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Inducible arginine oxidation and subsequent NO production by correspondent synthase (iNOS) are
important cellular answers to proinflammatory signals. Prolonged NO production has been proved in
higher organisms to cause stroke or septic shock. Several classes of potent NOS inhibitors have been
reported, most of them targeting the arginine binding site of the oxygenase domain. Here we disclose
the SAR and the rational design of potent and selective iNOS inhibitors which may be useful as anti-

© 2011 Elsevier Ltd. All rights reserved.

Nitric oxide synthase (NOS; EC 1.14.13.39) generates the impor-
tant neurotransmitter and cytotoxic agent NO via oxidation of
1-arginine.! Three major isoforms have been identified in mam-
mals: neuronal NOS (nNOS), inducible NOS (iNOS) and endothelial
NOS (eNOS).23 They share 50-60% sequence identity and have
identical overall architecture. The known NOS enzymes are active
as a homodimer, and each monomer is comprised of a catalytic
N-terminal oxygenase domain, a C-terminal reductase domain
and a calmodulin binding linker. The oxygenase domain (NOSpx)
binds the substrates r-arginine and O, and contains the two cofac-
tors heme and 5,6,7,8-(6R)-tetrahydrobiopterine (BH4) and a struc-
tural zinc atom. Electrons are supplied to the O, bound heme from
the NADPH-binding reductase domain involving the cofactors FAD
and FMN.*

The constitutively expressed isoforms nNOS and eNOS are reg-
ulated by Ca**/calmodulin and produce low levels of NO
(100-500 nmol/mg min) predominantly for both nerve function
and blood pressure regulation, respectively. In contrast, the induc-
ible isoform is controlled at the transcription level and expressed
in response to proinflammatory signals.” Because iNOS is often ex-
pressed at high levels over longer time periods, the overproduction
of NO (1500 nmol/mg min) can lead to undiserable pathologies
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such as stroke and septic shock. Therefore, selective inhibition of
the inducible isoform can serve as a suitable strategy to target both
acute and chronic inflammation.®

Several classes of potent NOS inhibitors have been reported,
most of them targeting the arginine binding site of the oxygenase
domain (Table 1).” One major class of inhibitors are L-arginine ana-
logues bearing a guanidine, amidino or isothiourea group that mi-
mic the recognition of the guanidinium group of the substrate as
confirmed by X-ray crystallography.®

Among these, the weakly selective iNOS inhibitor N-iminoethyl-
-lysine (1a, L-NIL) as its tetrazole-amide acid prodrug (L-NIL-TA,
SC-51) (1b, Fig. 1) has been demonstrated to reduce exhaled breath
nitric oxide in patients with mild asthma.>!° The cyclic amidine
derivative ONO-1714 2 belongs to the most potent iNOS-inhibitors
(K; =2 nM).°

Table 1

Published NOS-affinity data (given as pICsp)
Entry iNOS (human) eNOS (human) nNOS (human) ref
1a 5.33 <4 421 9
1b <4 <4 <4 9
2 pK;=8.73 pKi=7.73 ND 11
3 5.85 3.33 3.84 15
4 7.43 <4 6.13 16
5 6.96 7.35 ND 17
6 7.15 <4 5.18 18
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Figure 1. Published iNOS inhibitors.

However, ONO-1714 shows only 10-fold selectivity over eNOS
and no selectivity over nNOS.!! Since the arginine binding-site is
highly conserved among the NOS isoenzymes, structure-based de-
sign of selective inhibitors remains a challenging problem.!?-1*
However, several substrate mimetics, like GW-274150 3, achieve
isoform selectivity through additional interactions outside of the
catalytic site.'>'S Both r-arginine analogues L-NIL-TA 1b and
GW-274150 3, respectively, have been tested in clinical phase II
for the oral treatment of migraine, rheumatoid arthritis (RA),
osteoarthritis (OA), chronic obstructive pulmonary disease (COPD),
asthma and allergic rhinitis. However, no further development has
been reported for both compounds. A series of spirocyclic amidines
such as 4 (AR-C102222) were reported as highly potent and selec-
tive iNOS-inhibitors with good oral activity.!” Several groups have
identified 2-aminopyridines such as 5 as potent NOS inhibitors
revealing their potential to mimic the basic amidine or guanidine
group in L-arginine analogues.'® In another study, N-substituted
4-methoxy-2-aminopyridines such as 6 (AR-C133057XX) demon-
strated both high potency and selectivity as iNOS inhibitors.!® La-
tely, several papers showed renewed interest on selective iNOS
inhibitors.29-22

In a screening campaign conducted on our corporate compound
library, 2-(4-methoxypyridin-2-ylmethylsulfanyl)-3H-imidazo[4,
5 -b] pyridine (7) has been identified as potent iNOS inhibitor
(pICsp = 6.94, Table 2). NOS activity was measured by quantification
of [?H] 1-arginine conversion to [>H] L-citrulline.?® The selectivity
profile of 7 (nNOS: pICsg =5.47; eNOS: plCso =4.27) provided an
ideal starting point for further hit-to-lead optimization. Radioligand
binding experiments demonstrated, that 13, a carbo analogue of 7
(Table 3), acts as a competitive inhibitor with respect to L-arginine.?*
This observation suggests that 7, and the entire SAR family, interact
with the L-arginine-binding site within iNOSox as exemplified by dif-
ferent classes of NOS inhibitors.!>~16

Binding affinity for iNOS was also observed for the simple 7
derivative  4-methoxy-2-methylsulfanylmethyl-pyridine  (10;
pICso = 6.81). As shown in Table 2, the introduction of a second
methoxy group in the 3- or 5-position of the pyridine ring resulted
in a complete loss of iNOS-affinity (11, 12; iNOS: pICso <4). Inter-
estingly, modifications of the imidazo[4,5-b]|pyridine ring system
also significantly affect the iNOS affinity as demonstrated by the
imidazo[4,5-c]pyridine derivative 8 (iNOS: pICso=4.31) and the
imidazobenzene analogue 9 (iNOS: pICsqo = 4.97). This initial struc-
ture-activity relationship (SAR) prompted us to use 4-methoxy-
pyridine in combination with the imidazo[4,5-b]pyridine as
templates for further optimization.

Table 2
Inhibitory activities of compounds from the first screening campaign against human
NOS

Entry Structure plCso
iNOS eNOS nNOS
o/
| X
7 N SYN 6.94 4.27 5.47
N—7 N\
H —
N
O/
| X
8 NG SYN 431 <4 <4
N— N\
H \—
N
o/
| X
9 4.97 4.58 4.57
N/ S\r)\‘
-0
H
O/
10 ‘ A 6.81 5.97 6.35
N S\
O/
11 -0 B ” < “
N S\
\o ‘
(0]
12 ‘ N <4 <4 <4
N S\

In the first optimization loop, a methylene group replaced the
sulfur atom of 7, because of its susceptibility for oxidation in phase
[ metabolism. Synthesis of 2-[2-(4-Methoxy-pyridin-2-yl)-ethyl]-
3H-imidazo[4,5-b]pyridine (17, BYK191023) and its selected deriv-
atives 17-26 are shown in Scheme 1. Malonester synthesis using 4-
methoxy-pyridine-2-carbaldehyde 13, which was synthesized in a
three-step procedure starting from commercially available 2-
methoxy-4-nitro-pyridine 1-oxide, yields exclusively (E)-3-(4-
Methoxy-pyridin-2-yl)-acrylic acid methyl ester 14.24%> Subse-
quent standard hydrogenation on palladium/charcoal and hydroly-
sis of the methyl ester furnished the key intermediate 3-(4-
methoxy-pyridin-2-yl)-propionic acid 15. iNOS inhibitors 17-26
are readily obtained by the final condensation of the corresponding
2,3-diaminopyridines and 14 in fresh polyphoshoric acid at ele-
vated temperatures to afford the common 3H-imidazo[4,5-b]pyri-
dine moiety in a straightforward manner.

The resulting analogue BYK191023 17 (Table 3) showed both an
improved iNOS-affinity (pICso = 7.09) and selectivity profile (nNOS:
pICso = 4.86; eNOS: pICsq = 3.95), respectively.2* A slightly reduced
potency was observed for the 6-bromine- (18; iNOS: pICso = 6.73)
and the 7-methyl-derivative (20; iNOS: pICso = 6.84) of 17. The
drop in binding affinity was even more pronounced by the intro-
duction of a 5-methoxy group (19; iNOS: plICso=6.42) and by
5,7-dimethyl substitution (21; iNOS: pICso = 5.64). Taken together,
these results indicate limited space in the 5-position for further
introduction of substituents. Therefore, we focused our efforts to
improve potency on the 6-and 7-position of 17.

We next determined the binding position of 17 within the
L-arginine binding site by X-ray crystallography using murine
iNOSqx.226

The 4-methoxypyridine ring is inserted into the guanidinium
binding site bearing m-stacking interactions to the heme (Fig. 2).
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Table 3
Inhibitory activities of selected compounds against human NOS
Entry Structure plCso
iNOS eNOS nNOS
O/
| A
17 N _N 7.09 3.95 4.86
N—¢ N\
H —
N
O/
| A
18 = N 6.73 4.06 5.08
N =
H /_\ Br
N
O/
| A
19 Nig N 6.42 4,00 458
N—¢ N
H —
N
O_
O/
| A
20 pZ N 6.84 4.34 4.73
N =
N— N\
H —
N
-~
| A
21 NG N 5.64 <4 4.9
N—? N\
N=
O/
| X
= /O
N
a 13
O/ / O/
X b X
— |
N/ = O\ N/ O\Rz
14 o o)

E 15: R?2 = CH,
c
16: R2=H
o
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R®
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Scheme 1. Reagents and conditions: (a) monoethyl malonate potassium salt
(1.8 equiv), pyridine hydrochloride (2.0 equiv), piperidine (0.12 equiv), pyridine,
120 °C, 2 h, 68%; (b) Ha, Pd/C (10%), MeOH, 96%; (c) NaOH (1.0 M, 1.2 equiv), THF,
r.t, 85%; (d) 2,3-diaminopyridine derivative, polyphosphoric acid (PPA), 110-
160 °C, 1-24 h, <50%.

An additional hydrogen bond to Glu371 is formed between the
OE1-atom and an adjacent water molecule (wat1), which is also in-
volved in an H-bond (3.1A) to the N3-atom of the imidazo

Figure 2. Crystal structure of murine iNOS in complex with 17 (PDB Code 3NW2).

[4,5-b]pyridine ring of 17. This water molecule is part of a four-
membered water-cluster (wat1-4) forming a polar contact area
at the bottom side of the imidazo[4,5-b]pyridine ring. In agreement
with the SAR, the 4-methoxy substituent of 17 is accomodated in a
small hydrophobic pocket formed by Val346 (murine iNOS num-
bering) and Phe363. The different active site volumes of the three
isoforms (eNOS > iNOS > nNOS) in this region have been discussed
as an important factor for inhibitor selectivity.?”?® In the observed
binding position of 17, a second methoxy group in either the 3- or
5-position of the pyridine ring would result in steric clashes with
the backbone of Trp372 and the side chain of Val352 respectively.
This might explain the decrease in iNOS-affinity of the dimethoxy
substituted pyridine derivatives 11 and 12 (pICso <4) compared to
10 (pICsp = 6.81) with only one methoxy group in the 4-position.

The distance between the nitrogen atom of the 4-methoxypyr-
idine and both carboxylic O-atoms of Glu371 (OE1-atom: 2.7 A and
OE2-atom: 3.3 A) suggests a hydrogen bond and therefore a pro-
tonation of this pyridine N-atom. Potentiometric titration experi-
ments performed with 7 (pK;;=5.31) and 17 (pK,;=6.25)
suggested, that the inhibitors are likely to be neutral in solution
at the applied assay conditions. However, pK, values of ligands
can be shifted in protein binding sites due to the electrostatic influ-
ence of the protein’s titratable groups in the direct environment.?®
For the complex of methotrexate (MTX) with dihydrofolate reduc-
tase (DHFR), a pK;-shift from 5.7 (apo) to 7.9 (complexed) was pre-
dicted in agreement with previous experimental results.® In a
study from Astra-Zeneca researchers, in fact, the X-ray structures
of iNOS in complex with 4-methyl-2-aminopyridine and the 2-
amino-4-methoxypyridine-derivative 6 (AR-C133057XX) revealed
a bidendate charge-interaction of the (protonated) 2-aminopyri-
dine-group to Glu371.'° Furthermore, the presence of a basic gua-
nidine, amidino or isothiourea group has been proposed as a key
recognition element in NOS inhibitors targeting the guanidine
binding region.>! We therefore predict, that the pK, assigned to
the 4-methoxypyridine N-atom of 17 is shifted from 6.25 in solu-
tion towards higher values in the binding pocket of iNOS stabiliz-
ing appropriate protonation for salt-bridge interaction to Glu371.

The bottom part of the heterocyclic binding pocket is completed
by the side chain of Arg382, which is hydrogen bonded to wat4
through its NH1-atom. Interestingly, the C5-atom of the imi-
dazo[4,5-b]pyridine is in close contact (3.3 A) to the NH2-atom of
Arg382 and readily explains the decrease in binding affinity of
the 5-methoxy- (19; iNOS: pICso = 6.42) and of the 5,7-dimethyl-
derivative (21; iNOS: plICso=5.64) of 17. The upper part of the
imidazo[4,5-b]pyridine binding pocket is less well defined, since
the side chains of the proximal residues Ser256 and GIn257 are dis-
ordered in the electron density map. Therefore, the exact role of
the Ser256 and GIn257 side chains in the recognition of the imi-
dazo[4,5-b]pyridine ring remains unclear.
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' Ser256 miNOS
Thr277 miNOS Ala262 hiNOS
Asn283 hiNOS Ala262 hiNOS
Asn283 hiNOS Ser246 heNOS
Asn267 heNOS Serd477 rnNOS
Asn498 mNOS -

GIn257 miNOS

GIn2863 hiNOS (,,GIn-closed*)
GIn283 hiNOS (,,GIn-open*)
GIn247 heNOS

GIn478 rnNOS

Figure 3. Superimposition of crystal structures of murine iNOS (magenta), human
iNOS (grey, PDB-Code: 1NSI and green, PDB-Code: 3EZG), human eNOS (cyan, PDB-
Code: 3NOS) and rat nNOS (orange, PDB-Code: 1ZVL) demonstrate conformational
differences of the amino acids in the vicinity of 17. The imidazo[4,5-b]pyridine ring
of 17 points towards the Gln specificity pocket in human iNOS involving an induced
fit of GIn263 from ‘closed’ towards an ‘open’ position.

Arg260 miNOS
Arg266 hiNOS
Arg266 hiNOS
Arg250 heNOS
Arg481 rnNOS

D

Both murine and human iNOS oxygenase domains show a high
level of sequence identity (89%) and the amino acids involved in
substrate and 17 binding are strictly conserved. In agreement with
these structural similarities, the experimental K; of 17 towards the
murine (pK; =6.78) and human iNOS (pK; = 7.07) appears to be in
the same range.?> When comparing the ligand binding sites of
murine iNOSpx-17 and human iNOSgy-L-arginine, significant con-
formational differences of Arg260 (hiNOS: Arg266) and GIn257 (hi-
NOS: GIn263) adjacent to the imidazo[4,5-b]pyridine ring can be
observed (Fig. 3).

This region has been described as ‘Gln specificity pocket’ pro-
moting isoform selectivity by sequence specific plasticity of the
binding site.? In this study, bulky derivatives of 6 induced confor-
mational changes in human iNOS involving the rotation of GIn263
from a ‘Gln-closed’ position (r-arginine bound) towards a ‘Gln-
open’ position (inhibitor bound). Although the corresponding
GIn257 is not defined in the murine iNOSgx-17 structure, the side
chain conformation of Arg260 corresponds to Arg266 in the ‘Gln-
open’ structure of human iNOS (Fig. 3). The induced fit of Arg266
is supplemented by the rotation of Asn283 (nNOS: Asn498, eNOS:
Asn267), which is supported by less bulkier 3rd shell amino acids
in human iNOS (Val/Phe) compared to eNOS (Leu/Ile) and nNOS
(Leu/Phe). In the murine iNOSpx-17 structure, the rotation of
Arg260 is tolerated by the presence of Thr277 and Ser256 in the
vicinity resembling a ‘Gln-open’ conformation as in human iNOS.
Taken together, we would expect distinct conformations of the
imidazo[4,5-b]pyridine ring in eNOS and nNOS with disfavoured
interactions, explaining the observed isoform selectivity. The crys-
tal structures of human NOS isoforms in complex with 17 would be
of great value to address this hypothesis. We have recently demon-
strated, that 17 irreversibly inactivates murine iNOS by an NADPH-
and time-dependent mechanism leading to uncoupled electron
transfer and heme loss.>> However, this time-dependent inhibition
was not observed for nNOS. Structural differences in the binding
site of 17 between the NOS isoforms might contribute in this inac-
tivation mechanism.

Selected results of our subsequent SAR evaluation are summa-
rized in Table 4. In the series of 7-substituted 17 derivatives, a sig-
nificant drop in iINOS binding affinity was observed. The
introduction of a 7-methoxy group resulted in a 10-fold reduction
of potency (22; iNOS: pICso =6.11) as well as the 7-ethoxy-meth-
oxy- (23; iNOS: plCso=6.29) and the 7-phenethyloxy-derivative
(24; iNOS: pICsp = 6.14) of 17. This might be due to less favourable

Table 4
Inhibitory activities of further selected compounds against human NOS
Entry Structure pIC50
iNOS eNOS nNOS
o~
| X
22 pZ N o— 6.11 3.69 4.23
N =
N— N\
H _
N
O/
/
= o)
23 l P O—/_ 6.29 3.69 3.91
N N . . .
N— N\
H —
N
o~
® v,
24 pZ N o] 6.14 4.18 4.86
N =
N— N\
H _
N
O/
| AS
25 N _N 7.26 4.06 5.72
N—? N\
N=
o~
| X
26 NG _N 7.41 4.74 5.92
N—? N\
N=

interactions displayed by these 7-substituents in the correspond-
ing part of the binding site as seen in our docking studies.

In contrast, the exemplified 6-derivatives of 17 having a n-butyl
(25; iNOS: plICsp=7.26) and phenyl substituent (26; iNOS:
pICso = 7.41) both demonstrate a gain in iNOS affinity. The murine
iNOSox-17 structure indicates a hydrophobic contact area formed
by Trp84 (human iNOS: Trp90), Met114 (Met120), Ser256
(Ala262), Arg260 (Arg266) within 8 A distance to the 6-position
of the imidazo[4,5-b]pyridine ring (Fig. 4). This hydrophobic region
is probably addressed by the n-butyl and phenyl substituents of 25

Figure 4. Connolly surface coloured by lipophilic potential (green: polar, brown:
hydrophobic) calculated for the X-ray structure of murine iNOS (magenta) in
complex with 17 indicates a hydrophobic contact area formed by Trp84, Met114,
Ser256, Arg260. This area (dotted circle) is adressed by, for example, n-butyl and
phenyl substituents in the 6-position of the imidazo[4,5-b]pyridine (marked by an
arrow) leading to improved iNOS affinity.
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Table 5
Pharmacokinetic data and CYP P450 isoform profile (pICsp)

U. Grddler et al./Bioorg. Med. Chem. Lett. 21 (2011) 4228-4232

Entry Structure Pharmacokinetic data (rat)
Cmax [mg/l] Fabs [%] CL [l/h kg]
~
| A
17 N/ _N 2.24 48 2.21
N—? N\
H —
N
CYP 2C9 All other CYP isoforms
5.5 <4.0
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