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Abstract
Nuclear factor–kappa B (NF-κB) has numerous pathophysiologic functions and is therefore considered a suitable target in the search for drugs to treat many diseases, 
including cancers and inflammatory diseases. We previously reported a novel triazine-based NF-κB inhibitor, 4,6-dichloro-N-phenyl-1,3,5-triazin-2-amine (NI241), 
which directly inhibits binding of NF-κB to DNA. We predicted the mode of binding between NI241 and p50 (a member of NF-κB family) using in silico docking 
simulations. Here, we searched for new NF-κB inhibitors using structure-based virtual screening (SBVS), a computational method widely used to identify candidate 
compounds in drug discovery. In the present study, we performed SBVS with the docking simulation program Glide and selected 33 compounds from our virtual 
chemical library. Subsequently, we investigated the NF-κB inhibitory effects of these compounds using electrophoretic mobility shift assays. We identified two 
compounds that inhibited the DNA binding of p50. Although these compounds were less effective than NI241 as NF-κB inhibitors, they have new scaffold structures 
and provide clues that will aid future efforts to identify novel compounds that specifically inhibit the binding of NF-κB to DNA.

Introduction 
Nuclear factor–kappa B (NF-κB) is a transcription factor that 

regulates gene expression by binding to regions of DNA known as κB 
elements, which contain the consensus sequence 5'-GGGRNYYYCC-3' 
[1–5]. The wide variety of genes regulated by NF-κB are involved 
in diverse and key cellular and systemic processes, including 
cell proliferation, cell survival and death, innate immunity, and 
inflammation [6–8]. Aberrant activation of NF-κB is a characteristic of 
cancers and inflammatory diseases. NF-κB is constitutively activated in 
many types of cancers. Chronic inflammation, which is a risk factor for 
various types of cancers, may also involve aberrant NF-κB activation 
[9–11]. Therefore, selective NF-κB inhibitors would be useful in both 
cancer research and treatment.

Two distinct signaling pathways, the canonical and non-canonical 
pathways, are linked to activation of NF-κB [8,12,13]. Many inhibitors of 
NF-κB have been reported, including IκB kinase inhibitors, proteasome 
inhibitors, and antioxidants [14,15]. Though these inhibitors can block 
the activation of NF-κB at various upstream and midstream steps 
of NF-κB signaling pathways, they can also affect other targets and 
pathways. However, compounds that directly inhibit the DNA binding 
of NF-κB may be highly effective in regulating the expression of target 
genes, because NF-κB signaling pathways converge at the level of DNA 
binding. In previous work aimed at identifying new compounds from 
our chemical library that directly inhibit the DNA binding of NF-κB, 
we identified the unique compound 4,6-dichloro-N-phenyl-1,3,5-
triazin-2-amine, which we designated NI241 (Figure 1). We compared 
the inhibitory effects of NI241 analogues and predicted in silico the 
mode of NI241 binding with p50 (a member of NF-κB family) [16]. 
Subsequently, we began searching for new NF-κB inhibitors using an 
in silico structure-based virtual screening (SBVS) approach, referencing 
the mode of NI241 binding with p50 in our previous study.

SBVS is a powerful computational technique widely used in the 

drug discovery process to identify candidate compounds by compiling 
relevant chemical structures from large chemical libraries. SBVS allows 
researchers to screen large numbers of candidate compounds using 
docking simulations with an active pocket of target proteins, scoring 
the compound-protein interaction to estimate the binding energy 
of the compound [17–19]. In the present study, we first searched for 
novel inhibitors for NF-κB using SBVS. For this purpose, we prepared 
a virtual chemical library. We then investigated the inhibitory effect of 
the high-scoring candidate compounds in vitro. Using this approach, 
we identified two compounds that inhibited the DNA binding of p50.

Materials and methods 
Materials

The 2D structure data for the compounds contained in the virtual 
chemical library were provided by Namiki Shoji (Tokyo, Japan). 
Compounds selected by SBVS were purchased from Namiki Shoji 
and dissolved in dimethyl sulfoxide (DMSO). 5'-Alexa680-labeled κB 
single-stranded oligonucleotide, which corresponds to the binding site 
of NF-κB, was purchased from Japan Bio Services (Saitama, Japan).

Virtual chemical library preparation and SBVS

The virtual chemical library was prepared with the compound 2D 
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structure data using LigPrep 2.0 [20] and QikProp 2.5 [21]. LigPrep 
produces a single, low-energy, 3D structure with correct chirality 
for each successfully processed input structure. From each input 
structure, the software can also produce a number of structures with 
various ionization states, tautomers, stereochemistries, and ring 
conformations and eliminate molecules based on various criteria, 
including molecular weight, or specified numbers and types of 
functional groups. Minimization was performed using OPLS_2005 
force field, and ionizer was used to generate all possible ionization states 
at pH 7.0 ± 2.0 [20,22,23]. QikProp enables rapid, accurate, and simple 
predictions of the absorption, distribution, metabolism, and excretion 
(ADME) of a compound and predicts physically significant descriptors 
and pharmaceutically relevant properties of organic molecules, either 
individually or in batches [21–24].

The specificity of binding between compounds in our virtual 
chemical library and p50 was evaluated using docking simulations with 
the docking-simulation program Grid-based Ligand Docking with 
Energetics (Glide) 4.0 [23,25–29], as reported previously [16]. The 3D 
structure of p50 was obtained from the protein data bank (PDB code: 
1NFK). All water molecules were removed, and just one p50 subunit 
was used for modeling. The compounds in our virtual chemical library 
were docked in the crystal structure of p50 in silico using Glide 4.0. 
This program searches for favorable interactions between one or 
more typically small-ligand molecules and a typically larger receptor 
molecule, usually a protein, and provides three mode of docking: 
high-throughput virtual screening (HTVS), standard precision (SP), 
and extra precision (XP). The HTVS mode is intended for the rapid 
screening of very large numbers of ligands, whereas the SP mode is 
appropriate for screening ligands of unknown quality in large numbers. 
The XP mode is a more powerful and discriminating procedure that 
combines a powerful sampling protocol with a custom scoring function 
designed to identify ligand poses expected to have unfavorable energies 
based on common principles of physical chemistry [23,25,29]. The 
docking results are interpreted based on this fitness function in the 
form of a ‘Glidescore.’ First, the compounds in our virtual chemical 
library were screened using the HTVS mode of Glide. Compounds 
with a high Glidescore were selected in the HTVS mode and docked in 
p50 using the SP mode. The top-ranked compounds were filtered and 
re-docked using the XP mode. Finally, we selected and purchased 33 
candidate compounds for further analysis.

Electrophoretic mobility shift assay (EMSA)

An Alexa680-labeled NF-κB probe was prepared by annealing 
5'-Alexa680-labeled single-stranded oligonucleotide with an 
unlabeled complementary single-stranded oligonucleotide: 
5′-Alexa680-AGTTGAGGGGACTTTCCCAGGC-3′ (sense) and 
5′-GCCTGGGAAAGTCCCCTCAACT-3′ (antisense), where the 
sequence of the κB binding site is underlined. His-tagged p50 
recombinant was produced in E. coli and purified via HisTrap HP (GE 
Healthcare, Buckinghamshire, UK) using a Profinia Protein Purification 

System (Bio-Rad Laboratories, Hercules, CA). Reaction mixtures 
containing binding buffer (15 mM Tris–HCl [pH 7.5], 180 mM NaCl, 
1.5 mM ethylenediamine tetraacetic acid, 1.5 mM dithiothreitol, 4% 
glycerol, 1 mg/mL bovine serum albumin, and 0.3% Nonidet P-40), 0.5 
µg of poly(dI-dC)·(dI-dC), and 62.5 ng of His-tagged p50 recombinant 
were left to stand on ice for 10 min. The candidate compounds were 
then added and the mixtures were incubated at room temperature. 
After 30 min, 20 nM Alexa680-labeled NF-κB probe was added and 
incubation was continued at room temperature for 30 min. The samples 
(in a volume of 20 µL) were loaded on native 5% polyacrylamide gels 
prepared in 0.5× TBE and electrophoresed at 170 CV for 150 min. Gels 
were then scanned and analyzed using an Odyssey Infrared Imaging 
System (LI-COR Biosciences, Lincoln, NE).

Results
SBVS

We performed SBVS to search for candidate inhibitors of NF-
κB DNA binding, using 2D structure data for 6,149,846 compounds 
provided by Namiki Shoji. The data were analyzed with LigPrep and 
QikProp using optimized parameters. LigPrep produces a single, 
low-energy, 3D structure with correct chirality for each successfully 
processed input structure [20,22,23], and QikProp predicts physically 
significant descriptors and pharmaceutically relevant properties of 
organic molecules [21–24]. Following optimization, we obtained a 
virtual chemical library containing 5,469,185 compounds.

Previously, we identified NI241 as an inhibitor of NF-κB [16], 
having predicted the mode of NI241 and p50 binding using the 
docking-simulation program Glide 4.0. Glide searches for favorable 
and complementary interactions between a given ligand and receptor 
[23,25,29]. As in our previous study, we evaluated our virtual chemical 
library via docking simulations using Glide 4.0. First, we selected 4,007 
compounds with a Glidescore of less than −6.0 using the HTVS mode. 
These compounds were then docked in the crystal structure of p50 
using the SP mode. Docking simulations using the XP mode were then 
performed for the top 30% (1,202) of the compounds. A total of 33 
compounds were finally selected from our virtual chemical library. The 
structures and Glidescores of these 33 compounds in comparison with 
those of NI241 are summarized in Table 1.

Inhibitory effects of selected compounds in vitro

We purchased the 33 compounds that had been selected from 
our virtual chemical library based on SBVS. These compounds were 
dissolved in DMSO, and their inhibition of the DNA binding of NF-
κB was verified by EMSA using an Alexa680-labeled NF-κB probe 
and recombinant His-tagged p50. EMSA is a conventional method 
for assaying sequence-specific DNA binding in vitro. The compounds 
were first tested at a concentration of 1 mM. Inhibition of DNA binding 
of NF-κB was observed only for N-018 and N-019 (Figure 2). EMSAs 
with N-018 and N-019 were then performed at concentrations ranging 
from 0 to 1 mM to investigate the dose dependence of the inhibitory 
effects (Figure 3; the inhibitory effect of NI241 is shown for reference). 
Both N-018 and N-019 inhibited the DNA binding of NF-κB at 1 mM, 
but they had little or no effect on NF-κB binding at less than 500 μM. 
Moreover, the inhibitory effects of these compounds were weaker than 
that of NI241. Although N-018 and N-019 were less effective than 
NI241 as NF-κB inhibitors, we did identify two new scaffolds of NF-κB 
inhibitors from our virtual chemical library.

Figure 1. Chemical structure of NI241; 4,6-dichloro-N-phenyl-1,3,5-triazin-2-amine.
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structure

No. N-001 N-002 N-003 N-004 N-005

Glidescore -6.47 -7.51 -6.60 -6.89 -6.91

structure

No. N-006 N-007 N-008 N-009 N-010

Glidescore -6.52 -6.79 -6.66 -6.45 -6.60

structure

No. N-011 N-012 N-013 N-014 N-015

Glidescore -7.05 -6.56 -6.97 -6.65 -7.15

structure

No. N-016 N-017 N-018 N-019 N-020

Glidescore -6.72 -6.85 -7.10 -6.48 -6.45

structure

No. N-021 N-022 N-023 N-024 N-025

Glidescore -6.57 -7.27 -6.86 -6.67 -6.56

structure

No. N-026 N-027 N-028 N-029 N-030

Glidescore -6.82 -7.02 -6.50 -7.02 -7.25

structure

No. N-031 N-032 N-033 NI241

Glidescore -6.63 -7.09 -6.77 -4.52
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Table 1. Structures and Glidescores of NI241 and 33 compounds selected from our virtual chemical library.
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Discussion
NF-κB affects a multitude of biological processes at the cellular 

and systemic levels and has been considered a potential target in the 
search for drugs to treat a variety of diseases [14,30,31]. Computational 
methods involving SBVS are widely used in the drug discovery process, 
as they enable rapid analysis of enormous amounts of data. The 
integration of virtual and experimental data has become increasingly 
important in the identification and development of novel promising 
compounds [19,32–34]. In our previous study, we searched our chemical 
library to identify compounds that directly inhibit the DNA binding of 
NF-κB and identified a single inhibitory molecule, NI241 (Figure 1). In 
addition, the mode of NI241-p50 binding was predicted using in silico 
docking simulations [16]. In this study, we prepared a virtual chemical 
library and searched for additional novel compounds using an SBVS 
approach that inhibit the DNA binding of p50 of NF-κB. Based on the 
Glidescore, in our initial screening we selected 33 compounds from 
our virtual chemical library containing 5,469,185 compounds (Table 
1) and then investigated the inhibitory effect of these compounds by 
EMSA (Figure 2). Two compounds, N-018 and N-019, inhibited the 
DNA binding of p50 in the EMSA at a concentration of 1 mM (Figures 
2 and 3).

When the docking simulations were performed according to the 
methods of our previous study, the Glidescores of the 33 selected 
compounds were lower than that of NI241 (Table 1). Although two 
compounds, N-018 and N-019, actually inhibited the DNA binding of 
p50 in vitro (Figure 2), the inhibitory effect of these two compounds 
was weaker than that of NI241 (Figure 3). These results suggest that 
the SBVS simulations were incomplete. In another previous study, we 
conducted structure–activity relationship (SAR) analyses of the NF-
κB DNA-binding inhibitor NI241 [35]. SAR analyses provide clues 
that can be used to predict a model for virtual screening in silico. The 
2,4-dichloro-1,3,5-triazine substructure in NI241 was identified as the 
essential pharmacophore responsible for inhibition of NF-κB binding 
[35]. This was consistent with predictions based on computational 
analyses indicating that hydrogen bonding between the 2,4-dichloro-
1,3,5-triazine substructure in NI241 and p50 is important for inhibition 
of NF-κB binding [14]. However, this information was not sufficient 
to enable us to identify NF-κB binding inhibitors more effective than 
NI241. In order to identify such inhibitors via in silico SBVS, it will 
be necessary to predict more plausible binding modes of potential 
inhibitors using p50. More data regarding compounds that inhibit the 
DNA binding of NF-κB, such as pharmacophores, are also needed. 

Two compounds, N-018 and N-019, were identified as inhibitors 
of the DNA binding of NF-κB in the present study. It is anticipated that 
the results of SAR analyses of these compounds and their analogues will 
provide additional useful data. Detailed analyses of these compounds 
containing of NI241 and their analogues will hopefully provide clues 
that will enable us to predict the most plausible mode of inhibitors 
of NF-κB binding using p50 in silico. Further works are underway to 
identify additional novel compounds that inhibit potently the DNA 
binding of NF-κB.
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