J Mol Model (2008) 14:215-224
DOI 10.1007/s00894-007-0263-y

ORIGINAL PAPER

Design of Benzene-1,2-diamines as selective inducible
nitric oxide synthase inhibitors: a combined de novo design

and docking analysis

Sandrea M. Francis - Amit Mittal - Manishika Sharma -
Prasad V. Bharatam

Received: 14 April 2007 / Accepted: 4 December 2007 /Published online: 12 January 2008

© Springer-Verlag 2007

Abstract Selective inhibition of inducible nitric oxide
synthases (iNOS) has been a challenging problem for
researchers pursuing work in finding methods to treat
inflammatory disorders, shock, etc. Though many inhibitors
have been studied to date, all are associated with selectivity
or potency problems. Additionally, most of the reported
compounds have several similarities and fewer number of
novel structures are being tried. There is an increasing need
to design novel molecules for this target. In this work, de
novo design using LUDI, combined with docking analysis
using FlexX has been employed in an attempt to identify
novel scaffolds. Benzene-1,2-diamines were identified
which could mimic the interactions of the substrate analogs
and other inhibitors. Comparative docking scores in each of
the isoforms of nitric oxide synthase were employed to
recognize hits for iNOS selectivity.
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Introduction

Nitric oxide (NO), the reactive free radical gas produced in
mammalian systems by the enzyme nitric oxide synthase
(NOS) is a ubiquitous biomessenger involved in many
physiological and pathological processes. Nitric oxide is
produced in a two-step, S-eletron oxidation process by
conversion of the natural substrate, L-Arginine (L-Arg)
through Nw-hydroxy-L-arginine (NOH-L-Arg) to the final
products, L-citrulline and NO [1]. Three principal isoforms
of NOS have been identified in mammals which are, the
Ca*"/calmodulin regulated constitutive NOS (cNOS) com-
prising of endothelial NOS (eNOS) and neuronal NOS
(nNOS) found predominantly in the vascular endothelium
and brain respectively, and the Ca®*/calmodulin indepen-
dent inducible NOS (iNOS) which is expressed in macro-
phages and is believed to be involved in host defense
mechanism. However, the iNOS isoform is also implicated
in several pathological conditions due to the overproduction
of NO in response to cytokines or bacterial endotoxin, some
of which are chronic inflammatory diseases, asthma, septic
shock and rheumatoid arthritis [1, 2, 3]. Appreciation of the
pathological roles of iNOS-derived NO has stimulated
interest in the design and synthesis of iNOS inhibitors for
potential therapeutic use in disorders associated with the
overproduction of NO. Though nNOS inhibition is desir-
able in pathological conditions like stroke, inhibition of
endothelial NOS; it is highly undesirable because of its role
in the maintenance of cardiovascular homeostasis and so a
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search for potent and highly selective iNOS inhibitors is  (heme), (6R)-5,6,7,8-tetrahydrobiopterin (H4B), NADPH,
currently an area of intense research. FAD and FMN, in each monomer. They are large enzymes

Nitric oxide synthase isoforms are homodimers, with an  ranging in size from 130 to 160 kDa and the three NOS
N-terminal oxygenase and C-terminal reductase domain  isoforms share more than 50-60% sequence identity [4].
comprising of five cofactors, iron protoporphyrin IX  However, the high conservation of the heme active site
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Fig. 1 A selected list of L-arginine analogs and non-amino acid based inhibitors of NOS. Structures 1-6 are L-arginine analogs and 7-22 are non-
amino acid based inhibitors
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Fig. 2 The binding interaction a

network shown by diaminoben-

zene based fragment (b) as

compared to the imidamide

based fragment (a) inhibitor H
molecules N/

residues revealed by the crystal structures of the oxygenase
domains of all three isoforms makes the task of achieving
selectivity for iNOS difficult [5, 6]. The active site of NOSs
consists of four pockets, the substrate binding S pocket, the
middle M pocket, the C1 pocket and C2 pocket in the
substrate access channels [7]. The active site has been
extensively studied by various research groups [7—12] and
the residues Trp372 and Glu377 in the S pocket (iNOS) have
been found to be the main residues with which the substrates
(L-Arg or NOH-L-Arg) form extensive hydrogen bond
network thereby orienting the guanidinium nitrogen above
the heme for oxidation. Most of the NOS inhibitors like L-
Arg analogues, thioureas, and amidines mimic the L-Arg
guanidinium—protein interactions and generally exhibit poor
isoform selectivity. The subtle differences that exist above the
S pocket and into the substrate access channel can be utilized
for the rational design of isoform-specific NOS inhibitors [9].

The NOS inhibitors reported to date includes both the
substrate analogs (L-Arg) and non-amino acid based inhib-
itors. The L-arginine analogs include N-methyl-L-arginine
(L-NMA) [1], N%nitro-L-arginine (L-NNA) [2], N-(1-imi-
noethyl)-L-ornithine (L-NIO) [3], N-(1-imino-3-butenyl)-L-
ornithine (L-VNIO), N-(1-iminoethyl)-L-lysine (L-NIL) [4],
and L-thiocitrulline [5] etc. The non-amino acid inhibitors
belonging to the following classes: aminoguanidine [7],
isothioureas [8], 2-iminopiperidines [9], 2-iminopyrrolidines
[10], thienopyridines [11], 3,4-dihydro-1-isoquinolinamines
[12], 1,2-dihydro-4-quinazolinamine [13], 2-aminopyridines

R,
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[14], 2-azabicyclo[4.1.0]heptan-3-imines [15], Dihydropyr-
idin-2(1H)-imines and 1,5,6,7-tetrahydro-2H-azepin-2-
imines [16], 2-aminothiazoles [17], oxazolidine-2-imines
[18], thiazolidine-2-imines [19], selenazolidines-2-imines
[20], coumarins [21], imidazopyridines [22] and so on [13—
34]. The compound (ONO-1714) (1S,5S,6R,7R)-7-chloro-3-
imino-5-methyl-2-azabicyclo[4.1.0]-heptane hydrochloride
[35] and S-[2-[(1-iminoethyl)- amino]ethyl]-l-homocysteine
(GW274150) [6] [36] have reached clinical trials. Some of
the reported L-Arginine analogs and the non amino acid
inhibitors are given in Fig. 1.

All these molecules are associated with selectivity, potency,
toxicity or bioavailability problems and none have yet made it
to the market [35, 37]. Hence a need arises to design novel
molecules for this enzyme. Also, conventionally, the
guanidine, amidine, thiourea or isothiourea motifs have been
accepted to be an essential feature for binding to the
guanidinium binding region of the L-Arginine binding site
[38]. Aparna et al. have reported a molecular dynamics study
providing insights into selectivity of NOS isoforms [39].
Several other workers also employed the structure based
design methods to obtain new leads [6, 40—42]. In this study,
structure based drug design approaches have been employed
to identify molecules with unexplored scaffolds, taking the
selectivity factor into consideration. De novo design using
the LUDI program and docking methodology using FlexX
algorithm were used to identify the rational backbone
structure for the combinatorial library generation.
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Fig. 3 Fragments with one-, two- and three- carbon linkers (given as dots) between the two nitrogens
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Fig. 4 Some of the designed
fragments with a two carbon
atom linker between the nitro-
gens which showed the required
base interaction with the main
residues Trp372 and Glu377.
The docking score of the frag-
ment obtained using FlexX are

-21.00
given in brackets ( )
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Computational details

The de novo program used for the study was the fragment
based approach LUDI from Cerius2 software package. This
algorithm identifies plausible which generates interaction
sites and positions suitable fragments from an inbuilt library
into the active site based on the following scoring function
given by Bohm. The LUDI score is calculated with the free
energy of binding (AG) expressed by an empirical function
(Bohm, 1994) [43].

AG = AG, + AG Y _f(AR)f (Ac)
+ AGion [ (AR)f (Ar) + AGiipoAsipo

+ AG,oNR + AGaro/aro ANuro/aro

Fig. 5 The hydrogen bonding
network of benzene-1,2-diamine
with Trp372 and Glu377
obtained from LUDI analysis
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Furan-3,4-diamine
(-17.23)

Cyclopent-2-ene-1,2-diamine
(-16.45)

Where AG, represents the constant contribution to the
binding energy due to loss of translational and rotational
entropy of the fragment. AGy, and AG;,, represent the
contributions from an ideal neutral hydrogen bond and an
ideal ionic interaction, respectively. The AGi,, term
represents the contribution from lipophilic contact and
AG, term represents the contribution due to the freezing
of internal degrees of freedom in the fragment. NR is the
number of acyclic sp>-sp” and sp’-sp” bonds.

About 90 crystal structures of NOS have been solved
and deposited in the protein data bank (PDB). The structure
reported for human iNOS (PDB id: 4NOS), [9] human
eNOS (PDB id: 3NOS (2.40 A)) [9] and rat nNOS (PDB id:
10M4 (1.75 A)) have been employed in this work for de
novo design and docking. The protein structures were
prepared by checking for consistency and correct atom
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types in the active site and addition of hydrogen atoms.
Definition of the active site, designing and docking was
carried out from the 3D structure of “chain A” in all three
isoforms. The active site of iNOS is more or less in an
inverted pear-shape with the guanidine moiety of substrate
occupying the farther end of the site above the heme and its
tail part protruding into the middle pocket, substrate access
channel. The area around heme in the substrate binding
pocket (S pocket) comprising of the main residues Trp372
and Glu377 is small, and not able to accommodate many
substitutions on the ligand. The S pocket then widens onto

the M, CI1 and C2 pockets.

The active site viewer of Cerius2 was utilized for
viewing, defining the active site pocket and for the purpose
of de novo designing. LUDI analysis provided several new
fragments for binding in the active site. New ligands
generated from these fragments were minimized using
semi-empirical AM1 method from the MOPAC interface
available with sybyl7.1 software package. The protein-
ligand interactions (both polar and non-polar) are then
scored based on a scoring function which is an estimate of
the free energy of binding (AG) of the protein-ligand
complex. The scoring function used is a modification of the
Bohm scoring function as described by Rarey et al [44].

Table 1 Docking scores of the reported inhibitors of NOS in the three isoforms

Inhibitor iNOS (4NOS) eNOS (3NOS) nNOS 10M4)

1. Lysine-4 —24.233 —10.505 -16.413
2. Lysine-NIL —23.053 —23.339 —28.617
3. s-methyl homocitrulline —22.422 —24.242 —24.672
4. Fluorinated-1-lysine-14 —22.312 —23.484 —25.939
5. Lysine-5 —22.205 -21.7 —24.99
6. s-methyl-thiocitrulline -21.656 —26.893 —28.421
7. Fluorinated-1-lysine-4 -20.074 —24.314 —26.930
8. 2-azabicyclo-16 —19.802 -16.614 —14.341
9. Lysine-10 —19.723 —24.428 —23.604
10. s-butyl-thiocitrulline —19.139 —18.285 —19.85
11. Coumarin-37 —-18.779 —6.378 —5.402
12. Lysine-NMMA —17.542 —19.857 —18.319
13. 2-iminopiperidines-8 —17.243 -17.332 —14.324
14. Fluorinated-l-lysine-32 —17.144 -10.125 —14.411
15. 2-iminopyrrolidines-8 -16.918 —12.986 —12.834
16. Lysines-GW274150 —16.692 =5.751 —15.198
17. 2-iminopyrrolidines-17 —16.666 —9.156 —15.532
18. 2-iminopyrrolidines-9 —16.069 —13.519 —13.34
19. Tetrahydroazepin-16 —15.887 —15.705 —13.42
20. Oxazol-3a —15.163 —13.009 —12.686
21. Coumarin-30 —15.136 -1.74 -

22. s-ethyl-thiocitrulline —15.002 —6.155 —14.347
23. 2-iminopyrrolidines-11 —14.981 -12.718 -

24. 2-iminopiperidines-17 -14.752 —16.005 —7.786
25. 2-iminopyrrolidines-13 —14.537 —10.332 —11.457
26. 2-iminopyrrolidines-6 —14.481 —13.635 —13.449
27. Tetrahydroazepin-17 —14.189 —-13.329 —14.838
28. 2-iminopiperidines-9 —14.064 —14.265 —12.151
29. Oxazol-4a —14.039 -12.119 —11.488
30. 2-iminopiperidines-11 -14.013 -12.851 —14.44
31. Dihydropyr-2 —13.867 —14.668 —16.109
32. Thiazol-14a-ES1537 -13.772 —12.841 —13.797
33. Lysine-hNIL —13.594 —13.698 —15.082
34. 2-azabicyclo-2 -13.519 -17.792 -16.030
35. 2-iminopyrrolidines-3 —-13.377 —14.603 —9.708
36. Dihydropyr-9 —-13.359 —-10.791 —10.560
37. 2-iminopyrrolidines-5 —13.108 —-14.076 —15.588
38. Oxazol-3b -12.252 —13.061 —12.557
39. Thiazol-14a -12.209 —15.608 —12.951
40. 2-iminopyrrolidines-7 —12.090 —13.760 —13.341
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Results and discussi 8 2 a8 g

esults and discussion % %E;‘?é | $$ | <z':$
Fragment selection - .

. . . 8 < S < < 2 3 <

a) Identification and selection of base fragments ° 5|1 zZ29ZzZ¢zZ FTTZ

An initial LUDI run with the default fragment library g
(available with Cerius2 software) comprising of about 1000 glg E E § f é E § E g §
fragments gave 159 fragment hits. Most of them show Szl TP, 7
(Fig. 2a) interactions with Trp372 and Glu377. These
fragments were of similar framework as that of the already 5 © ¥ = 2
studied iNOS inhibitors reported in literature (Fig. 1), % < < <d <« 23 3
containing amidine, guanidine, thiourea motifs. However, no S|lErATE LA
new fragments which maintain basic interactions with Trp372 o _
and Glu377, were identified from the de novo analysis. This 4 5 5 E
may be due to the absence of novel fragments in the fragment - Z <z': T <zt <z': <zc T <zc Lo
library of the software package. This prompted us to manually ;Lr’
identify new motifs which may possess the internal structural al g ” 2888 = TEC o Q
similarity to the fragments showing the basic interactions. One % 2 % § § es=4 % S = N
common property noticed in already reported species as well 3 e L
as fragments identified from de novo analysis is the presence Lz _ s _
of the moieties I and II (Fig. 3). In most of the reported i & -« 2 P < ; - a9
compounds as well as the fragments recognized from the g Z <zt z¥%z 57 2¢%
LUDI analysis, there are two NH groups with a carbon linker %
which form hydrogen bonds with Trp372 and Glu377. The _3; 5 E § §
base interaction is due to these two N-H bonds with an - Z fé = é %9 <ZC L
intramolecular N-H—H-N distance of ~2.4-2.6 A. The § ©
hypothesis employed during the manual search was to g S BLEESL = ER S © @
consider fragments with two NH, groups which maintain 2| & § d==28s 2282 g¥
an intramolecular N-H—H-N distance similar to the frag- § U B b
ments obtained from the LUDI analysis. NH, units which are '% - - o
separated by two sp® carbons show a similar distance (~2.4 b 2 % g 2 2
A) though the two NH, groups are not completely coplanar fo Z <Zt ! <Zt n <zt LT <Zt S
(Fig. 3). Such a relationship is not applicable when more 2
than two linkers atoms are present between two NH, units as § " & AN
in 1,3-diaminobenzene (Fig. 3, IV). Hence, we focused our g % < T < <« § § <
work on cyclic fragments with two adjacent NH, groups. 50 dl21Aa2Z e A

About 26 cyclic fragments with adjacent NH, groups were 2, © oo o o y
manually designed and entered into a LUDI library using the o| & 2 E S E g § S § o % a8
Genfra functionality for adding generic fragments. The de S 5 ZlT97TT7T TTTTY =2
novo design run conducted using this user-specified library A %
in the non-link mode showed that these fragments are quite % 2 8 § Sz 8 8%
suitable for binding in the cavity of NOSs. They form good o Z| 222 i‘: SH 6w = =0 %
hydrogen bonding with the Trp372 and Glu377 carbonyl E ﬁ
oxygens to form the network as in Fig. 2b. g 2 0 ® % 22 o '—é

These findings were further supported by a molecular 2 z :<Zt % <Zt <Zt <Zt (\.‘T’ © $ $ <ZC o 2
docking study (FlexX) of the same fragments into the active i £ g
site with a binding pattern similar to the natural substrate, g lolasgdcansseal 8
L-arginine. From the LUDI analysis as well as the FlexX - | & 2 SSsSss8s99gs¢ z
analysis, it became clear that the fragment selection on the el = L 3
basis of two carbon atom linkers is viable. Some of the é" 2 Té
fragments chosen for this analysis are given in Fig. 4 along ol g . 5 é
with their FlexX scores. The base fragment benzene-1,2- = = § § § § ) § § “lg 5o g P
diamine was predicted to have the highest binding affinity SR S22 222222220|z
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in both the LUDI and docking results with scores 343
(LUDI), -21.0 (FlexX), respectively. Figure 5 shows the
interaction of this fragment in the heme active site. The
base fragment also forms hydrogen bonding with Trp372 in
addition to the bifurcated hydrogen bonding network with
Glu377 in a similar manner to that of the substrate. R group
substituents (Fig. 2b) can be added to any of the four free
positions on the benzene ring of this fragment.
b) Defining side chain fragments

Once the base fragments are defined, the next step is to
obtain the side chains for attachment to the base scaffold.
The R group fragment library consisting of the side chains
which are to be attached to the base scaffold was constructed
by extracting the side chains of about 205 already reported
iNOS inhibitors belonging to about 16 chemical classes like
aminopyridine, 2-iminopyrrolidines, oxazolidine-2-imines,
tetrahydro-2H-azepin-2-imines, 2-iminopiperidines, thiazo-
lidine-2-imines, 2-aminothiazoles, coumarins, thienopyri-

Fig. 6 Structures of some of the
ligands designed from the base
fragment benzene-1,2- diamine

dines, dihydropyridine-2(1H)-imines, azabicyclo-[4.1.0]-
heptan-3-imines, 1,2-dihydro-4-quinazolinamines, 3,4-dihy-
dro-1 isoquinolinamines, imidazopyridines, etc.

Focused library generation

Benzene-1,2-diamine was taken as the base fragment for
further development of the ligand molecules, LUDI scores
are considered as an important guide for predicting the
binding affinity of the ligand to the target protein. A docking
pose which includes H-bonding interactions with Trp372
and Glu377 is also an important criterion. The attachment
points on this fragment for the various side chains obtained
from the reported inhibitors are shown in Fig. 2b. The side
chains were attached to the base scaffold by sketching
followed by minimization of the molecules to generate a
small focused library of around 226 ligand molecules.
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Docking analysis

The 226 molecules generated were initially docked into the
active site of iNOS (PDB id: 4NOS) after manual definition
of the active site comprised of about 38 residues including
the heme. These were also similarly docked into the active
site of eNOS (PDB id: 3NOS) and nNOS (PDB id: 10M4).
The binding affinities of these isoforms were estimated on
the basis of relative binding scores. The scores for the
reported molecules studied for NOS, which were used for
the in silico validation of the designed molecules are given
in Table 1.

Based on the docking results and the information obtained
from the interaction sites given by LUDI, some of the ligands
were modified further. The modification was carried out by
visual inspection of the docking poses of the molecules in the
active site so as to assign selective binding to iNOS. For
example, molecule M76 derived from a combination of the
base fragment, benzene-1,2-diamine with that of the lysine
side chain showed binding scores of —30.33 for iNOS,
—25.18 for eNOS and —21.26 for nNOS. A decrease in
binding scores for eNOS and nNOS was observed when the
terminal moiety in M76 was replaced with another benzene-
1,2-diamine as in M76d and M76f. M76r also shows a
reduction in binding scores but not so much for eNOS as for
nNOS. Modifications on M226 and M224 also gave

Fig. 7 Figure shows the docked =
poses of the ligand M226 along

with that of the reference

GW274150. (FlexX analysis)

@ Springer

molecules with stronger binding affinity towards iNOS than
the other two isoforms like M226e and M224a. All the
modified molecules also were added to the library and thus
the size of the virtual library generated became 260
molecules. A comparative analysis of the docking scores in
the three isoforms given by these designed ligands with that
of an in-house database built from around 205 already
reported inhibitors show that the docking scores of the
designed ligands are comparable with that of the known
inhibitors. Both the designed ligands and the reported
inhibitors show highest docking scores around —30.0.

As a result of the docking analysis, an initial set of
molecules were selected which showed comparatively good
scores in iNOS but failed to show good docking scores
towards eNOS and nNOS. The comparative binding scores of
the designed molecules along with the reported iNOS
selective inhibitor GW274150 for the three isoforms, iNOS,
eNOS and nNOS are as shown in Table 2. All the ligands
given in Fig. 6 show better binding scores than the reference
ligand GW 274150, with respect to all scoring functions.

The docked conformation of one of the ligands, M226
along with the reported inhibitor GW274150 in the active site
is shown in Fig. 7. Molecules M226, M224a, M45 failed to
dock in eNOS and nNOS whereas they docked with a
docking score of above -20.0 (FlexX) in iNOS. The other
molecules showed somewhat less scores in eNOS and nNOS
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compared to that in iNOS. The structurally modified
molecules M76r and M76f are predicted to have higher
affinity towards iNOS, a corresponding increase is also shown
in eNOS and nNOS, thus can not be considered selective.

The better binding scores of the designed ligands with
iNOS in comparison to the reference ligand GW274150 can
be attributed to increased flexibility of NH, groups in
diaminobenzene moiety. In the already reported molecules
(Fig. 1), the HN=C-NH, or related groups possess con-
jugative system and hence are less flexible. The two NH,
groups on diamino-benzene unit are weakly conjugated with
the benzene ring. These flexible NH, groups can form
stronger H-bonding interactions with Trp372 and Glu377,
whatever may be the special constraints on the rest of the
molecule. The observed differences between the interactions
noticed between the ligands in iNOS vs. eNOS and nNOS
can be attributed to the residues GIn263 in iNOS. As shown
in Fig. 7, GIn263 in iNOS plays an important role in binding
with ligands, in nNOS and eNOS this amino acid is absent
and thus leading to the observered trend in the ligand binding
scores in iNOS vs. eNOS and nNOS. Thus, from the above
analysis based on de novo design and molecular docking, we
were able to identify some compounds which may show
selective binding to iNOS.

Conclusions

Structure based drug design coupled with combinatorial
library generation helps in generating focused libraries of
compounds specifically for a single target rather than using
a blanket approach of library generation. A combined de
novo design and docking methodology was adopted to
identify the base fragments which showed potential
interactions with the main residues Trp372 and Glu377
involved in binding to the natural substrates in the S pocket
of the heme active site in iINOS. A small focused
combinatorial library was generated using the base frag-
ment with the highest binding affinity (identified using
LUDI analysis) and the side chains extracted from the
already reported inhibitor molecules of NOS. The selectiv-
ity problem was addressed by comparative docking studies
to the three isoforms of the NOS enzyme. The binding
scores of each molecule was taken as the basis for selection.
The satisfactory ligands screened out from the docking
studies have a suitable balance of predictive binding affinity
and predicted selectivities.
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