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Tumor necrosis factor alpha (TNF-a) has been considered as one of the attractive drug targets for allergic
diseases including asthma. We have been able to identify five novel TNF-a inhibitors with a drug-design
protocol involving the structure-based virtual screening and in vitro cell-based assay for antagonistic
activity. Because the newly discovered inhibitors are structurally diverse and have the desirable physico-
chemical properties as a drug candidate, they deserve a further investigation as anti-asthmatic drugs. The
interactions of the identified inhibitors in the binding site of TNF-a dimer are addressed in detail to
understand the mechanisms for the stabilization of the inactive dimeric form of TNF-a.

� 2010 Elsevier Ltd. All rights reserved.
Most of the patients suffering from the severe asthma need an
emergency care for the upper airway dyspnea that results from
the unexpected bronchoconstriction and hyper-responsiveness.1

A variety of cytokines are known to provoke the severe asthma.
Among them, tumor necrosis factor alpha (TNF-a) plays a key role
in the recruitment of inflammatory leukocytes that leads to the air-
way remodeling involving the destruction of tissue.2–4 It partici-
pates in the inflammatory process as a multifunctional cytokine
promoting the binding of the circulating leukocytes to the endo-
thelial cells of the airway. This process has an effect of increasing
the thickness and stiffness of airway tissue in an irreversible fash-
ion, which culminates in the severe and chronic asthma.5,6

The biopsies of the severe asthma patients have been known to
contain a high mRNA expression level of TNF-a,7 which indicates
that it can be a promising target for the discovery of anti-asthmatic
drugs. In this regard, some monoclonal antibodies and a circulating
receptor fusion protein were developed for the clinical treatment
of asthma using TNF-a as the target protein. These protein drugs
have also been effective in the treatment of proinflammatory dis-
ease including rheumatoid arthritis and Crohn’s disease,8 further
motivating the development of the new inhibitors of TNF-a.

A few years ago, He et al. reported the X-ray crystal structure of
TNF-a in complex with a small-molecule inhibitor.9 It was shown
that the inhibitor would promote the formation of the inactive
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dimeric form of TNF-a by displacing a subunit of the trimer in
the active form. A useful method of in vitro cell-based assay for
TNF-a activity was also reported, which has made it possible to
identify the novel TNF-a inhibitors with chromen and tyrosine-
proline based peptidomimetic scaffolds.10,11 Nonetheless, the dis-
covery of TNF-a inhibitors has lagged behind the pharmacological
and structural studies. Only a few additional structural classes of
TNF-a inhibitors have been reported so far. Several derivatives of
methyl jasmonate and N-2,4-pyridine-N-phenyl-N0-alkyl urea scaf-
folds were identified as TNF-a inhibitors, some of which proved to
have the nanomolar inhibitory activities.12–14 Recently, a group of
phosphodiesterase-4 inhibitors including phthalimide and sulfone
groups have also been shown to be the potent inhibitor of TNF-a,
which indicates that they can be a promising drug candidate for
the treatment of asthma.15

In the present study, we identified the novel classes of TNF-a
inhibitors by means of a structure-based drug-design protocol
involving the virtual screening with docking simulations and
in vitro cell-based immunoassay. Because TNF-a is active and
binds to TNF-a receptor in a trimeric form, its putative inhibitors
can be selected in order to prevent the formation of trimer by sta-
bilizing the inactive dimeric form. In this regard, the compounds
that bind tightly at the interface of TNF-a dimer can be good can-
didates for the TNF-a inhibitors. The characteristic feature that dis-
criminates our virtual screening approach from the others lies in
the implementation of an accurate solvation model in calculating
the binding free energy between TNF-a and its putative ligands,
which would have an effect of increasing the accuracy in virtual
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Figure 1. Chemical structures of the newly identified TNF-a inhibitors.

Table 1
Inhibitory activities of the newly identified inhibitors 1–
5 and the reference against TNF-a

Compound % inhibition at 10 lM

Baicalein 71.3 ± 4.1
1 64.0 ± 2.3
2 54.6 ± 5.7
3 47.9 ± 3.6
4 52.6 ± 3.9
5 45.8 ± 0.8
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screening.16 It was shown that the docking simulation with the
improved binding free energy function could be a useful tool for
elucidating the activities of the identified inhibitors, as well as
for enriching the chemical library with molecules that are likely
to have desired biological activities.

Three-dimensional co-ordinates in the X-ray crystal structure of
TNF-a dimer in complex with an inhibitor (PDB code: 2AZ5) were
selected as the receptor model in the virtual screening with docking
simulations.17 The docking library for TNF-a comprising about
240,000 compounds was constructed from the latest version of
the chemical database distributed by Interbioscreen (http://
www.ibscreen.com) containing approximately 460,000 synthetic
and natural compounds. Prior to the virtual screening with docking
simulations, they were filtrated on the basis of Lipinski’s ‘Rule of
Five’ with the ISIS/BASE program of version 2.4 to adopt only the com-
pounds with the physicochemical properties of potential drug can-
didates18 and without reactive functional group(s). All of the
compounds included in the docking library were then subjected to
the CORINA program to generate their 3-D atomic co-ordinates,19 fol-
lowed by the assignment of Gasteiger–Marsilli atomic charges.20

We used the AUTODOCK program21 in the virtual screening of TNF-a
inhibitors because the outperformance of its scoring function over
those of the others had been shown in several target proteins.22

AM-

BER force field parameters were assigned for calculating the van der
Waals interactions and the internal energy of a ligand as imple-
mented in the AUTODOCK program. Docking simulations were then
carried out in the binding site located at the interface of TNF-a dimer
to score and rank the compounds in the docking library according to
their calculated binding affinities for the dimer. In the actual dock-
ing simulations, we used the empirical AUTODOCK scoring function im-
proved by the implementation of a new solvation model for a
molecule. The modified scoring function has the following form:23
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Of the 240,000 compounds subject to the virtual screening with
docking simulations, 100 top-scored compounds were selected as
the virtual hits. Eighty one of them were available from the com-
pound supplier and were tested for the inhibitory activity against
TNF-a.27 Among the screened compounds, five revealed more than
45% inhibition at the concentration of 10 lM. The chemical
structures and the inhibitory activities of these newly identified
TNF-a inhibitors are shown in Figure 1 and Table 1, respectively.
Also, the physicochemical properties of these new TNF-a inhibitors
are listed in Table 2 to provide insight into the estimation of their
drug-likenesses. It is noted that none of these newly found inhibi-
tors are structurally analogous to the known inhibitors.
Compounds 1–3 contain the pyrimidine-2,4,6-trione moiety in
common, which indicates that it can be a promising pharmaco-
phore for TNF-a inhibitors. The in vitro antagonistic activities
range from 45% to 65% in LPS-activated Raw264.7 macrophage
cells. To the best of our knowledge, these compounds have not
been reported as TNF-a inhibitors so far neither in the literature
and nor in the patents. Furthermore, they are structurally diverse
as well as have desirable physicochemical properties as a drug can-
didate, and therefore each of the five inhibitors can be considered
as a new inhibitor scaffold for further development by a structure–
activity relationship or de novo design methods.

To estimate the accuracy of the scoring function of the modified
AUTODOCK program in predicting the binding modes of the inhibitors
at the interface of TNF-a dimer, we examined the reproducibility of
the bound conformation in the original X-ray crystal structure
(PDB ID: 2AZ5)9 for the known inhibitor. The root mean square
deviation from the bound conformation in the X-ray structure falls
within 1.5 Å for all of the binding conformations in the lowest-en-
ergy cluster. This validation result indicates that the binding mode
of a TNF-a inhibitor at the interface of the dimer can be estimated
from the docking simulation with the scoring function in Eq. 1.

To obtain some energetic and structural insight into the inhib-
itory mechanism of the newly identified TNF-a inhibitors, their
binding modes in the ligand-binding site of TNF-a dimer were
investigated using the AUTODOCK program with the procedure de-
scribed above. Figure 2 shows the best-scored AUTODOCK conforma-

http://www.ibscreen.com
http://www.ibscreen.com


Table 2
Physicochemical properties of the newly identified TNF-a inhibitors

Compound Molecular weight Number of hydrogen
bond donors

Number of hydrogen
bond acceptors

Number of rotatable
bonds

C log P

1 450.8 2 8 4 3.77
2 499.9 1 8 4 4.70
3 444.5 1 6 6 4.74
4 432.9 1 6 5 4.45
5 322.4 1 6 5 3.59

Figure 2. Comparative view of the binding modes of 1–5 in the binding site of
TNF-a dimer. Carbon atoms of 1, 2, 3, 4, and 5 are indicated in green, pink, cyan,
black, and orange, respectively. Indicated in yellow are the positions of the three
tyrosine residues that are known to play a key role in ligand binding. This figure was
prepared with the VIEWERPRO program.

Figure 3. Calculated binding mode of 1 in the binding site at the interface of TNF-a
dimer. Carbon atoms of the protein and the ligand are indicated in green and cyan,
respectively. Each dotted line indicates a hydrogen bond. This figure was prepared
with the VIEWERPRO program.
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tions of 1–5 in the gorge of ligand-binding site residing at the inter-
face of TNF-a dimer. As revealed by the superposition of the
docked structures, all of the inhibitors seem to be well-accommo-
dated in the binding site involving the three tyrosine residues
(Tyr59, Tyr119, and Tyr151) that have been shown to play a critical
role in ligand binding.9 In order to examine the possibility of the
allosteric inhibition of TNF-a by the inhibitors, docking simula-
tions were carried out with the grid maps for the receptor model
so as to include the entire part of TNF-a dimer. However, the bind-
ing configuration in which an inhibitor resides outside the binding
site was not observed for any of the five inhibitors. This result sup-
ports the possibility that the inhibitors would impair the activity of
TNF-a through the stabilization of its inactive dimeric form.

The calculated binding mode of the most potent inhibitor 1 in
the binding site of TNF-a dimer is shown in Figure 3. To be consis-
tent with the criterion for choosing the hit compounds in virtual
screening, we selected the best-scored pose of 1 as the most prob-
able binding mode. In this calculated TNF-a dimer-1 complex, the
two oxygen atoms of the terminal carboxylate group of the inhib-
itor appear to form the hydrogen bonds at the interface of the di-
mer with the side-chain ammonium ion moiety of Lys98 (K98B)
and the backbone amidic group of Tyr119 (Y119B) in the monomer
B. The presence of these multiple hydrogen bonds indicates that
the carboxylate group can play a role of anchor for binding of 1
to the TNF-a dimer. A stable hydrogen bond is also established be-
tween one of the aminocarbonyl oxygens of pyrimidine-2,4,6-tri-
one moiety of 1 and the side-chain phenolic oxygen of Tyr151 in
the monomer A (Y151A). The inhibitor 1 may be further stabilized
in binding site through the hydrophobic interactions with the non-
polar residues including the three tyrosine residues for ligand
binding in both motifs and the side chain of an isoleucine residue
in the monomer B (I118B). Thus, the simultaneous establishment
of the multiple hydrogen bonds and the hydrophobic interactions
in the binding site can be invoked to explain the highest inhibitory
activity of 1 against TNF-a.

Figure 4 shows the most stable binding mode of 4 in the binding
site of the TNF-a dimer. The binding mode of 4 differs from that of
1 in that the side chain of Lys98B is not involved in the hydrogen
bond with the inhibitor. In this calculated TNF-a dimer-4 complex,
the oxygen atom and the amide group attached to the central phe-
nyl ring receives and donates a hydrogen bond from the side chain
of Tyr151B and to the backbone aminocarbonyl oxygen of Tyr119A,
respectively. The importance of the capability to form the hydro-
gen bonds with the Tyr residues at the interface of dimer has been
well appreciated in the previous X-ray crystallographic studies for
the stabilization of the inactive dimer.9 As in the TNF-a dimer-1
complex, the side-chain phenolic group of Tyr151A serves as a
hydrogen bond donor with respect to an oxygen atom of the inhib-
itor. It is also a common structural feature of TNF-a dimer-1 and
TNF-a dimer-4 complexes that the inhibitor is stabilized by hydro-
phobic interactions with the three tyrosine residues and the other
nonpolar residue residing around the binding site (Leu57A in the
latter case). Although the number of the hydrogen bonds appears
to be the same in TNF-a dimer-1 and TNF-a dimer-4 complexes,
they seem to be established in a stronger form in the former than
in the latter due to the involvement of ionic groups. Thus, the
weakening of the hydrogen-bond interactions should be responsi-
ble for the lower inhibitory activity of 4 than 1.



Figure 4. Calculated binding mode of 4 in the binding site at the interface of TNF-a
dimer. Carbon atoms of the protein and the ligand are indicated in green and cyan,
respectively. Each dotted line indicates a hydrogen bond. This figure was prepared
with the VIEWERPRO program.
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In conclusion, we have identified five novel inhibitors of TNF-a
by applying a computer-aided drug-design protocol involving the
structure-based virtual screening with docking simulations under
consideration of the effects of ligand solvation in the scoring func-
tion. We thus report the first example for the successful application
of the structure-based virtual screening to identify the TNF-a
inhibitors. The newly found inhibitors are structurally diverse
and have desirable physicochemical properties as a drug candidate.
Therefore, they seem to deserve consideration for further develop-
ment to discover new anti-asthmatic drugs. Detailed binding mode
analyses with docking simulation show that the inhibitors can sta-
bilize the inactive TNF-a dimer in the binding site at the interface
through the formation of multiple hydrogen bonds and the estab-
lishment of hydrophobic contacts in a simultaneous fashion.
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