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Abstract The enoyl ACP reductase enzyme (InhA)
involved in the type II fatty acid biosynthesis pathway of
Mycobacterium tuberculosis is an attractive target enzyme
for antitubercular drug development. Arylamide derivatives
are a novel class of InhA inhibitors used to overcome
the drug-resistance problem of isoniazid, the frontline drug
for tuberculosis treatment. Their remarkable property of
inhibiting the InhA enzyme directly without requiring any
coenzyme, makes them especially appropriate for the
design of new antibacterials. In order to find a sound
binding conformation for the different arylamide analogs,
molecular docking experiments were performed with sub-
sequent QSAR investigations. The X-ray conformation of
one arylamide within its cocrystallized complex with InhA
was used as a starting conformation for the docking
experiments. The results thus obtained are perfectly con-
sistent (rmsd = 0.73 1&) with the results from X-ray
analysis. A thorough investigation of the arylamide binding
modes with InhA provided ample information about struc-
tural requirements for appropriate inhibitor—enzyme
interactions. Three different QSAR models were estab-
lished using two three-dimensional (CoMFA and CoMSIA)
and one two-dimensional (HQSAR) techniques. With sta-
tistically ensured models, the QSAR results obtained had
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high correlation coefficients between molecular structure
properties of 28 arylamide derivatives and their biological
activity. Molecular fragment contributions to the biological
activity of arylamides could be obtained from the HQSAR
model. Finally, a graphic interpretation designed in differ-
ent contour maps provided coincident information about the
ligand-receptor interaction thus offering guidelines for
syntheses of novel analogs with enhanced biological
activity.

Keywords Molecular modeling - Molecular docking -
CoMFA - CoMSIA - HQSAR

Introduction

Tuberculosis (TB) caused by Mycobacterium tuberculosis
(M. tuberculosis) remains a serious public health problem.
Globally, there were estimated 9.27 million incident cases
of TB in 2007. This is an increase from 9.24 million cases
in 2006, compared with 8.3 million cases in 2000 and 6.6
million cases in 1990 [1]. Multidrug resistant tuberculosis
(MDR-TB), widespread extensive drug-resistance TB
(XDR-TB), and co-infection between M. tuberculosis and
HIV (TB/HIV) are rendering tuberculosis treatment
complicated, and cause severe financial strain [2-11].
Accordingly, to address these problems the design of novel
and more potent antitubercular agents has to be regarded as
highly important.

The enzymes involved in the bacterial fatty acid bio-
synthetic pathway, the type II fatty acid synthase (FAS II)
system, are attractive targets for designing novel antibac-
terial agents and improving existing antibacterial agents
[12-17]. Bacterial FAS-II organization is distinct from its
mammalian counterpart; thus, the FAS-II pathway offers
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several targets for potential selective interactions with
antibacterial agents [15]. One of these targets in the FAS-II
pathway is enoyl-acyl ACP reductase (InhA). This enzyme,
involved in mycolic acid biosynthesis, catalyzes the
NADH-specific reduction of 2-trans-enoyl-ACP, which is
essential for fatty acid elongation [18]. Subsequently, InhA
has been identified as the primary target of isoniazid (INH),
the frontline drug for tuberculosis chemotherapy [19-27].
Being a prodrug, INH does not inhibit InhA enzyme
directly. It must first be activated by catalase-peroxidase
(KatG) to generate the reactive acyl radical [28-34].
Thereupon, the reactive species binds covalently to nico-
tinamide adenine dinucleotide (NAD+) to form the active
adduct (INH-NAD adduct) that functions as a highly potent
inhibitor of InhA [18-20, 23, 30, 35, 36]. However, the
high potency of INH for tuberculosis treatment is dimin-
ished by drug resistance. High levels of resistance to INH
are caused by mutations in KatG, commonly found in
M. tuberculosis clinical isolates [37]. The predominant
mutation of INH-resistant strains, KatG[S315G], has been
found and examined in detail [38]. These results reveal that
catalase and peroxidase activities of KatG were moderately
reduced (50 and 35%, respectively). The INH binding
affinity for the residuary enzyme was unchanged, whereas
INH activation was reduced by 30% compared with WT
KatG, which would be expected to correlate with a mod-
erate increase of the minimum inhibitory concentrations
(MIC) of INH. In order to reduce the resistance against
INH associated with mutations in the KatG enzyme,
compounds which directly inhibit the InhA enzyme
without requiring activation by KatG are seen as very
promising new agents against tuberculosis [39-43].
A series of arylamides have already been identified as a
novel class of potent InhA inhibitors [44]. In addition some
crystal structures of InhA—arylamide inhibitor complexes
incubated with NADH are already available [44]. On the
other hand it must be taken into account that most aryla-
mides have high MIC values only against M. tuberculosis
strain H37Rv. However, it can be reasonably assumed that
these compounds are extruded from the bacterial cell by
efflux pumps.

This information, especially the remarkable property of
arylamides which directly inhibit the InhA enzyme—pos-
sibly the crucial point for new therapy—justifies more
detailed examination of their structural requirements for
suitable therapeutic activity against tuberculosis.

Molecular modeling and computer-aided molecular
design approaches are powerful tools for developing new
and more potent InhA inhibitors. Recently, structure-based
and ligand-based approaches to drug design have been used
to identify important features of InhA inhibitors [45—48]. In
this study, molecular docking calculations were used to
investigate the important drug—enzyme interactions of
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arylamides in the InhA binding pocket. Additionally, the
relationship between the structure and activity of these
compounds was elucidated by the CoMFA, CoMSIA, and
HQSAR methods [49-52] giving us new and more detailed
information for the design of highly active antibacterials.

Results and discussion

Structural comparison of ligand-bound and ligand-free
InhA

The X-ray structures of arylamide-bound (pdb code 2NSD)
and arylamide-free (pdb code 1ENY) InhA were used for
comparison. Because of this binding, the two structures are
different within the region of residues Leul97-Arg225
including two o-helixes and one loop labeled in red in
Fig. 1. NADH in two complexes was held at the same
position implying that ligand binding in these cases has no
effect on the binding of NADH cofactor. The effect of
arylamide binding on the surrounding residues is shown in
Fig. 2. The positions of residues near the NADH binding
site including Gly96, Phe97, Phel49, and Prol93 are
insignificantly changed whereas the sidechain of Tyr158
flips away from the reference position to form a hydrogen
bond with the amide carbonyl oxygen of the inhibitor. The
altered position of the Tyr158 sidechain, in turn, also
induces a sidechain shift of Met155 and Met161. Likewise

Fig. 1 Superimposition of InhA of pdb code 1ENY (green) and
2NSD (grey and red); arylamide is labeled in yellow



Tinhibitor—enzyme interaction of arylamides as novel direct inhibitors

1031

MET161 )

v

PRO193

Fig. 2 Arylamide (blue) in the InhA binding site (yellow) and ligand-
unbound InhA (colored by atom type). Red arrows show position
shifts of residues

the hydrophobic residues of Met199, I1e202, Ile215,
Leu218, and Trp222 shift their position. In another aryla-
mide—InhA complex (pdb code IP44), the corresponding
shifts of these hydrophobic residues are also observed.
These results suggest that the hydrophobic pocket is a
highly flexible region capable of binding arylamides most
favorably. On the other hand, NADH, Gly96, Phe97,
Phe149, and Pro193 are not involved in ligand binding.

Validation of the molecular docking calculations

As already mentioned, the potential binding modes of
arylamide derivatives in the InhA binding pocket were
carried out by molecular docking calculations with the
software Glide (see the section “Data sets and calculation
methods”). To assess the reliability of the binding modes
obtained from molecular docking calculations, compound
b3 in the InhA X-ray crystal structure was extracted and
docked back into the binding pocket. The root mean-square
deviation (rmsd) between the docked and crystallographic
conformation of compound b3 is 0.73 A, indicating that
molecular docking calculations with the software Glide
enable highly reliable reproduction of the binding mode of
compound b3 in the InhA binding pocket.

Molecular docking analysis of arylamide derivatives

All the arylamide derivatives in the data set have structural
differences in ring moiety B. Accordingly, the arylamide
derivatives were classified into three series, a, b, and p
which are given in Table 1. The top ranking poses pro-
duced by Glide docking were selected as potential
interaction modes of arylamide derivatives in the InhA
binding pocket. All predicted binding modes of these
compounds are consistent with the crystallographic con-
formation of compound b3 as shown in Fig. 3.

Table 1 Chemical structures and experimental biological activities
for InhA inhibition of arylamide derivatives

(o]

n

Compound X n R R? log(1/ICsp)
al® N 0 H H 4.41
a2 N 0 4-CH, H 478
a3 N 0 4-CH, 3-CF; 5.20
ad N 0 4CH; 3-Cl 5.51
as N 0 3-CH; 3-Cl 5.03
a6 N 0 3-CH; 4-NO, 481
a7 N 0 34Me, 3-Cl 6.00
a8 N 0 34Me 3-CFs 5.73
a9 N 0 4-iPr 3-Cl <4.00
al0 N 0 4rBu 3-Cl <4.00
all N 0 4+Bu 3-CF; <4.00
al2 N 0 4rBu 4-CHj, 3-C1  <4.00
al3 N 0 2F 3-Cl 4.86
al4? N 0 4F 3-Cl 5.01
al5s N 0 3« 3-Cl 5.17
alé N 0 34ChL 3-Cl 5.22
al7 N 0 34ChL H 475
al8 N 1 H H 4.50
bl c 1 3 H 5.11
b2 C 1 2F H 485
b3? C 1 4CH; H 5.29
b4 C 1 3-CH; H 5.13
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pl /©)L <] 6.40
9
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p3 (HD)L NN ?‘
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Table 1 continued

Compound X n R' R? log(1/1Cs0)

.
e (D

p6 ©)LN N 5.69
F

* The test set compound for QSAR studies

ALA15T

N

MET103

Fig. 3 Docked conformations of arylamide derivatives (yellow) and
the crystallographic conformation of compound b3 (colored by atom
type) in the InhA binding pocket obtained from Glide docking

Molecular docking analysis of arylamide derivatives
in the series a

Compound a7 has the highest InhA inhibitory activity
among compounds in the series a (log(1/ICsp) = 6.00).
The binding mode of this compound predicted by molec-
ular docking calculations is shown in Fig. 4. The aryl ring
B forms hydrophobic interactions with Phel49, Prol93,
Val203, Leu218, and Ile215. The 3-Cl substituent on B
forces the aliphatic sidechain of Ile215 and Leu218 to
undergo hydrophobic interactions and the nearby located
Glu219 forms van der Waals interactions. The ring C of
this compound participates in van der Waals interactions
with Phel49, Met199, Tyrl158, 11e202, and the nicotin-
amide part of NADH. The amide carbonyl oxygen present
in all arylamide derivatives has two hydrogen bond inter-
actions with the hydroxyl groups of the nicotinamide ribose
and Tyr158. The aryl ring A and its substituents can form
van der Waals interactions with Gly96, Phe97, Met103,
Tyr158, Metl61, Thr196, Alal98, Metl199, and I1e202.
Additionally, hydrogen atoms at the ortho and meta posi-
tions of the aryl ring A are located near the pyrophosphate
oxygen and the oxygen linker of NADH with short
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Fig. 4 The docked conformation of compound a7 in the InhA
binding pocket obtained from Glide docking

distances of 3.03 and 2.72 A, respectively. Accordingly,
hydrogen bond interactions may occur among them.

The replacement of both 3,4-Me, groups on ring A of
compound a7 by two chlorine atoms (3,4-Cl,) results in
complete loss of activity, as shown for compound al6.
Because of the smaller chlorine substituents, the aryl ring A
of compound al6 forms less strong van der Waals interac-
tions with Gly96, Phe97, Met103, Tyr158, Met161, Thr196,
Alal98, Met199, and I1e202 than that in compound a7.
Substituting the para position of the ring A with the bulkier
4-t-butyl group (compounds al0, all, and al2) brings about
severe loss of activity (log(1/ICsp) < 4). The docking
analysis reveals that these lowest activity compounds have
very different binding modes compared with that of com-
pound a7 as presented in Fig. 5. Because of steric hindrance
of the 4-t-butyl substituent, ring A of compounds al0, all,
and al2 cannot occupy the same pocket region as occupied
by ring A of compound a7. This result is in accordance with
experimental data. Ring A surrounding residues, including
Phe97, Gly96, and NADH, prove to be insufficiently flexi-
ble for ligand binding as described above. The 4-z-butyl
groups of these compounds are placed at the same position
as aryl moiety B of compound a7, because these sites are big
enough to accommodate the ring A and its sterically
demanding substituents. Even though these compounds can
adapt their binding modes in the InhA binding pocket, the
important hydrogen-bonding interactions with NADH and
Tyr158 are not maintained at the same level as those of
compound a7. Moreover, the 4-z-butyl group loses hydro-
phobic contact with the hydrophobic residues of Met199,
Pro193, and Ile215 comparable with the aryl ring moiety B
of compound a7. Accordingly, compounds al0, all, and
al2 have the lowest activity.

The size of a substituent on B is to some extent related to
the size of the substituent on ring A. If A contains a small
substituent, a bulky group on B exerts its inhibitory activity
without restriction, because of the hydrophobic interactions
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Fig. 5 The docked conformations of compound a7 (carbon atoms
colored orange) and compound al0 (carbon atoms colored blue) in
the InhA binding pocket

of B, as in compounds al6 and al7. If, on the other hand, A
bears a bulky substituent, the inhibitory activity of a bulky
group on B is diminished, because of alteration of its
alignment; this is shown for compounds a7 and a8. The
docking analysis reveals that the position of compound a8 is
slightly shifted compared with compound a7, because of the
3-CF; group on ring B. As mentioned above, both 3-CI and
3-CF; substituents on ring B situated near Pro193 are not
responsible for ligand binding. If compound a8 lays in the
same position as compound a7, a steric clash of the 3-CF;
group with this residue may occur. The altered position of
compound a8 leads to a change of the hydrogen bond pat-
tern of this compound compared with compound a7; this is
shown in Table 2. Because the hydrogen bond distances of
compound a8 between the amide carbonyl oxygen and
Tyr158, and the hydrogen atom at the meta position of ring
A and the oxygen linker of NADH are increased, the activity
of compound a8 is lower. This situation is obviously
responsible for the different activity of compounds a3 and
a4. Regarding compounds a4 and a5, the main difference
between these two compounds is the methyl group at para

Table 2 Hydrogen bond distances between compounds a7, a8, a4,
a5, and NADH and Tyr158 in the InhA enzyme

Residue Residue Ligand Distance (/a\)
group atom
a7 a8 a4 aS
Tyrl58 OH Cc=0 274 292 295 3.16
159 163 161 158
NADH (nicotinamide =~ OH C=0 2.80 2.75 2.69 2.72

ribose) 179 173 173 167

NADH (oxygen linker) O meta-H 2.72 291 3.64 2.90
134 123 99 130

NADH (pyrophosphate P-O  ortho-H 3.03 2.98 334 2.93
oxygen) 116 121 111 129

and meta positions. The methyl group at the meta position
reduces the inhibitory activity. If the methyl group at the
para position is shifted to the meta position, the length of the
structural moiety between A and B is reduced, which mainly
affects the hydrogen bond interactions of compounds a4 and
a5 with NADH and Tyr158, as presented in Table 2.

Molecular docking analysis of arylamide derivatives
in series b

All compounds in series b have moderate activity, with
log(1/ICsp) values ranging between 4.85 and 5.29. The
binding modes of these compounds, evaluated by means of
molecular docking calculations, are similar, as shown in
Fig. 6. The ring B and the CH, linker are located in the
neighborhood of the hydrophobic residues Metl199,
Pro193, Phel49, Ile215, Val203, Trp222, and Leu218.
Moreover, van der Waals interactions with Glu219 are
observed. The ring C of these compounds forms van der
Waals interactions with Phel49, Met199, Tyrl158, and
I1e202, and nicotinamide of NADH. The important
hydrogen bond interactions of the amide carbonyl oxygen
found for compounds in series a are still maintained for all
compounds of series b.

Aryl ring A of the compounds in series b is oriented
similarly to that of the compounds in series a. Hydrogen
bond interactions can occur between the hydrogen atoms at
the ortho and meta positions of aryl ring A and the pyro-
phosphate oxygen and the oxygen linker of NADH. The
substitution pattern of aryl ring A of the compounds in
series b leads to altered compound extensions, which affect
the lengths of the hydrogen bonds as shown in Table 3.
Moreover, they also affect the van der Waals interactions
of the aryl ring A. Compared with the most active com-
pound of series b, compound b3, compound b2, the least
active compound, has shorter hydrogen bond distances
with the pyrophosphate oxygen and the oxygen linker of

MET98

MET103

Fig. 6 The docked conformations of compounds b1, b2, b3, and b4
in the InhA binding pocket
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Table 3 Hydrogen bond distances between compounds b1, b2, b3,
and b4 and NADH and Tyr158 in InhA enzyme

Residue Residue Ligand Distance (10\)
group atom
bl b2 b3 b4
Tyr158 OH C=0 3.04 3.04 299 2381

162 166 162 161
NADH (nicotinamide =~ OH C=0 295 273 2.72 281

ribose) 170 166 172 177
NADH 0 meta-H 2.63 239 245 247
(oxygen linker) 127 125 139 137
NADH (pyrophosphate P-O ortho-H 2.86 2.84 2.87 2.79
oxygen) 112 112 123 122

NADH. The distance to Tyr158 is also shifted. Moreover,
compound b2 loses van der Waals interactions with Gly96
and NADH.

Molecular docking analysis of the arylamide
derivatives in series p

Among all the series of arylamide derivatives shown in
Table 1, compounds in series p are highly active with
log(1/ICso) values ranging from 5.69 to 7.05. Compound
p2 has the highest activity of all the compounds studied.
The potential binding mode of this compound within the
InhA binding pocket is obtained by flexible ligand docking
simulations as presented in Fig. 7. The bulky ring B
interacts with hydrophobic residues of Alal57, Met199,
Pro193, Val203, Leu218, 11202, Trp222, and Met232, also
forming van der Waals interactions with Tyr158, Met103,
Metl55, and Glu219. The ring B moieties of the com-
pounds in series p are bulkier than those of the compounds
in series a and b, resulting in stronger hydrophobic and van
der Waals interactions with the surrounding amino acids.
These bulkier rings B are obviously responsible for the
higher activity of the compounds in the series p. Hydrogen
bond interactions with NADH and Tyrl58 as are found
for all compounds in series a and b are also observed in
series p.

Substitution of the bulky group on ring A of compound
p2 reduces the compound’s activity, as shown for com-
pounds p1 and p3. Because of the bulky group on ring A, the
binding modes of compounds p1 and p3 are slightly shifted
compared with the binding mode of compound p2, thus
affecting the hydrogen bonding pattern of compounds pl
and p3. Some hydrogen bond distances of these compounds
are slightly increased compared with those of compound p2,
as shown in Table 4. These differences obviously bring
about the activity loss of compounds p1 and p3.

In another case, compound p6, the fluorene ring B of
compound p2 is replaced by a bis(4-fluorophenyl)methyl

@ Springer

Fig. 7 The docked conformation of compound p2 in the InhA
binding pocket

Table 4 Hydrogen bond distances between compounds pl, p2, p3,
and p6 and NADH and Tyr158 in InhA enzyme

Residue Residue Ligand Distance (A)
group  atom
pl  p2 p3 pé
Tyr158 OH C=0 284 3.05 2.67 3.05

162 161 170 165

NADH (nicotinamide ~ OH C=0 28 274 293 2.84
ribose) 176 170 168 169
NADH (oxygen linker) O meta-H 244 238 230 2.77
144 126 149 124

NADH (pyrophosphate P-O ortho-H 2.7 279 3.06 2.93
oxygen) 133 117 116 121

substituent. Because of the presence of a bis(4-fluoro-
phenyl)methyl substituent, the interacting distances of
compound p6 with NADH are strongly increased compared
with compound p2, as shown in Table 4. The lower
activity of compound pé can thus be explained.

Structural conditions for favorable interaction
of arylamide derivatives with the InhA binding pocket

1. Two hydrogen bonds between the amide carbonyl
oxygen and the hydroxyl group of the nicotinamide
ribose and the hydroxyl group of Tyr158.

2. Hydrogen bond-type interactions of ortho and meta
hydrogens on aryl ring A with the pyrophosphate
oxygen and oxygen linker of NADH.

3. Hydrophobic interactions of ring B with side chains of
Alal57, Metl199, Prol193, Val203, Ile215, Leu2l8,
[1e202, Trp222, and Met232.

4. The size of substituents on ring A and ring B should be
checked against one another to keep the optimum
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distance for the required hydrogen bond interactions of
arylamides with Tyr158 and NADH.

CoMFA and CoMSIA models

Results from use of CoOMFA and CoMSIA methods, which
use pharmacophore-based alignments, on 40 arylamide
derivatives from two different laboratories have recently
been reported [48]. To ensure that all experiments were
performed under comparable conditions, only 28 arylamide
derivatives taken from one laboratory were used in our
work. This smaller data set gave statistically sound results
indicating its adequate size for construction of reasonable
QSAR models. Statistical data from PLS analyses of
CoMFA and CoMSIA models are given in Table 5. The
PLS procedure extracts from the steric and the electrostatic
fields of CoMFA six relevant components with correlation
coefficients ¢*> = 0.68 and r* = 0.99. The contribution of
steric and electrostatic fields is 67.6 and 32.4%, respec-
tively. On the basis of the better statistical values and more
field descriptors, a model including steric, electrostatic, and
hydrophobic fields was selected as the best CoMSIA
model. The PLS results for this model have correlation
coefficients of ¢> = 0.64 and r* = 0.95. Compared with
the CoMFA model, the predictive ability of the best
CoMSIA model is insignificantly inferior. For the CoMSIA
model, the contribution of steric, electrostatic, and hydro-
phobic fields is 19.0, 39.5, and 41.5%, respectively,

indicating that the additional hydrophobic field has greater
effect on inhibitory activity than the others.

HQSAR models

Numerous HQSAR models with a default fragment size
(4-7) were generated on the basis of various combinations
of the different fragment types which constitute the holo-
gram. Statistical data for all generated HQSAR models
are shown in Table 6. Chirality plays a less important role
in inhibitory activity of arylamide derivatives, because
incorporation of a chirality fragment into molecular holo-
gram models did not improve the ¢* and r* values of these
models. On the basis of the better statistical values and
more fragment distinction parameters, model 10, which
includes atoms, bonds, connections, and hydrogen atoms
(A/B/C/H) was chosen as the best HQSAR model with q2
of 0.74, P of 0.95, standard error of 0.48, hologram length
53, and an optimum number of components of six. These
statistical results demonstrate the reliability and good
predictive power of the best HQSAR model.

Validation of the QSAR models

The predicted activities of the training and test sets derived
from the best CoMFA, CoMSIA, and HQSAR models are
listed in Table 7. The graphs of correlations between
experimental and predicted activities are depicted in Fig. 8.

Table 5 Summary of statistical results for the COMFA model and various CoMSIA models with different combined fields

Models Statistical data Fraction
v ”? N s SEE F
CoMFA 0.68 0.99 6 0.53 0.09 287.88 67.6/32.4 (S/E)
CoMSIA
S/E 0.65 0.91 3 0.51 0.26 60.78 36.7/63.3
S/H 0.61 0.96 5 0.57 0.17 88.60 31.2/68.8
S/HA 0.62 0.83 2 0.52 0.35 47.13 76.0/24.0
S/HD 0.62 0.88 4 0.54 0.31 31.68 94.3/5.7
S/E/H 0.64 0.95 4 0.53 0.20 85.44 19.0/39.5/41.5
S/E/HA 0.62 0.86 2 0.51 0.31 61.74 30.6/57.3/12.1
S/E/HD 0.62 0.92 4 0.54 0.24 53.61 36.8/59.5/3.7
S/H/HA 0.56 0.82 2 0.55 0.35 46.58 28.3/59.5/12.2
S/H/HD 0.61 0.97 6 0.58 0.16 85.05 29.9/67.0/3.1
S/HA/HD 0.63 0.83 3 0.52 0.35 31.34 74.2/23.3/2.5
S/E/H/HD 0.61 0.96 5 0.56 0.19 75.56 18.7/38.3/40.6/2.4
S/E/H/HA 0.57 091 3 0.56 0.25 65.23 17.8/35.3/38.1/8.8
S/E/H/HD/HA 0.57 0.89 3 0.56 0.29 48.53 18.5/35.1/38.0/0.8/7.6

Bold values indicate the best CoMSIA model

qgv, leave-one-out (LOO) cross-validated correlation coefficient; 2, non-cross-validated correlation coefficient; N, optimum number of com-
ponents; s, standard error of prediction; SEE, standard error of estimate; F, F test value; S, steric field; E, electrostatic field; H, hydrophobic; HD,

hydrogen donor field; HA, hydrogen acceptor field
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Table 6 The statistical results of HQSAR models combined with
various fragment distinction parameters

Model  Fragment type g e N SEE HL N
1 A/B 076 093 044 024 199 5
2 A/C 076 093 046 024 8 6
3 A/DA 054 0.87 0.63 035 97 6
4 A/H 073 090 046 028 257 4
5 A/Ch 070 0.85 0.50 0.35 61 5
6 A/B/C 077 093 044 024 61 6
7 A/B/H 073 096 049 0.20 97 6
8 A/B/DA 072 092 050 028 307 6
9 A/B/Ch 076  0.89 042 028 8 3
10 A/B/C/H 074 095 048 0.20 53 6
11 A/B/C/DA 072 092 050 0.27 59 6
12 A/B/DA/H 069 094 052 024 97 6
13 A/B/C/Ch 077 093 044 024 61 6
14 A/B/DA/Ch 072 091 049 029 71 6
15 A/B/H/Ch 073 095 049 021 53 6
16 A/B/C/DA/H 068 092 051 026 97 5
17 A/B/C/DA/Ch 073 092 048 027 53 6
18 A/B/C/H/Ch 074 095 048 020 53 6
19 A/B/DA/H/Ch 066 093 054 025 97 6
20 A/B/C/DA/H/Ch 0.65 093 0.56 0.25 97 6

Bold font indicates the best HQSAR model

HL, hologram length; A, atoms; B, bonds; C, connections; H,
hydrogen atoms; Ch, chirality; DA, donor and acceptor

The predicted activities of the training set are close to the
experimental activities with deviation values <0.19, 0.37,
and 0.37 logarithmic units for CoMFA, CoMSIA, and
HQSAR models, respectively, in agreement with experi-
mental and predicted activities. By examining the
statistical results, a6 could be identified as an outlier within
the best CoOMFA, CoMSIA, and HQSAR models. In order
to assess the predictive ability of these QSAR models, the
biological activities of the test set compounds were pre-
dicted. On the basis of the best QSAR models, all test set
compounds have predicted values within one logarithmic
unit of the experimental values presented in Table 7. The 12
values from the best CoMFA, CoMSIA, and HQSAR
models are 0.86, 0.81, and 0.92, respectively. These results
reveal that all selected QSAR models are reliable, with
high predictive power. Therefore, the best CoMFA,
CoMSIA, and HQSAR models could be used to design new
arylamide derivatives with improved properties.

CoMFA and CoMSIA contour maps
To easily visualize the importance of steric, electrostatic,

and hydrophobic fields on the inhibitory activity of aryla-
mide derivatives, COMFA and CoMSIA contour maps were
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established. Favorable and unfavorable steric regions are
represented by green and yellow contours, respectively,
whereas blue and red contours characterize regions which
favor positive and negative charges, respectively. For
CoMSIA magenta and white contours represent favorable
and unfavorable hydrophobic regions, respectively. The
predicted binding modes obtained from Glide docking of
compounds a7, b3, and p2, the most active compounds in
series a, b, and p, respectively, were used for the contour
map interpretation.

From CoMFA steric contours as shown in Fig. 9a, two
large yellow contours located near the meta and para
substituents on the aryl ring A of compounds a7, b3, and
p2 indicate that these regions must not contain bulky
substituents. These findings explain why compounds a9,
al0, all, and al2 which bear bulky i-propyl and #-butyl
substituents at the para position are less potent than com-
pound a7. As described in the docking analysis, these
bulky substituents change the binding modes of these
inhibitors leading to loss of the main binding interactions.
Another interesting large green contour is located near ring
B of compounds a7, b3, and p2. As seen from Fig. 9a, only
the bulky ring B of compound p2 is buried in this green
contour. This finding explains why compounds in series a
and b containing the smaller ring B are less potent than
compound p2 bearing the bulkier ring B. These results
agree well with docking results showing that a bulky ring B
interacts with the hydrophobic residues of Alal57, Met199,
Pro193, Val203, Leu218, 11e202, Trp222, and Met232 to a
greater extent than a small ring B. Therefore, introducing a
bulkier group to ring B of compounds a7 and b3 within the
large green region would enhance the activity of these
compounds.

Figure 9b presents the electrostatic CoMFA contour
map. A blue contour appears near the hydrogen atoms at
the ortho position of aryl ring A of compounds a7, b3, and
P2 indicating that a more positively charged substituent is
favored in this position for increased affinity. In good
agreement with the docking results, the presence of posi-
tively charged substituents at this position favors hydrogen
bonding interactions with the pyrophosphate oxygen of
NADH. Additionally, two large blue contours situated near
the meta and para substituents on aryl ring A of these
compounds imply that electron-deficient substituents were
preferred in these regions. In another area, CoMFA model
shows that a large electronegatively favored region is
located above the aromatic fluorene ring B of compound
p2, implying that the aromatic ring at this position would
enhance the inhibitory potency.

Steric and electrostatic CoMSIA contours (not shown)
are similar to the corresponding CoMFA contours. There-
fore, only the hydrophobic contour is discussed in this
study. The CoMSIA model indicating hydrophobicity is
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g:;l()iliitz d]izgflﬁli]el:n()t?ltfarilging Compound Experimental log 1/1Cs

i o fom N, Covia Covsia HOSAR

Predicted Residue Predicted Residue Predicted Residue

al® 4.41 4.87 —0.46 5.05 —0.64 4.82 —0.01
a2 4.78 4.86 —-0.07 4.73 0.05 5.03 —0.25
a3 5.20 5.26 —0.06 5.38 —0.18 5.15 0.05
a4 5.51 5.53 —0.02 5.30 0.21 5.14 0.37
a5 5.03 5.05 -0.02 4.95 0.08 5.19 —0.15
a7 6.00 591 0.09 5.63 0.37 5.76 0.24
a8 5.73 5.74 —0.01 5.57 0.16 5.77 —0.04
a9 4.00 3.97 0.04 3.98 0.02 3.95 0.05
all 4.00 4.01 —0.01 3.99 0.01 3.97 0.03
all 4.00 3.98 0.02 4.06 —0.06 3.97 0.03
al2 4.00 4.05 —0.05 3.99 0.01 4.07 —0.07
al3 4.86 4.86 0.00 4.87 —0.01 4.97 —0.09
al4? 5.01 4.64 0.37 4.83 0.18 4.97 0.04
als 5.17 5.29 -0.12 5.48 —0.31 5.18 —0.01
alé 5.22 5.18 0.04 5.36 —-0.14 5.14 0.08
al7 4.75 4.65 0.10 4.64 0.11 5.04 —-0.29
al8 4.50 4.51 —0.01 4.65 —0.15 4.39 0.11
bl 5.11 4.92 0.19 5.06 0.05 5.10 0.01
b2 4.85 4.83 0.02 4.94 —0.09 4.88 —0.03
b3* 5.29 5.10 0.19 5.07 0.22 5.08 0.21
b4 5.13 5.29 —0.16 5.21 —0.08 5.10 0.03
pl 6.40 6.46 —0.06 6.67 —-0.27 6.75 —0.35
p2 7.05 6.96 0.09 6.77 0.28 6.68 0.37
p3* 6.70 6.61 0.09 6.11 0.59 7.06 —0.36
p4 5.98 6.03 —0.04 5.97 0.01 6.04 —0.06
pS 5.72 5.75 —0.03 5.51 0.21 5.74 —0.02
p6 5.69 5.64 0.06 5.99 —0.30 5.68 0.01

* The test set compound

shown in Fig. 9c. Two hydrophobically unfavorable white
contours appear near the meta and para substituents on aryl
ring A of compounds a7, b3, and p2. The combined results
from CoMFA and CoMSIA contour maps indicate that
electron-donating groups with low steric demand and high
hydrophilicity in these regions would be helpful to enhance
the binding affinity of arylamide derivatives with the InhA
pocket. Two hydrophobically favorable magenta contours
are located near ring B of compounds a7, b3, and p2. Only
the bulky fluorene substituent of compound p2 is buried in
both magenta contours. These findings clearly show that
the bulky fluorene substituent of compound p2 favors
hydrophobic interactions to a greater extent than aryl ring
B of compounds a7 and b3. Therefore, compounds that
contain the bulky fluorene ring as the B substituent have
higher inhibitory activity than the others, as shown for
compounds p1, p2, and p3. With regard to compounds a7
and b3, the hydrophobic group matches two favorable

hydrophobic magenta contours of ring B and hence should
enhance their activity.

HQSAR contribution maps

Molecular fragments of arylamides which contribute
directly to biological activity can be visualized through
HQSAR contribution maps. The different contributions of
all atoms in a molecule to the biological activity are dis-
criminated by a color code. Atoms with negative
contributions are represented at the red end of the spectrum
whereas atoms with positive contributions are presented by
the colors at the green end of the spectrum. The white
colored atoms make intermediate contributions. Figure 10
depicts the individual atomic contributions to the activity
of the highly active compounds a7, b3, and p2.

As seen from Fig. 10, the fragments of the fluorene ring
B of the most active compound p2 are positively correlated

@ Springer
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Fig. 8 Plots of experimental activity against predicted activity for the
training and test sets derived from CoMFA (a), CoMSIA (b), and
HQSAR (c¢) models

with the biological activity of this compound. Compounds
p1 and p3 containing a fluorene ring also have high bio-
logical activity. If the fluorene ring of compound p2 is
replaced by the smaller aryl ring of compounds a7 and b3,

@ Springer

Glu219

Pro193

/Metog

Met103 Tyr158

Fig. 9 CoMFA steric contour (a), CoMFA electrostatic contour
(b), and CoMSIA hydrophobic contour (¢) in combination with
compounds a7 (orange), b3 (violet), and p2 (colored by atom type)
in the InhA binding pocket (cyan). Green and yellow contours
represent favorable and unfavorable steric regions, respectively.
Blue and red contours are favored for electron-positive groups
and electron-negative groups, respectively. Magenta and white
contours show favorable and unfavorable hydrophobic regions,
respectively
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the individual atoms of the aryl ring make less positive
contributions than the individual atoms of the fluorene ring;
particularly the aryl ring of compound b3 as shown in
Fig. 10. These observations confirm the previous CoMFA
and CoMSIA results which suggest that the bulky volume
of ring B would enhance the biological activity of aryla-
mide derivatives. Consistent with the docking results also,
a bulky ring B is favorable for hydrophobic interactions
leading to increased binding affinity. With regard to the
aryl ring A, this fragment of compounds b3 and p2 is
positively related to the biological activity. As described in
the docking analysis, yellow and green colored hydrogen
atoms at the ortho and meta positions of aryl ring A favor
the formation of hydrogen bond interactions with NADH.
This HQSAR result corroborates the importance of these
hydrogen bond interactions in the biological activity of the
arylamide derivatives. In compound a7, all substituents on
the aryl ring A make no contributions to the biological

@

(c)

Thering B

ji |
>

Negative contiibution Neutral Positive contribution

Fig. 10 The HQSAR contribution maps for compounds a7 (a), b3
(b), and p2 (c)

activity of this compound, indicating that modification of
these substituents based on CoMFA and CoMSIA sug-
gestions should enhance the potency. Importantly, the 3-Cl
substituent on the aryl ring B of compound a7 is colored
green, implying that this substituent is necessary for the
binding affinity of this compound and others in series a.

Data sets and calculation methods
Data sets and biological activities

Some of the 28 arylamide derivatives were found in the
literature [44]. Chemical structures and experimental bio-
logical activity of these compounds are listed in Table 1.
All the arylamide derivatives in the data set are structurally
different. Compounds bearing a nitrogen atom at position
X and an aryl ring as the ring moiety B are defined as series
a, whereas compounds that contain a carbon atom at
position X are defined as series b. Another series of com-
pounds bearing a fluorene or bis(4-fluorophenyl)methyl
ring at position B are defined as series p. The biological
activity of these compounds for InhA inhibition were
expressed in terms of ICs, values. For QSAR studies, ICs
values were converted as usual to the corresponding
log(1/ICsp). All chemical structures of arylamide deriva-
tives were constructed using the standard tools available
in GaussView 3.07 software [52] and were then fully
optimized using the HF/3-21G method implemented in the
Gaussian 03 software [53].

Molecular docking calculations

The X-ray crystal structure of compound b3 complexed
with InhA (pdb code 2NSD) was used for molecular
docking experiments. Docking of arylamide derivatives
was carried out by use of the software Glide, version 5
[54]. The InhA protein for the docking study was prepared
by using the Protein Preparation Wizard tool of Glide. All
hydrogen atoms were added to the protein structure and all
crystallographic water molecules were excluded. To keep
the original X-ray crystal coordinates unaltered, the entire
protein was not minimized; only the hydrogen bond net-
work between the ligand and the protein was optimized.
The receptor grid was generated using the receptor grid
generation tool in the Glide software. The scaling of the
van der Waals radius was set as default, a scaling factor of
1.0 and a partial charge cutoff of 0.25. The grid box with
size of 14 A was centered on the workspace ligand. For
subsequent molecular docking of the ligand into the InhA
binding site, standard precision (SP) with dock flexibly
option was selected and ten distinct ligand poses per ligand
were written out. No constraints were selected in the docking

@ Springer
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runs. Post-docking minimization was performed with the
default setting. Compound b3 was docked back into the
InhA binding pocket to validate the docking method, and
subsequently all derivatives were docked. The ligand pose
with highest G score was selected as the best binding mode
of arylamide derivatives in the InhA binding pocket.

Training and test sets

The chemical structures and biological activities of aryla-
mide derivatives used to set up CoMFA, CoMSIA, and
HQSAR models are listed in Table 1. Experimental
activities of these compounds are spread over a range of
3.05 log(1/ICsp) units thus providing a broad and homog-
enous data set for COMFA, CoMSIA, and HQSAR studies.
The 28 arylamide derivatives were divided into a training
set of 24 compounds and a test set of four compounds for
final model development and model validation, respec-
tively. The representatives of the test set were manually
selected and cover the entire range of activity and struc-
tural diversity of the arylamides in the data set.

CoMFA and CoMSIA techniques

Structural alignment of compounds according to their
bioactive conformations is an important prerequisite for the
set up of appropriate CoOMFA and CoMSIA models. In this
study, the reasonable binding modes of compounds in the
InhA binding pocket obtained from Glide docking were
used for molecular alignment. SYBYL 8.0 molecular
modeling software [55] was used to calculate the CoMFA
and CoMSIA models. A sp® carbon atom with a formal
charge of +1 was selected as the probe atom to generate
the steric (Lennard—Jones potential) and the electrostatic
(Coulomb potential) fields. The probe atom was placed at
all intersections in a grid with spacing of 2 A. The steric
and electrostatic fields around the aligned compounds were
all calculated with CoMFA standard scaling. The maxi-
mum steric and electrostatic energies were truncated at
125 kJ/mol.

Five CoMSIA similarity index descriptors of steric,
electrostatic, hydrophobic, hydrogen bond donor, and
hydrogen bond acceptor fields were derived with the same
grid as used for the CoMFA field calculation. There are no
energy cutoffs for CoMSIA calculations because a dis-
tance-dependent Gaussian type was used, differing from
the procedure for CoMFA calculations. To generate a
contour map with prominent molecular features in the
CoMSIA study, an attenuation factor of 0.3 was used.

To derive a linear relationship between molecular
descriptors and activities, the partial least square (PLS)
approach was used, in which CoMFA and CoMSIA
descriptors were set as independent variables and log(1/ICs()

@ Springer

values were used as dependent variables. The cross-vali-
dation was performed using the leave-one-out method with
an 8.4 kJ/mol column filter to minimize the influence of
noisy columns. A final non-cross-validated analysis with
the optimum number of components was sequentially
performed and was then used to analyze the results. The 1
and ¢” values were used to evaluate the predictive ability of
the CoMFA and CoMSIA models.

HOSAR

Hologram QSAR (HQSAR) does not require information
about the 3D structure of inhibitors, because this method
uses only 2D structural information. Hence, in contrast
with the CoMFA and CoMSIA methods, HQSAR needs no
molecular alignment. For the HQSAR study, the HQSAR
module of SYBYL 8.0 was used. The same training and
test sets as for the CoMFA and CoMSIA studies were used
in the HQSAR study. Each compound in the training set
was converted into all possible molecular fragments
including linear, branched, cyclic, and overlapping frag-
ments in the size range 4-7 atoms. Molecular fragment
generation utilizes fragment-distinction properties includ-
ing atoms (A), bonds (B), connections (C), hydrogen atoms
(H), chirality (Ch), and donor and acceptor (DA). The
generated molecular fragments are counted in bins of a
fixed length array to produce a molecular hologram. The
hologram length was set with 12 as a default length ranging
from 53 to 401. The PLS method was used to establish a
correlation of the molecular hologram descriptors with the
biological data. The best model was selected on the basis of
the best cross-validated 7. To develop robust HQSAR
models, numerous models with various combinations of the
fragment-distinction properties were built.
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