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As an important transcription factor of the Ral family, nuclear factor-kappa B (NF-kB) is involved in
numerous cellular processes, such as the responses to cellular stress and to inflammation. For better elu-
cidating the quantitative structure-activity relationship of NF-xB inhibitors and determining possible
ligand-protein interaction, a pharmacophore model, Hypo1, was built based on 35 training molecules
by Catalyst/HypoGen algorithm. The five pharmacophore features of Hypo1, including three hydrophobic
groups, one hydrogen-bond acceptor, and one hydrophobic aromatic group, were correctly mapped onto
NF-kB surface. This model has strong capability to identify NF-kB inhibitors and to predict the activities
of structurally diverse molecules, thus to provide a valuable tool in the design of new leads with desired
biological activity by virtual screening.

© 20009 Elsevier Ltd. All rights reserved.

Nuclear factor-kappa B (NF-kB) is a very important eukaryotic
transcription factor for various immune and inflammatory
responses. Normally existing as inactive form in the cytoplasm, NF-
KB heterodimer composed of p50 and p65 (Rel A) subunits is inhib-
ited by binding with IxB family proteins,'™* subsequently NF-xB
nuclear translocation is blocked. NF-kB does not release and trans-
locate into nucleus until outside signaling induces IxB degradation,
phosphorylation, and polyubiquitination.>-® NF-xB functions in
regulating the expression of normal immunologic responses, and
NF-kB activation in response to pro-inflammatory stimuli such as
tumor necrosis factor-oo (TNF-o1) and interleukin-1p (IL-1B), has
been extensively characterized. However, excessive activation of
NF-kB can lead to inflammatory disorders, such as bowel disease,
psoriasis, asthma, rheumatoid arthritis, and sepsis.'!2

Current approaches for the treatment of inflammation mainly
rely on inhibiting pro-inflammatory mediator production and
quenching initial inflammatory response. For example, selective
inhibitors of NF-kB activation are expected as the potent therapeu-
tic agents for inflammatory diseases.'>"'> Previous reports dis-
closed diverse inhibitors of NF-xB activation, including MG-13216
and indan derivatives.!” In 2003, Tobe et al. reported a novel struc-
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tural class of quinazoline derivatives as interesting NF-kB inhibi-
tors. It needs to be emphasized that a few of potent NF-xB
inhibitors exhibited anti-inflammatory effects on carrageenin-in-
duced paw edema in vivo.'®'® The evidences that these inhibitors
showed awesome biological potential drive us to find their com-
mon structural moieties by using computational approach. Since
pharmacophore modeling is among the most state-of-the-art com-
ponent in a ligand-based molecular design, we herein employ the
above-mentioned NF-xB inhibitors to identify their common
features.

As the most leading algorithm for the automated generation of
pharmacophore models and 3D database searching,?° the HypoGen
module in the cataLyst 4.11 package (Accelrys Inc.) was selected to
identify the common features for NF-kB inhibitors.2! It should be
noted that this HypoGen algorithm has been demonstrated by a
large number of successful applications in medicinal chemis-
try.2272> In our current study, considering the structural diversity
and activity coverage, two molecule sets, including training and
test sets, were collected for the development of pharmacophore
model from the literatures.'®"!® The chemical structures of 35
training set compounds are presented in Figure 1. Biological activ-
ities against NF-kB are reported as ICsq values spanning from 2 nM
to >10,000 nM with four orders of difference. All calculations were
performed on Scorpio SGI Origin 3800 (NCHC, Taiwan). Firstly,
each structure was energy-minimized using the CHARMM-like
force field®® within catalyst 4.11 package and subjected to a
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Figure 1. The chemical structures of all 35 training set molecules used for HypoGen pharmacophore generation.

conformational analysis using the Poling algorithm.?” In this case,
the maximum number of conformations allowed for each com-
pound was set to 250 with 20 kcal/mol energy cutoff. All other
parameters were default, except the Uncert value of 2.0. In addi-
tion, there is a 3.5 order of magnitude difference in activity relative
to the active molecules, and this difference changed from 3.5 to
3.67 by modulating the parameter. Furthermore, in the hypothesis
generation phase, three pharmacophore features: hydrogen-bond
acceptor (HA), hydrophobic group (H), hydrophobic aromatic
(HR), were considered by HypoGen. The HypoGen algorithm was
forced to determine pharmacophore models that contain 1-3 HA
and HR features, and 3-5 H features. Finally, the top 10 scoring
hypotheses composed of these three pharmacophore features for
each set were exported.

cataLyst produced 10 hypotheses, and all include five common
features—one hydrogen-bond acceptor (HA), one hydrophobic aro-
matic (HR), and three hydrophobic group (H). Among these 10
hypotheses, Hypol is the most reasonable (Fig. 2) as characterized
by its lowest total cost, highest cost difference (Acost), lowest root-
mean-square deviation, and best correlation coefficient. The Hypo-
Gen method performs two important theoretical cost calculations
for determining the success of any pharmacophore hypothesis®®
(see Supplementary, Theoretical cost calculations for HypoGen).
Statistically, the null cost value of the top 10 hypotheses of
324.455, the fixed cost value of 114.035, configuration cost value

of 11.303, the highest cost difference between null and total cost
of 170.186, and configuration cost value of 11.303 were obtained
(see Supplementary data, Table S1). Furthermore, a high correla-
tion coefficient of 0.909 (see Supplementary data, Fig. S1) as well
as RMS deviation of 1.490 demonstrates that this pharmacophore
is of statistical significance and can be considered as a reliable
pharmacophore model for further study. In addition, the activities
of 35 training set molecules were correctly predicted by the Hypo1
hypothesis as summarized in Table 1. The difference between
experimental and estimated activity values is represented as error
(ratio between the larger and the smaller). This difference may
have a negative sign if the experimental value is higher than the
estimated. In brief, except molecule 35, all molecules were cor-
rectly predicted in their activity category. These results confirm
again the accuracy of our pharmacophore model by predicting cor-
rectly at 97% successful rate.

The reliability of Hypo1 hypotheses was cross-validated by using
the CatScramble module.?! The purpose of this cross-validation is to
randomize the activity data among the training set compounds and
to generate pharmacophore model using the same features and
parameters as developing the original Hypo1 hypotheses. To achieve
a confidence level of 95% (significance=[1—(1+0)/(19+1)] x
100% = 95%), 19 random spreadsheets (random hypotheses) were
generated, and the results are listed in Supplementary data, Table
S2. All 19 resulting hypotheses after randomization exhibited worse



K.-C. Tsai et al./Bioorg. Med. Chem. Lett. 19 (2009) 5665-5669 5667

Figure 2. The best pharmacophore model Hypo1. Features are color-coded as follows: hydrophobic aromatic, blue; hydrogen-bond acceptor, green; hydrophobic, light blue.

Table 1
Experimental and estimated activity ICso (nM) values of the training set molecules based on the pharmacophore model Hypo1

ID? Actual ICso (nM) Category” Estimated ICso (nM) Category” Error Ref.

1 2 4+ 33 4+ +1.7 18

2 4 4+ 5 +H++ +1.3 18

3 11 ++ 58 ++ +5.3 18
4 12 4+ 23 4+ +1.9 18

5 12 4+ 15 +++ +1.3 18

6 20 +++ 41 +++ +2.1 18

7 38 ++ 66 ++ +1.7 18

8 40 4+ 35 4 -1.1 18

9 90 +++ 43 +++ -21 18
10 93 +++ 44 +++ -2.1 18
11 155 ++ 280 ++ +1.8 18
12 207 ++ 1400 ++ +6.8 18
13 210 ++ 730 ++ +3.5 18
14 313 ++ 460 ++ +1.5 19
15 344 ++ 400 ++ +1.2 19
16 389 ++ 410 ++ +1.1 18
17 574 g 1200 ++ +2.1 18
18 685 ++ 2400 ++ +3.5 18
19 715 ++ 1100 ++ +1.5 18
20 851 ++ 1400 ++ +1.6 19
21 1392 ++ 1400 ++ +1.0 19
22 1515 ++ 2100 ++ +1.4 19
23 1832 ++ 1800 ++ -1.0 19
24 2594 ++ 370 ++ -7.0 18
25 3645 ++ 1400 ++ -2.6 18
26 3694 ++ 1300 ++ -2.8 18
27 4562 ++ 1200 ++ -3.8 19
28 5979 ++ 1400 ++ -4.3 18
29 7340 ++ 920 ++ -8.0 19
30 8271 ++ 1600 ++ -5.2 18
31 9060 ++ 2200 ++ —4.1 19
32 >10,000 + 54,000 + +5.4 19
33 >10,000 + 12,000 + +1.2 19
34 >10,000 + 20,000 + +2.0 18
35 >10,000 + 3100 ++ -3.2 18

¢ Training set compound number.

b Categorical activity: ICso > 10,000 nM ‘+'; 100 nM < ICso < 10,000 nM “++'; ICso < 100 NM “+++",

performance than Hypol. Thus, this cross-validation confirmed
again the correlation of structures and experimental activities in
the training sets, and provided us strong confidence on Hypo1.

The mapping of Hypo1 hypothesis onto two highly active inhib-
itors in the training set, compounds 1 (ICso=2nM) and 2
(ICsp =4 nM), yields a good fit with all features of the pharmaco-
phore model Hypo1 (see Supplementary data, Fig. S2). The hydro-
gen-bond acceptor features (HA) were mapped onto the nitrogen
at the quinazoline ring, the hydrophobic aromatic features (HR)
were located onto the phenyl ring, and the three hydrophobic fea-
tures (H) were existed onto the phenyl ring and the alkyl chain,
respectively. In order to further validate our pharmacophore model
Hypol, a test set including external compounds 36-53 with differ-
ent activity was analyzed (Fig. 3). The experimental and estimated

activities and error values are shown in Table 2. In this test set val-
idation, a correlation coefficient of 0.836 shows a good correlation
between the experimental and estimated activities (see Supple-
mentary data, Fig. S1). All test set compounds, except compound
53, have no more than one order difference between estimated
and experimental activity. In other words, test set compounds
could be predicted correctly for their activity category with 94%
successful rate.

However, most of these pharmacophores are based on quinazo-
line moiety. In order to enhance the predictability and accuracy of
the model, we searched several structurally distinct inhibitors,
namely, N-(quinolin-8-yl)benzenesulfonamides, thalidomide, and
rocaglamide, as shown in compounds 54-92 (see Supplementary
data, Fig. $3).2°3! The representative compounds 54, 60, and 63
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Figure 3. The chemical structures of all 18 test set molecules.
Table 2
Experimental and estimated ICso (nM) values of the test set molecules based on the pharmacophore model Hypo1
ID? Actual ICso (nM) Category” Estimated ICso (nM) Category® Error Ref.
36 11 st 10 et -1.1 18
37 14 +++ 17 +++ +1.2 18
38 21 +++ 27 +++ +1.3 18
39 40 +++ 36 +++ -1.1 18
40 176 st 1300 it +7.4 18
1 210 ++ 1500 ++ +7.1 18
42 254 ++ 1300 ++ +5.1 18
43 311 st 1600 et +5.1 18
44 429 ++ 460 ++ +1.1 19
45 630 ++ 1400 ++ +2.2 19
46 730 st 1300 et +1.8 19
47 1401 ++ 420 ++ -3.3 19
48 1765 ++ 3300 ++ +1.9 19
49 2202 ++ 1200 ++ -1.8 19
50 2381 ++ 480 ++ -5.0 19
51 7333 ++ 1600 ++ —-4.6 18
52 >10,000 + 45,000 + +4.5 19
53 >10,000 g 1800 ++ -5.6 18

@ Test set compound number.

b Categorical activity: ICso > 10,000 nM ‘+'; 100 nM < ICs0 < 10,000 nM “++'; IC5 < 100 nM “+++'.

were mapped to the features of Hypo1 model (Fig. 4). We observed
that rocaglamide group was mapped onto hydrophobic features
(H) and hydrophobic aromatic features (HR), thalidomide group

Figure 4. Mapping of the representative compounds 54 (gray color), 60 (light blue
color), and 63 (orange color) onto Hypol hypothesis. Features are color-coded as
follows: hydrophobic aromatic, blue; hydrogen-bond acceptor, green; hydrophobic,
light blue.

was mapped onto hydrophobic aromatic features (HR), and N-
(quinolin-8-yl) benzenesulfonamides groups were mapped onto
hydrophobic features (H) and hydrophobic aromatic features
(HR). In addition, as shown in Supplementary data, Table S3, the er-
ror values of all compounds were less than 10, and the estimated
activities have high accuracy for their categorical activities with
94% successful rate. These results demonstrate that our model
could be utilized to predict the activities of structurally diverse
inhibitors accurately and thus can be a reliable ligand-based tool
for the development of novel NF-xB inhibitors.

Previous reports®32~34 indicated that the NF-xB (p50-p65)
structure bounds to kB site DNA, and the p50 subunit preferen-
tially occupies the 5 end of target DNA. The specific residues,
including Arg356, Tyr357, Val358, Cys359, Glu360, Gly361,
Pro362, Ser363, His364, Gly365, Gly366, Leu367, and Pro368, are
involved in the interaction with the DNA.3>8 For NF-kB, there
are four pockets adjacent to DNA binding region. Therefore, we
would like to identify which pocket Hypol favors by molecular
docking using a genetic algorithm based program (cop).2°=*! In
brief, the crystal structure of p50-p65 complex was obtained from
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Figure 5. Pharmacophore model features of the Hypol with docking conformation
of compound 1 mapping onto NF-xB surface from DNA binding region. Features are
color-coded as follows: hydrophobic aromatic (HR), blue; hydrogen-bond acceptor
(HA), green; hydrophobic (H), light blue.

Protein Data Bank (PDB code: 1VKX). The p65 subunit and DNA
molecules were removed and hydrogen atoms were added. Com-
pound 1 was docked into the p50 subunit around the DNA bind re-
gion including residues 356-368. The interpretation of herein
docking results is based on this fitness function in term of relative
scoring (GoldScore).>*~#! All default parameters were used for the
colb 3.2 output from each of the genetic algorithm. The final 20
top GoldScore-ranked inhibitor-protein complexes for compound
1 were selected for the pharmacophore model Hypo1l evaluation
process. The best mapping of Hypol and docking conformation
of compound 1 around the active site surface is represented in Fig-
ure 5. It’s interesting that the hydrophobic aromatic feature (HR)
was correctly mapped onto hydrophobic aromatic pocket by inter-
acting with Leu437 and Val412. Moreover, the first hydrophobic
group (H1) was correctly mapped onto hydrophobic pocket (inter-
action with Pro362), the second hydrophobic feature (H2) was cor-
rectly mapped onto Val358, and the third hydrophobic property
(H3) was probably mapped onto Cys359. Additionally, the hydro-
gen-bond acceptor feature (HA) has hydrogen-bond interaction
with the side chain of Asn436. All evidences proved that the Hypo1
hypothesis can be mapped onto NF-kB surface correctly.

In summary, this study presents the first report for pharmaco-
phore modeling of NF-«xB inhibitors. The best pharmacophore
model Hypo1, consisting of three hydrophobic groups, one hydro-
gen-bond acceptor, and one hydrophobic aromatic feature, was
developed based on 35 known NF-kB inhibitors by using the Hyp-
oGen algorithm. This pharmacophore model was further validated
by both CatScramble cross-validation and an external test set of 18
structurally diverse compounds. All results suggested that this
model has accurate prediction for NF-xB inhibitors. Moreover,
the pharmacophore features in Hypol and docking conformation
were correctly matched onto NF-kB DNA binding surface. We be-
lieve that our pharmacophore model can be used for both virtual
screening of novel lead compounds and chemical modification
and optimization of hit compounds, therefore accelerating the dis-
covery of new agents for the treatment of inflammatory diseases.
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