–10


lg/mL range and demonstrated antibacterial activity against Gram-positive bacteria including


methicillin-resistant Staphyloccus aureus, vancomycin-resistant Enterococcus faecalis, and penicillin-


resistant Streptococcus pneumoniae.


C8c–C15 monoseco-analogues of the phenanthroquinolizidine alkaloids julandine and cryptopleurine
exhibiting potent anti-angiogenic properties


pp 181–185


Martin G. Banwell,* Anna Bezos, Christopher Burns, Irma Kruszelnicki,
Christopher R. Parish, Stephen Su and Magne O. Sydnes
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cryptopleurine
(a potent cytotoxic agent)


C8c-C15 monoseco-analogue
(a weakly cytotoxic but potent


 anti-angiogenic agent)


Hydroxylated analogues of the orally active broad spectrum antifungal, Sch 51048 (1), and the
discovery of posaconazole [Sch 56592; 2 or (S,S)-5]


pp 186–190


Frank Bennett,* Anil K. Saksena, Raymond G. Lovey, Yi-Tsung Liu, Naginbhai M. Patel, Patrick Pinto,
Russel Pike, Edwin Jao, Viyyoor M. Girijavallabhan, Ashit K. Ganguly, David Loebenberg, Haiyan Wang,
Anthony Cacciapuoti, Eugene Moss, Fred Menzel, Roberta S. Hare and Amin Nomeir
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Macrocyclic peptidomimetic inhibitors of b-secretase (BACE):
First X-ray structure of a macrocyclic peptidomimetic-BACE complex


pp 191–195


Isabel Rojo,* José Alfredo Martı́n, Howard Broughton, David Timm,
Jon Erickson, Hsiu-Chiung Yang and James R. McCarthy
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The synthesis of novel macrocyclic peptidomimetic inhibitors of BACE1 is


described. These macrocycles are derived from a hydroxyethylene core


structure. Compound 7 was co-crystallized with BACE1 and the X-ray


structure of the complex elucidated at 1.6 Å resolution. This molecule inhibits


the production of the Ab peptide in HEK293 cells overexpressing APP751sw.


Synthesis and preliminary biological evaluation of (2S,10R,20S)- and (2S,10S,20R)-2-(20-
phosphonocyclopropyl)glycines, two novel conformationally constrained LL-AP4 analogues


pp 196–199


Laura Amori, Michaela Serpi, Maura Marinozzi, Gabriele Costantino,
Monica Gavilan Diaz, Mette Brunsgaard Hermit, Christian Thomsen and Roberto Pellicciari*
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Identification and initial evaluation of 4-N-aryl-[1,4]diazepane ureas as potent CXCR3 antagonists pp 200–203


Andrew G. Cole,* Ilana L. Stroke, Marc-Raleigh Brescia, Srilatha Simhadri,
Joan J. Zhang, Zahid Hussain, Michael Snider, Christopher Haskell, Sofia Ribeiro,
Kenneth C. Appell, Ian Henderson and Maria L. Webb
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The synthesis and evaluation of 4-N-aryl-[1,4]diazepane ureas as CXCR3 antagonists are reported.


Optimization of CCR4 antagonists: Side-chain exploration pp 204–207


Ashok V. Purandare,* Honghe Wan, Aiming Gao, John Somerville, Christine Burke,
Wayne Vaccaro, XiaoXia Yang, Kim W. McIntyre and Michael A. Poss
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The design, synthesis, and activity of novel and selective small molecule antagonists of the CC chemokine receptor-4 (CCR4) are


presented. Compound 8c was efficacious in a murine allergic inflammation model.
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In vitro photo-release of a TRPV1 agonist pp 208–212


James L. Carr, Kerrie N. Wease, Michael P. Van Ryssen, Suzanne Paterson, Ben Agate,
Katherine A. Gallagher, C. Tom A. Brown, Roderick H. Scott and Stuart J. Conway*


Intracellular photolysis of a novel �caged� capsaicin analogue results in in vitro activation of the capsaicin receptor TRPV1.


Modular polyketide synthases: Investigating intermodular communication
using 6 deoxyerythronolide B synthase module 2


pp 213–216


David A. Moffet, Chaitan Khosla and David E. Cane*


Co-incubation of two engineered variants of 6-deoxyerythronolide B synthase


module 2 designed to communicate with one another results in inhibition of


catalytic processing of free substrate by the downstream, acceptor module. This


inhibition was relieved when a catalytically inactive form of the upstream,


donor module was used.


Synthesis and monoamine transporter affinity of new 2b-carbomethoxy-3b-[aryl or
heteroaryl]phenyltropanes


pp 217–220


Gilles Tamagnan,* David Alagille, Xing Fu, Nora S. Kula, Ross J. Baldessarini,
Robert B. Innis and Ronald M. Baldwin
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A series of 16 new 2b-carbomethoxy-3b-[aryl or heteroaryl]phenyltropane derivatives was synthesized and evaluated for binding to


monoamine transporters. Most of the compounds exhibited subnanomolar affinity for the serotonin transporter (SERT).


Synthesis and biological evaluation of novel C (7) modified chrysin analogues as antibacterial agents pp 221–224


K. Suresh Babu, T. Hari Babu, P. V. Srinivas, K. Hara Kishore,
U. S. N. Murthyand J. Madhusudana Rao*


A series of 7-O-alkyl amino derivatives of chrysin were prepared and


their antibacterial potential is studied.
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Design, synthesis, and biological evaluation of the N-diarylalkenyl-piperidinecarboxylic acid
derivatives as GABA uptake inhibitors (I)


pp 225–227


Jianbin Zheng, Ren Wen,* Xiaomin Luo, Guoqiang Lin, Jiange Zhang,
Linfeng Xu, Lihe Guo and Hualiang Jiang


Twenty novel N-diarylalkenyl-piperidinecarboxylic acid derivatives were synthesized
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Abstract—A series of synthetic peptide fragments derived from RANTES were designed, synthesized, and evaluated to determine
the effect of N-terminal truncation on the ability of the lead compound Ac[Ala10,11]RANTES-(1–14)NH2 to inhibit HIV-1 infectiv-
ity. Both the lead compound and the truncated analogue Ac[Ala10,11]RANTES-(3–14)NH2 were able to significantly inhibit HIV-1
infectivity. These results suggest that a small synthetic peptide may be able to mimic RANTES and have the ability to prevent trans-
mission of HIV-1.
� 2005 Elsevier Ltd. All rights reserved.

RANTES (regulated upon activation, normal T-cell ex-
pressed and secreted) is a potent CC-chemokine which
activates leukocytes including T-lymphocytes and medi-
ates chemotaxis in inflammatory processes.1 RANTES,
macrophage inflammatory protein (MIP)-1a, and
(MIP)-1b hinder human immunodeficiency virus type-1
(HIV-1) infection by competing with the virus for binding
to the CC-chemokine receptor 5 (CCR5), thereby inhibit-
ing HIV-1 env-mediated membrane fusion.2–4 Although
the HIV-1 blocking proteins are CCR5 agonists, initia-
tion of signal transduction is not required for co-receptor
function by CCR5.5 Mapping of RANTES using peptide
fragments have shown that the most pronounced chemo-
tactic activity is in the amino-terminal region of the pro-
tein6 which is also one of the regions of RANTES
associatedwith the ability to inhibitHIV-1 entry into host
cells.7 Limited structure–activity relationship studies on
the anti-HIV activity of RANTES fragments has been
reported.7–10 Ac[Ala10]RANTES-(1–10)NH2 and
Ac[Ala10,11]RANTES-(5-14)NH2 were first reported to
have anti-HIV activity, with the former being reported
as having an almost fourfold higher activity than the lat-
ter.8 In screening RANTES analogues to determine opti-
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mal peptide length, we found considerable anti-HIV
activity for the lead compound Ac[Ala10,11]RANTES-
(1-14)NH2.


9 Our goal was to synthesize and evaluate
N-terminal truncated analogues of this active peptide to
better understand which residues were responsible for
the loss of activity between Ac[Ala10]RANTES-(1-
10)NH2 and Ac[Ala10,11]RANTES-(5-14)NH2. Blocking
the charge at both termini of the peptide fragments ap-
pears to be important for anti-HIV activity as does having
residues with hydrogen bonding capability in the N-ter-
minus of the peptide.10


Figure 1 shows the structure of the lead compound
Ac[Ala10,11]RANTES-(1–14)NH2, AA114. The ana-
logues were designed to sequentially truncate the first
four amino acid residues from the N-terminus. In all
of the analogues synthesized for this study, the adjacent
Cys10,11 residues were replaced by Ala to avoid unwant-
ed disulfide bond formation.


Synthesis. Thepeptideswere synthesized as previously de-
scribed9 on the Pioneer Peptide Synthesis System using
the standard solid-phase Fmoc/HATU (O-(7-aza-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluor-

Ac-Ser-Pro-Tyr-Ser-Ser-Asp-Thr-Thr-Pro-Ala-Ala-Phe-Ala-Tyr-NH2


Figure 1. Amino acid sequence of Ac[Ala10,11]RANTES-(1-14)NH2,


AA114.
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Table 1. Anti-HIV-1 activity screening of N-terminal truncated


analogues of AA114


Observed effect


Analogues 10 lM 10 nM


Ac[Ala10,11]RANTES-(1-14)NH2, AA114 + +


Ac[Ala10,11]RANTES-(2-14)NH2, AA214 � �
Ac[Ala10,11]RANTES-(3-14)NH2, AA314 + +


Ac[Ala10,11]RANTES-(4-14)NH2, AA414 + �
Ac[Ala10,11]RANTES-(5-14)NH2, AA514 + �
[Ala10]RANTES-(1-10)NH2 � �
RANTESa +


aRANTES was tested at a concentration of 2 lg/mL (250 nM). The


high concentration of RANTES was used to determine the maximum


reduction in p24 antigen.
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ophosphate) chemical protocol with a fourfold excess of
Fmoc-amino acid relative to the resin. The peptides were
assembled on an Fmoc-PAL-PEG-PS [Na-9-fluorenyl-
methoxycarbonyl-5-(4-aminomethyl-3,5-dimethoxyphen
oxy) valeric acid–polyethylene glycol–polystyrene] resin
using 20% piperidine in N,N-dimethylformamide
(DMF) as the deblocking agent, and HATU and N,N-
diisopropylethylamine (DIEA) as the coupling reagents.
The N-terminus was acetylated with 1.0 M 1-acetylimi-
dazole, and the side-chain protecting groups and pep-
tide–resin bonds were then cleaved using 95% TFA with
5%water as a scavenger. The crude peptides were purified
to generally greater than 98% homogeneity by semi-pre-
parative reversed-phase high performance liquid chroma-
tography (HPLC) using a Vydac C18 (218TP1022)
column [300 Å, 10 lm, 22 · 250 mm] and characterized
by analytical HPLC using a linear gradient consisting of
0–70% aqueous acetonitrile containing 0.1% TFA over
45 min at a flow rate of 1.5 mL/min; molecular weights
determined using fast-atom bombardment mass spec-
trometry (FAB-MS).11


Anti-HIV-1 activity. The anti-HIV-1 activity of the com-
pounds was examined using a CD4+ PM1 cell line that
is susceptible to a range of HIV-1 isolates12 in a cell–cell
infectivity screening assay.13 The ability of these peptides
to inhibit cell-to-cell infection by HIV-1 was screened by
evaluating the efficacy of the peptides at both a high
(10 lM)and low (10 nM) concentration, as previously de-
scribed.9 In brief, the peptide analogues (or controls) were
incubated with uninfected PM1 cells, and then the cells
were infected with the R5 viral strain HIV-1BaL. The co-
cultivation cells were added and incubated at 37 �C for 7
days. The media and peptide were replenished on day 5
and the extracellular release of the viral p24 core antigen
was measured on day 7 post-infection. The ability of the
synthetic peptide to inhibit HIV-1 infection was correlat-
ed to the reduction in the level of p24 antigen. Viral titers
were calculated as 50% tissue culture infective dose
(TCID50) per milliliter of inoculum, using a computer
ID50 package based on Fisher�s statistical model.14


The anti-HIV-1 activity of the analogue was determined
by comparing the reduction of p24 antigen production
to those of cells treated with [Ala10]RANTES-(1-
10)NH2 (as a negative control known to have no effect
in inhibiting viral infectivity) and with the positive con-
trol RANTES which significantly inhibits the virus from
infecting the co-cultivation cells. The qualitative results
(Table 1) allow us to quickly ascertain whether the
compounds are active (+) and inhibit HIV-1 infectivity
like RANTES or whether they are inactive (�) like the
negative control compound.


Both AA114 and the N-terminal dipeptide truncated
analogue AA314 showed anti-HIV-1 activity at the high
and low peptide concentrations. Although the efficacy of
the peptides was comparable to that of intact RANTES,
in this screening assay the potencies could not be directly
compared because of the differences in the concentration
used. AA414 and AA514 were moderately active and
were able to inhibit viral infection at the high 10 lM
concentration but were ineffective at the low concentra-

tion. AA214 was completely ineffective at inhibiting viral
infectivity even at the high concentration.


The deletion of Ser in position 1 from the lead peptide
eliminates anti-HIV-1 activity as shown by AA214. We
hypothesize that the loss of activity is due to the shifted
location of the peptide within the binding site. The Pro
residue at the N-terminus of the peptide eliminates activ-
ity perhaps due to the bulk of the pyrrolidine ring being
unable to adequately fit into this region of the binding site,
or the inability of Pro to participate in side-chain hydro-
gen bond formation like Ser. However, further truncation
of the peptide by removal of both Ser1 and Pro2 (AA314)
places Tyr as the N-terminal residue in the binding site.
The phenol side chain of Tyr in AA314 has the potential
for favorable interaction in the binding site because it
has both a hydrophilic nature and hydrogen bonding
capability. This would explain the loss in activity between
AA114 and AA214, and the restored activity of AA314.
Hence, the weak activity of AA414 and AA514 may also
be explained by the non-optimal positioning of the Ser
residues in the binding site. Thus, we hypothesize that
amino acid residues capable of strong hydrogen bonding
are important in positions 2 and 3 of the peptide fragment
to have anti-HIV activity. Our hypothesis is supported by
Ac[Ala10]RANTES-(6-10)NH2 which is also a highly ac-
tive anti-HIV compound reported in the literature10 that
has Thr in positions 2 and 3. An alanine scan is currently
being performed to confirm the importance of hydrophi-
licity and hydrogen bonding.


It is interesting to compare the difference between the
synthetic peptides and the intact protein with respect
to receptor interaction. In intact RANTES, Pro at posi-
tion 2 is critical as Ala replacement abolishes both
CCR5 binding and signaling.15 Yet, in the short RAN-
TES peptide fragment, Pro2 can be completely eliminat-
ed without loss of anti-HIV activity. This suggests that
there may be distinctly different interactions between
proteins and peptide ligands at CCR5.


Activity in these N-terminal truncated series of ana-
logues confirms that Cys in positions 10 and 11 are
not critical for HIV-1 inhibition, as these residues can
readily be replaced by Ala. This is consistent with the
fact that the Cys residues play a structural role via disul-
fide bond formation in the intact protein. Findings from
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this study reinforce the fact that small synthetic peptides
can mimic protein function, as demonstrated by the abil-
ity of these synthetic peptides to successfully inhibit
HIV-1 infectivity.


In a preliminary screen, the synthetic peptides
Ac[Ala10,11]RANTES-(1-14)NH2 and the truncated
fragment Ac[Ala10,11]RANTES-(3-14)NH2 both inhibit
HIV-1 infection at a concentration of only 10 nM. Re-
sults from this study suggest that RANTES fragments
with anti-HIV activity have amino acid residues capable
of strong hydrogen bonding in positions 2 and 3. Our
findings also reinforce the ability of small synthetic pep-
tides to mimic the function of large proteins. Such pep-
tides may play important roles in the development of
lead compounds as anti-HIV-1 agents.
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