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In the present study, a structured-based virtual screening (VS) of differently substituted furocoumarins
and analogues has been carried out against nuclear factor kappa B (NF-jB), with the objective of selecting
molecules able to inhibit the binding of this transcription factor to the DNA. The focus library was devel-
oped starting from chemical structures obtained from the literature, as well as retrieving compounds
from available commercial databases. A two dimensional substructure searching method based on four
different chemical scaffolds was used for this purpose. Among the 10 highest-scored ligands selected
from the docking studies, five commercially available molecules were investigated in biological assays.
Four furocoumarin derivatives showed IC50 values in the range of 40–100 lM in inhibiting NF-jB/DNA
interactions studied by electrophoretic mobility shift assay (EMSA). Three compounds significantly inhib-
ited NF-jB dependent biological functions (expression of IL-8) in cellular analysis based on Pseudomonas
aeruginosa infection of cystic fibrosis IB3-1 cells. These findings validated the virtual screening approach
here presented and reinforce the successful results of our previously computational studies aimed at the
identification of molecules targeting NF-jB. The discovered novel compounds could be of relevance to
identify more potent inhibitors of NF-jB dependent biological functions beneficial to control lung inflam-
mation occurring in patients affected by cystic fibrosis.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Cystic fibrosis (CF) is a genetic disease caused by mutations of the
Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) gene,
which encodes for a chloride channel.1,2 Although CFTR is expressed
in several epithelia, the consequences of mutated CFTR for morbidity
and mortality of CF patients are most important in the respiratory
tract.3 Mutations in CFTR impair the mucociliary clearance, due to
reduced periciliary fluid volume and increased viscosity of submu-
cosal gland secretions, leading to chronic bacterial infections, mostly
caused Pseudomonas aeruginosa.1–4

The hallmark of the CF airway pathology is the elevated secretion
of several pro-inflammatory cytokines and chemokines, such as for
instance IL-1b, IL-6, TNF-a and IL-8, which have been found in the
airway fluid of CF patients.5 With respect to pro-inflammatory
mechanisms, P. aeruginosa products interact with Toll-like and
asialo GM1 receptors expressed on bronchial epithelial cells, leading
ll rights reserved.
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to (a) downstream activation of nuclear transcription factors,
including NF-jB6–8 and (b) transcription of a cascade of pro-inflam-
matory cytokines and chemokines, first of all the NF-jB dependent
IL-8,9–11 which is well-known to play a crucial role in PMN recruit-
ment in CF lung.12 In the presence of bacteria, airway epithelial cells
initiate the innate immune response, in which NF-jB-dependent
gene transcription is heavily involved.

In a recent paper, we have used natural products as sources for
the discovery of new drugs on the basis of their ability to interfere
with protein/DNA interactions, including inhibition of NF-jB activ-
ity.13,14 We found that the whole extract of Aegle marmelos has the
strongest inhibitory effect on P. aeruginosa-dependent IL-8 induc-
tion in human CF-derived bronchial IB3-1 cells without affecting cell
proliferation. By separating the major components contained in
A. marmelos by gas chromatography and identifying their structure
by mass spectrometry, we found that three major components,
namely 5,6-dimethoxy-1-indanone, 2-hydroxy-cinnamic acid and
5-methoxy psoralen (5-MOP), reproduce the inhibitory effect ob-
served with the whole extract from A. marmelos.15 Of particular
interest was, in our opinion, the furocoumarin 5-MOP.16,17 Although
its use in association with Ultraviolet A irradiation for skin diseases
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was known from a long time, our observation was the first report of
5-MOP directed anti-inflammatory effect in the absence of irradia-
tion. In this respect, interactions of furocoumarins with the tran-
scription nuclear factor NF-jB might take place, as suggested in
elsewhere published studies.15

In addition to direct screening, we have recently reported the
possible use of a structured-based VS procedure to identify possible
NF-jB binders.18,19 In this study, VS against NF-jB p50 using docking
simulations was applied by starting from a three-dimensional (3D)
database containing more than 4.6 million commercially available
structures. This database was filtered by specifying a subset of
commercially available compounds sharing a (2E,Z)-3-(2-hydroxy-
phenyl)-2-propenoate substructure and relevant drug like properties.
Docking simulations to p50 NF-jB were performed with a test set of
six known inhibitors of NF-jB/DNA interactions.18,19 In agreement
with docking results, the highest-scored compound (compound 1,
see Fig. 1) displayed a high level of inhibitory activity in
electrophoretic mobility shift assay (EMSA) experiments (inhibition
of NF-jB/DNA interactions)20,21 and on biological functions depen-
dent on NF-jB activity (inhibition of IL-8 gene expression in cystic
fibrosis IB3-1 cells).15,22 We demonstrated that this in silico screening
approach is suitable for the identification of low-molecular-weight
compounds that inhibit NF-jB/DNA interactions and NF-jB-depen-
dent functions19, confirming a previously published study.18
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Figure 1. Chemical two dimensional structures of hits from
This and similar approaches are relevant in medicinal chemis-
try, as information deduced from the discovery of new lead com-
pounds and their binding mode could result in further lead
optimization resulting in more potent NF-jB inhibitors.18,19 In this
respect, the VS strategy is one of the most promising in the field of
the discovery of novel bioactive compounds, as recently re-
viewed.23 Interestingly, the most active compound of our study re-
sulted to be a furocoumarin analogue, with a cyclopentane ring
instead of furan function.19 Therefore, in the present study we con-
structed a focus library of differently substituted furocoumarins
and analogues for an in silico screening against NF-jB, with the
aim of finding more potent NF-jB inhibitors.

2. Results and discussion

The outline of the experimental strategy was the following:
first, the construction of a large furocoumarin-like data base; sec-
ond, the virtual screening of this database against NF-jB by means
of docking procedures; third, the study of the poses on NF-jB of
the most interesting selected compounds. After these bioinfor-
matic analyses, we validated the results obtained using two com-
plementary biological systems, electrophoretic mobility shift
assay (EMSA),24,25 to study the effects of the selected compounds
on NF-jB/DNA interactions and treatment of cystic fibrosis IB3-1
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cells infected by P. aeruginosa,21 to study the effects on the expres-
sion of the NF-jB regulated IL-8 gene.

2.1. Set up of the focus chemical library

The first step of the present study was the construction of a cus-
tomized furocoumarin-based small molecules database. The scaf-
folds for each of the four different classes of the furocoumarin
derivatives and analogues, including compounds retrieved from
the literature,26,27 are shown in Table 1. The developed library of
1710 compounds (see experimental section) contained 54 struc-
tures of angelicin derivatives (molecular weight range: 186–478),
1384 of psolaren derivatives (molecular weight range: 186–619),
51 of Furo(3,2-c)chromen-4-one structures (molecular weight
range: 268–439) and 166 of benzoquinolizin-5-one analogues
(molecular weight range: 258–499).

2.2. Molecular docking runs to NF-jB targets

Molecular docking approach was followed against NF-jB in
both p50 aggregation states using Glide software in the same
procedure previously validated by us18,19 for this protein target.
In Table 2 the docking results of the in silico screening are shown
Table 1
Chemical scaffold of customized compounds library

Compoundsa R1 R2 R3

Angelicin scaffold and derivatives

X OY

R1

R2R3

R4

R5 R6

Angelicin H H H
4-Methylangelicin H CH3 H
4,50-Dimethylangelicin H CH3 H
6,5-Dimethylangelicin H H CH3

40 ,50-Dimethylangelicin H H H
4,50 ,40-Trimethylangelicin (TMA) H CH3 H
4,6,20-Trimethylfluoroquinolinone H CH3 H
4,20 ,30-Trimethyltioangelicin H CH3 H
Psolaren scaffold and derivatives

XY O

R4

R5

R3

R6

R2

R1

Psolaren H H H
4-Methylpsolaren H CH3 H
5-Methylpsolaren H H CH3

4,50-Dimethylpsolaren H CH3 H
5,40-Dimethylpsolaren H H CH3

3,4-Dimethylpsolaren CH3 CH3 H
4,50 ,8-Trimethylpsolaren (TMP) H CH3 H
5-Methoxypsolaren H H OCH3

8-Methoxypsolaren H H H
5,8 -Methoxypsolaren H H OCH3

4,40 ,50-Trimethylpsolaren H CH3 H

Furo(3,2-c)chromen-4one Scaffold

O O

O

a Molecules listed by Viola et al.24

b Proposed by Miolo et al.25
relatively to the first 10 ranked ligands (structures shown in Fig. 1)
for the dimer, and the monomer in different conformations. In
Figure 1 we also included the chemical structures of references
furocoumarins (psoralen and angelicin) as well as references
NF-jB inhibitors, such as pyrogallol red,28 bromopyrogallol red,28

5,7-DHMC29 and, of relevance since they have been selected with
a VS procedure similar to that here employed, compounds 1 and
21, published by Piccagli et al.,18,19 respectively. These compounds
were employed as references for the EMSA studies.

The docking studies were carried out by using the extra preci-
sion (XP) method on a subset of 1000 molecules selected by the
Standard Precision (SP) procedure performed using the Glide soft-
ware. The selection of docked compounds was based on the dock-
ing GlideScore (G-Score) values in each target. Indeed, G-Score SP
is a ‘soft’ function useful to identify ligands that have a reasonable
propensity to form a stable complex with the corresponding
molecular target. Glide score XP, on the contrary, is an advanced
function that penalizes the poses that violate established physical
chemistry principles, such as charged and strongly polar groups
that (a) make an appropriate complement of hydrogen bonds or
(b) are suitably exposed to solvent. Thus, the SP Glide procedure
was here used to reduce the number of molecules to be studied
in the more accurate XP docking runs. The docked compounds
R4 R5 R6 X Y

H H H O O
H H H O O
H CH3 H O O
CH3 H H O O
H CH3 CH3 O O
H CH3 CH3 O O
CH3 CH3 H NCH3 O
H CH3 CH3 O S

H H H O O
H H H O O
H H H O O
CH3 H H O O
CH3 H H O O
H H H O O
H CH3 CH3 O O
H H H O O
H H OCH3 O O
H H OCH3 O O
CH3 CH3 H O S

Benzoquinolizin-5-one scaffoldb

ON



Table 2
Best score of the docked molecules (1f–10f) into both NF-jB p50 dimer (p50-p50) and
monomers (p50a, p50b, p50b)

Compound GlideScorea

p50-p50 p50a p50b p50b

1f �10.30 / �6.13 �6.42
2f �9.65 �6.82 �6.87 /
3f / �8.06 �3.14 /
4f �8.05 �7.01 �6.30 /
5f / �7.71 �5.49 /
6f �7.48 / / �6.19
7f �7.44 / �6.94 /
8f �7.30 / �5.42 /
9f �7.21 / / /
10f �6.95 / / /

a Glide Score (G-score) values obtained applying the XP docking method.
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showing the best XP G-score values (Table 2) against both sepa-
rately considered NF-jB targets (monomer and dimer), were se-
lected among the four classes of chemical structures. Moreover,
the molecules with higher rank in more than one conformation
of the monomer were preferred. This strategy was followed on
the basis of our previously published VS study19 on a data set of
known protein binders, in which an increase of the enrichment fac-
tor in assembled configurations of p50 has been obtained with
more efficiency in respect to the docking application performed
on just one conformation of the target macromolecule. Among pos-
sible docking hits, two molecules (9f and 10f) were chosen on the
basis of their ability to selectively interact to the dimer (monomer
G-scores >0).

After this analysis, compound 1f (the psolaren-like structure
best-ranked into the NF-jB dimer, with a G-Score = �10.30 kcal
mol�1), the benzoquinolizin-5-one analogue 5f and the commer-
cially available angelicin derivatives 6f and 8f, the furo(3,2-c)chro-
men-4one derivative 7f, and the psoralen derivatives 9f and 10f
were investigated in deep. Finally, the choice of the best-docked
structure belonging to the most populated cluster of poses was
based on the highest XP G-score and E-model values (combination
of energy grid sore, G-score and the internal strain of the ligand)
and by visual inspection. Considering the structural feature of NF-
jB, as previously discussed by us19, those molecules placed in prox-
imity of the 10 residues linker (see Fig. 2) should present a similar
score and ranking in both monomeric and dimeric state of the pro-
tein, as previously reported.19 On the contrary, ligands localized in
Figure 2. Stereoview of the complex formed by NF-jB p50 homodimer and the docked c
chain A is in NewCartoon representation with the sidechains of the residues highlighted
shown (left and right). On the left the 1f ligand is displayed in VDW style. On the right th
involved in hydrogen bonds are reported. For details on protein/ligand interactions and
or near the region between the N-terminal domains of both p50,
are expected to exhibit different G-score depending on the aggrega-
tion form of NF-jB. In particular, an increasing of binding affinity
should be displayed into the dimer in case of additional stabilizing
interactions between the ligand and the other subunit environment.

2.3. Ligand binding modes into NF-jB

All the individuated best ranked ligand poses in both dimer and
monomer were localized in the DNA binding surface of the N-termi-
nal domains involved in the formation of the solvent-filled cavity, as
in case of active cellular dimeric aggregation process. Relatively to
the dimer, as Figures 2 and 3 point out, the selected poses of the best
ranked compound 1f (GlideScore = �10.30 kcal mol�1; E-Mod-
el = �52.8 kcal mol�1) and molecules 6f (GlideScore = �7.43 kcal
mol�1; E-Model = �41.8 kcal mol�1), 7f (GlideScore = �7.27 kcal
mol�1; E-Model = �45.5 kcal mol�1), 9f (GlideScore = �7.21
kcal mol�1; E-Model = �35.7 kcal mol�1) and 10f (GlideScore =
�6.95 kcal mol�1; E-Model = �29.3 kcal mol�1) correspond to a
region involved in the binding of compounds 21 and 1, previously
described by us.19 This area is constituted by residues of both p50
units (chain A and chain B) of NF-jB. All the residues of the protein
involved in molecular interactions with the active ligands formed
hydrogen bonds also with DNA.

In Table 3 the molecular interactions of 1f, 6f, 7f, 9f and 10f with
the residues of the DNA binding site of the protein are shown (Figs. 2
and 3). All these different compounds interact preferentially with
residues of p50 (chain B) and present a binding mode very similar
to compounds 21 and 1.18,19 In particular, the amide oxigen of 1f en-
gages a hydrogen bond with the OH group of Thr143 and its carbox-
ylate group forms a salt bridge stabilized by one hydrogen bond with
NH3

þ function of Lys 145. Moreover, the phenyl structure of com-
pound 1f is involved in a p–p stacking interaction with the aromatic
moiety of Tyr57 which is a residue specific for molecular interac-
tions with the jB DNA sequence 50-GGGATTTCC-30, present in differ-
ent NF-jB regulated cellular genes, and in the HIV-LTR. Moreover,
molecule 1f forms an additional hydrogen bond with the amino
group of Lys146 of the opposite p50 unit (chain A) (Fig. 2, Table 3).

As previously reported for the binding mode of active compound
1 into the dimer19, and unlike the other binders here individuated,
the coumarin moiety of the active molecule 7f was involved in two
hydrogen bonds with Cys62 (here Cys59 from crystallographic
structure)26, a very important residue for NF-jB activation in vivo.
It should be point out that even if compound 7f is localized in the
ompound 1f. The p50 chain B surface (purple coloured) is highlighted. Subunit p50
in line drawing method. A focus of the 1f docking pose in the DNA-binding region is
e key aminoacids are explicitly shown and the atoms (O.1, O.2, O.3) of compound 1f
relative distances see Table 3.



Figure 3. Close-up view of compounds 6f (panel A, orange coloured), 7f (panel B, cyan coloured), 9f (panel C, yellow coloured) and 10f (panel D, light blue coloured) binding
modes into NF-jB p50 homodimer. NF-jB p50 subunits (chain A, green coloured; chain B purple coloured) are in ribbons representation. The hydrogen bonds (yellow lines),
p–p interactions (violet lines) and numerations of ligand key atoms are shown. For details on protein/ligand interactions distances see Table 3.
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solvent-filled cavity between the N-terminal domains of each p50
subunit, in common with the other described ligands, any over de-
scribed stabilizing interaction with the second p50 subunit (chain
A) has been found. Moreover, 7f presents the same putative binding
conformation into p50 monomer (GlideScore = 6.65 kcal mol�1; E-
Model = �43.1 kcal mol�1) with a G-score value slightly lower prob-
ably due to the lack of hydrophobic interactions with the second
subunit. These findings suggest that 7f may form stable complex
indifferently with both p50 monomer and dimer (Tables 2 and 3).
Interestingly, compound 6f was able to interact with the p50 mono-
mer conformation (p50b) adopted into active heterodimeric state of
the protein (Tables 2 and 3). Its best pose (GlideScore = �6.19 kcal
mol�1; E-Model = �36.8 kcal mol�1) formed a hydrogen bond with
Cys62 as reported for 7f protein interaction.

The benzoquinolizin-5-one analogue 5f does not exhibit the abil-
ity to form stable complex with NF-jB dimer, but presents the high-
est score into the momeric aggregation of NF-jB in comparison to
the other described purchasable VS hits (Table 2). The 2-hydroxy
pyridine moiety and the amide group of highest-scored pose of this
ligand (GlideScore = �7.86 kcal mol�1; E-Model = �46.3 kcal
mol�1) are involved in hydrogen bindings with Lys241, Asp239
and Tyr57, whereas its benzoquinolizin-5-one scaffold interacts
with Cys62 (here Cys59 from crystallographic structure)30, an
important residue for NF-jB in vivo activity (Table 3 and Fig. 4).

Further experimental studies (based on chemical synthesis and
further biological assays) for compounds 1f and 5f (not available
commercially) will be necessary to support the NF-jB inhibitory
activity suggested from our molecular modeling findings.

2.4. Biological activity of the best-scored, commercially
available compounds: EMSA studies

In order to determine biological activity of the VS-selected,
commercially available compounds 6f, 7f, 9f and 10f EMSA studies
were performed.20–23 Purified p50 NF-jB was employed for this
analysis. The results obtained demonstrated that compounds 6f,
7f, 9f and 10f inhibited the formation of a stable NF-jB p50/DNA
complex. The most active compounds 10f and 9f are psoralen
derivatives and had an IC50 of about 20 lM (Table 4). The furo-
(3,2-c)chromen-4one derivative 7f showed an IC50 of about 40 lM

while the angelicin derivative 6f showed an activity of 60 lM
(Fig. 5 and Table 4). These activities are quite interesting, especially
after comparison with the reference furocoumarins psoralen and
angelicin (Fig. 5 and Table 4),26,27,31 with the NF-jB inhibitors
pyrogallol red,28 bromopyrogallol red,28 5,7-DHMC29 and with
the most active compounds found in our previously reported anal-
ysis, compound 119 and compound 2118 (see Fig. 1 for the molecu-
lar structures and Table 4 for inhibitory activity on NF-jB/DNA
interactions).

This set of experiments demonstrate that all the molecules
identified by VS are, as expected, active in inhibiting the interac-
tions between NF-jB and target DNA.

2.5. Biological activity: Inhibition of IL-8 mRNA accumulation in
IB3-1-cystic fibrosis cells infected with P. aeruginosa

In order to determine the biological activity of compounds 6f,
7f, 9f and 10f we employed cystic fibrosis IB3-1 cells infected with
P. aeruginosa. In this system NF-jB dependent genes, including
those coding for the pro-inflammatory protein IL-8 are activated.
This feature in very important in the pathophysiology of cystic
fibrosis, since several clinical complications are caused by exacer-
bation of this inflammatory response.20

Cells were incubated overnight in the presence of compounds
6f, 7f, 9f and 10f (10 lM), then exposed to PAO1 for further 4 h.
After this length of time, RNA was isolated and RT-qPCR performed
to quantify the expression of IL-8 gene. The results are reported in
Figure 6, which demonstrates that compounds 6f, 7f and 9f inhibit
PAO-1 induced IL-8 mRNA accumulation, while compound 10f was
not active. Interestingly, and well in agreement with the VS data



Table 3
Hydrogen bonds and p–p interactions of the best-ranked (1f) and active compounds (6f, 7f, 9f, 10f) with the involved residues of the DNA binding
region of NF-jB p50 homodimer and monomer (see Figs. 2–4 for ligands atom labels)

Residue interaction Ligand atom/s Distance (Å)

DIMER (Cys59)(B) –SH::O O.1 (7f) 2.54
O.2 (7f) 2.96

(Thr143)(B) –OH::O O.1 (1f) 2.06
O.3 (7f) 2.52
O.1 (6f) 2.97
O.1 (9f) 2.01
O.1 (10f) 2.20

(Lys145)(A) –N+–H::O O.3 (1f) 2.73
(Lys145)(B) –N+–H::O O.2 (6f) 2.85

O.2 (6f) 2.02
O.4 (7f) 2.14

(Lys145)(B) –N+ Aromatic moiety (10f) 3.35
(Lys144)(B) –NH::O O.5 (7f) 2.09
(Tyr57)(B) -Ph-centroid

centroid-
Aromatic moiety (1f) 3.93
Aromatic moiety (7f) 3.57

(Tyr57)(A) –OH::O O.3 (6f) 1.80
(Lys146)(B) –N+–H::O O.2 (1f) 2.57

O.1 (6f) 2.9
O.2 (9f) 1.85
O.2 (10f) 2.0

(Thr143)(A) –OH::O O.3 (9f) 2.41
O.3 (10f) 2.15

MONOMER (Tyr57)(p50b) -Ph-centroid
centroid-

Aromatic moiety (6f) 3.88

(Cys59)(p50b) –SH::O O.4 (6f) 2.45
(Lys146)(p50b) –N+–H::O O.3 (6f) 2.41
(Lys241)(p50b) –N+–H::O O.1 (6f) 1.93
(Tyr57)(p50b) -Ph-centroid

centroid-
Aromatic moiety (7f) 3.87

(Cys59)(p50b) –SH::O O.1 (7f) 2.53
O.2 (7f) 2.97

(Lys144)(p50b) –NH::O O.5 (7f) 2.25
(Lys145)(p50b) –N+–H::O O.4 (7f) 1.93
(Tyr57)(p50a) –O::HN H.1 (5f) 2.09
(Asp239)(p50a) –COO�::HO H.2 (5f) 1.68
(Lys241)(p50a) –N+–H::O O.1 (5f) 2.23

Figure 4. The highest-scored pose of compound 5f docked into NF-jB p50
monomer. The intermolecular hydrogen bonds (yellow lines) and molecular
surfaces (ligand and Cys59) are shown. The numerations of 5f key atoms are
highlighted. For details on protein/ligand interactions distances see Table 3.

Table 4
Inhibition of NF-jB/DNA interactionsa

Compound Inhibition of NF-jB/DNA
interactions

References

6f 60 lM This work
7f 40 lM This work
9f 20 lM This work
10f 20 lM This work
Psoralen 3 mM This work
Angelicin 2.5 mM This work
Pyrogallol red 10 lM Sharma et al.28

Bromopyrogallol
red

30 lM Sharma et al.28

5,7-DHMC 200 lM Sharma et al.29

1 50 lM Piccagli et al.19

21 5 mM Piccagli et al.18

a IC50, concentrations required to reach 50% inhibition of NF-jB/DNA interactions.
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shown in Table 2, compound 6f was the most active in inhibiting
PAO-1 induced IL-8 mRNA accumulation in IB3-1 cells. Further
experiments are needed to understand the lack of activity of
compound 10f on IL-8 gene expression in PAO-1 infected IB3-1
cells. In addition, we like to underline that the differences between
the results on the activity of the compounds determined following
EMSA studies (Fig. 5) and cellular treatment (Fig. 6) are largely ex-
pected. In fact, the EMSA analysis reported in Figure 5 is based on
molecular interactions between target DNA sequences and purified
NF-jB p50, while within cellular systems the occurring interac-
tions are much complex, since several proteins belonging to the
NF-jB family are present together with a variety of NF-jB regula-
tors; all these proteins, at least in theory, might be differentially af-
fected by the compounds selected with the VS procedure here
described.

These results demonstrate that treatment of CF IB3-1 cells with
6f, 7f and 9f significantly reduces the PAO1-dependent transcrip-
tion of the pro-inflammatory mediator IL-8.



Figure 5. Effects of psoralen, angelicin, and compounds 6f, 7f, 9f and 10f on the
molecular interactions between NF-jB p50 and 32P-labelled target NF-jB double
stranded oligonucleotide. Compounds were first incubated with NF-jB and then the
32P-labelled target NF-jB oligonucleotide was added. NF-jB/DNA complexes were
analyzed by polyacrylamide gel electrophoresis. Arrows indicate NF-jB/DNA
complexes; asterisks indicate the 32P-labelled target NF-jB probe.

Figure 6. Effects of compounds 6f, 7f, 9f and 10f on IL-8 gene expression in
Pseudomonas aeruginosa infected cells. IB3-1 cells were exposed for 24 h to 50 lM
compounds and the infected with PAO1 as described in methods. After further 4 h
RNA was isolated and quantitative RT-PCR performed. IL-8 mRNA content is
quantified in respect to control uninduced IB3-1 cells.
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3. Conclusions

The VS method we adopted against NF-jB p50 lead to the indi-
viduation of four interesting, commercially available, furocumarin
derivatives able to inhibit the NF-jB/DNA complex formation. The
reported putative protein binding modes of these substituted psor-
alen, angelicin and furo(3,2-c)chromen-4one structures have been
individuated and described, hinting new strategy for future design
of NF-jB activity modulators ligands. Moreover, other chemical
molecular structures have been suggested as potentially NF-jB
inhibitors from our VS studies (1f–5f). In particular, the docking
results for the benzoquinolizin-5-one analogue 5f show that 1-
amide 2-hydroxy pyridine moiety may be important for NF-jB
p50 interaction.

The forward filtering strategy based on the chemical motifs
showed to be useful for the target under study. Our computational
results in according with experimental studies, demonstrate that
interesting motifs can be used to focusing prepared the initial data-
base for a subset of compounds to be docked into NF-jB. Further-
more, we have demonstrated that docking simulations are suitable
for predictive studies on binding affinity of small compounds to a
difficult target as NF-jB. With these results we think to have laid
the foundations for the development of further successful VS appli-
cations against NF-jB and computational lead optimizations
studies.

As far biomedical applications, it should be underlined that NF-
jB is involved in several human pathologies, including osteoporo-
sis,32 rheumatoid arthritis33 and cancer.34 In addition, NF-jB is one
among the master transcription factors responsible of the induc-
tion of pro-inflammatory genes in cystic fibrosis cells infected with
P. aeruginosa or treated with TNF-a. Our data suggest that the
identified molecules might be of interest for experimental therapy
of cystic fibrosis. In fact, a strong anti-inflammatory effect of com-
pounds 6f, 7f and 9f has been detected after challenging IB3-1
bronchial CF cells with TNF-a. Recent results, suggesting that com-
pound 1f and analogues efficiently inhibit NF-jB/DNA interactions
(IC50 = 30 lM) and IL-8 gene expression in TNF-a treated IB3-1
cells, fully support the conclusions of the present paper (Borgatti
et al., manuscript in preparation). Although epithelial cells lying
the surface of the airway tract are considered good sensors of the
activity of promising anti-inflammatory agents, the effect of com-
pounds 6f, 7f and 9f should be in the future extended also to the
whole lung tissues of mice infected in vivo, in order to verify the
possibility of multiple anti-inflammatory effects on different cells
orchestrating the innate immune response in the lung.

4. Materials and methods

4.1. Structure-based virtual screening

All computational studies were performed on a two Intel Xeon
3.2 GHz processors on a Linux PC.

4.1.1. Preparation of the focus compounds library
Angelicin and psolaren derivatives as reported in literature26,27

(Table 1) were build employing Maestro graphical interface sup-
plied by Schrodinger. The three-dimensional geometry of each
molecule was minimized with bmin by using OPLS-AA force field.35

Natural and synthetic organic compounds available in a structure
searchable database were retrieved using a substructure searching
(2D) method. The distributors accessible on the network that we
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successfully used are the followings: Sigma–Aldrich,36 May-
bridge,37 Otava,38 TimTec,39 Chembridge,40 and DrugBank.41 The
browsing hits were retrieved from the substructure match ob-
tained drawing the chemical scaffolds reported in Table 1. All the
molecules were collected in a single library and prepared using Lig-
Prep42 from Schrodinger in a standard procedure. To this aim, all
the output files in 2D sdf format were converted in 3D maestro for-
mat by using sdconvert. All charged groups were neutralized and
subsequently ionization treatment was done generating all possi-
ble states at pH of 7.4 (±2). Eventual counter ions in salts and water
molecules were removed. Various tautomers for each structure
were generated. The molecules with a molecular weight >800 were
not considered. In order to remove all the possible problematic
structures premin script from Schrodinger was employed using
OPLS-AA force field for minimization process. Finally, we obtained
a library of 1705 optimized compounds consisting in furocoumarin
derivatives and analogues structures.

4.1.2. Protein targets data
In order to screen the starting library of 1710 structures into

NF-jB, p50-p50 dimer (1NFK) and p50 monomer in three different
conformations (chains A and B from 1NFK; chain B from 1LE9)43

were prepared for subsequently docking runs as described else-
where.18 Briefly, all water molecules were removed, the hydrogen
atoms were added to the proteins, and OPSL-2001 atom types and
charges were assigned. After preparation, refinement was per-
formed by running a ProteinPrep job on the structure using a stan-
dard procedure. Glide (Grid-based ligand docking with energetics)
using Impact software version v30512 from Schrödinger44 was em-
ployed for the definition of the putative binding site and for the
calculation of OPLS-2001 van der Waals and electrostatics grids.35

The grids were prepared reflecting the area of the DNA binding re-
gion of the proteins.

4.1.3. Docking of compounds library into DNA binding of NF-jB
All the compounds library were docked into putative binding

site of the NF-jB targets employing Glide software.44 The Stan-
dard-Precision (SP) method as implemented in Glide, was em-
ployed as first for p50 NF-jB. The maximum number of poses
per ligand to pass to the grid-refinement calculation was set to
10.000. Only one good pose for each molecule was retained. Subse-
quently, all possible redundant structures were eliminated from
the database using the table project implemented in Glide. Based
on the G-score function, the highest-ranking 1000 docked ligands
were selected and collected in a new multifile for further docking
runs. After a minimization process in the OPLS_2001 force field
by premin script, the picked out compounds were docked again
into DNA recognition site, using the more CPU time-intensive
and accurate Extra-Precision (XP) method. Finally, the first 10 mol-
ecules (including all the four chemical scaffolds of Table 2) with
the highest-ranking poses (XP G-score value) against the most pro-
tein target were individuated as promising. Among them only five
compounds were commercially available (6–10f). These molecule
plus 1f were further investigated. The molecules were docked into
the protein targets applying the accurate XP method as described
above but in this case the total number of docked retained poses
for each compound was set to 100. The subsequent selection of
the putative bioactive conformation within a cluster of poses for
each ligand, were based on both G-score and E-model values.

4.2. Reagents

The best ranked, commercially available compounds were 8-(4-
methoxybenzoyl)-4-methyl-9-phenyl-2H-furo[2,3-h]chromen-2-
one (compound 6f), 2-(2-methoxy-ethylamino)-6-methyl-3-(3,4,5-
trimethoxy-phenyl)-furo[3,2-c]chromen-4-one (compound 7f),
3-(3-fluoro-4-methoxy-phenyl)-5-methyl-7H-Furo [3,2-g]chro-
men-7-one (compound 9f) and 3-benzo [1,3]dioxol-5-yl-5-phenyl-
7H-Furo [3,2-g]chromen-7-one (compound 10f). Compound 6f
was obtained from Chembridge Corporation (San Diego, CA, USA),
compound 7f from Enamine Europe Ltd (Riga, Latvia, LV), com-
pounds 9f and 10f from OTAVA Ltd (Kiev, Ukraine). Purity of all these
compounds was higher than 97%.

4.3. Cell cultures and bacteria

IB3-1 cells (LGC Promochem), derived from a CF patient with a
DF508/W1282X mutant genotype and immortalised with ade-
no12/SV40,45 were grown in LHC-8 basal medium (Invitrogen, Carls-
bad, CA), supplemented with 5% FBS in the absence of gentamycin, at
37 �C/5% CO2. The laboratory strain of P. aeruginosa PAO1 was grown
in trypticase soy broth (TSB) or agar (TSA) (Difco, Detroit, MI).

4.3.1. Cell infection
This was performed as previously described.21,45 Briefly, IB3-1

cells were seeded at density of 200,000 cells/cm2, 24 h before
infection. After adhesion, cells were starved in serum free LHC-8
for 18 h. Before the experiment, PAO1 from overnight cultures in
TSA plates were grown in 20 ml TSB broth at 37 �C with shaking
until there was an OD at 660 nm of about 1 � 109 CFU/ml, deter-
mined by dilution plating. Bacteria were washed twice by resus-
pension in PBS and then to a final dilution in cell culture
medium. The doses of PAO1 were determined by plating aliquots
of dilutions on TSA plates and are expressed as CFU/cell. Monolay-
ers of cells were infected with PAO1 at 37 �C/5% CO2 for 4 h with a
dose ranging from 30 to 100 CFU/cell.

4.3.2. Cell treatment with VS-selected compounds
IB3-1 cells were incubated for 24 h with different concentra-

tions of the compound under analysis and then infected with
P. aeruginosa.45

4.3.3. Quantitation of transcripts of pro-inflammatory genes
This was carried out as described previously.21 Briefly, total RNA

was isolated using High Pure RNA isolation kit (Roche, Mannheim,
Germany) following the Supplier’s instructions. Reverse transcrip-
tion (RT) was performed using the High Capacity cDNA Archive kit
(Applied Biosystems, Foster City, CA): 1 lg of total RNA were re-
verse transcribed in the presence of random hexamers 1X, dNTPs
2.5X, RNAse Inhibitor 100 U, Multiscribe Reverse Transcriptase
250 U and Reverse Transcriptase buffer 1X in a total volume of
100 ll, for 10 min at 25 �C and 120 min at 37 �C. As negative con-
trol, the reaction was also performed in the absence of RNA. The
resulting cDNA was quantified by relative quantitative real-time
PCR (real-time qPCR). Real-time qPCR was performed with 25 ll
reactions, in duplicate, using the Platinum SYBR Green qPCR Super
Mix-UDG (Invitrogen, Carlsbad, CA) in a 1X final concentration.
ICAM-1, IL-8, GRO-a, GRO-c, IL-6 and the respective calibrator
genes were amplified in separate tubes: primers were selected
by Primer Express Software (Applied Biosystems, Foster City, CA)
and are indicated in Table 1. Amplification conditions were: an ini-
tial denaturation/activation step of 95 �C for 2 min, followed by 50
repeats of 95 �C for 15 s and 60 �C for 30 s.

4.3.4. Proliferation assay
IB3-1 cells were seeded at a density of 100,000 cells in 24 wells

plates in LHC-8 medium in presence of 5% FBS. After adhesion, cells
were starved in serum free LHC-8, drug was added at serial dilu-
tions (as indicate in figure) and incubated for further 24 h or
48 h. After this period cells were washed with PBS and detached
with trypsin/EDTA. Cells were suspended in DMEM medium and
counted with a Sysmex XE-2100 Cytometer (Dasit, Milan, Italy).
Cell proliferation was determined as elsewhere described.46–48
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4.3.5. Antibacterial assay
The antimicrobial activity of pharmaceutical compounds was

determined by following the procedure for the Minimum Inhibitory
Concentration (M.I.C.) of the National Committee for Clinical Labora-
tory Standards (NCCLS) (NCCLS, 1997) with some adjustments for
concentration of drug. In brief, P. aeruginosa was cultured on plates
of Trypticase Soy Agar (TSA) overnight at 37 �C. The colonies were
harvested, suspended in sterile saline, and adjusted to a concentra-
tion of a 0.5 McFarland standard. The range of drug concentration
tested (as indicates in figure) was prepared in 15 ml tubes contain-
ing 5 ml of Trypticase Soy Broth (TSB) starting from a 100-fold
concentrated drug stock solution. McFarland 0.5 standard of
P. aeruginosa (20 ll) was added to each tube, and samples were incu-
bated at 37 �C for 24 h. M.I.C. is defined as the lowest concentration
of compound at which there is no visible growth of the organism. In
addition, the samples were read at 660 nm wavelength for quantita-
tive analysis with a Beckman DU 640 spectrophotometer.

4.4. Electrophoretic Mobility Shift Assay (EMSA)

Electrophoretic Mobility Shift Assay (EMSA) was performed as
previously described.20,21 Briefly, double-stranded synthetic
oligodeoxynucleotides mimicking the NF-jB binding (NF-jB, sense:
50-AAT CGT GGA ATT TCC TCT-30) have been employed. Oligodeoxy-
nucleotides were labeled with c32-P-ATP using 10 Units of T4-poly-
nucleotide-kinase (MBI Fermentas) in 500 mM Tris–HCl, pH 7.6,
100 mM MgCl2, 50 mM DTT, 1 mM spermidine, 1 mM EDTA in the
presence of 50 mCi c32-P-ATP) in a volume of 20 ml for 45 min at
37 �C. Reaction was brought to 150 mM NaCl and 150 ng comple-
mentary oligodeoxynucleotide was added. Reaction temperature
was increased to 100 �C for 5 min and left diminishing to room tem-
perature overnight. Binding reactions were set up as described else-
where20 in a total volume of 20 ll containing buffer TF plus 5%
glycerol, 1 mM dithiothreitol, 10 ng of human NF-jB p50 protein
(Promega) and different concentrations of compounds. After a incuba-
tion of 20 min at room temperature, 0.25 ng of 32P-labeled oligonu-
cleotides were added to the samples for further 20 min at room
temperature and then they were electrophoresed at constant volt-
age (200 V) under low ionic strength conditions (0.25X TBE buffer:
22 mM Tris borate, 0.4 mM EDTA) on 6% polyacrylamide gels. Gels
were dried and subjected to standard autoradiographic procedures.20

4.5. Statistics

Results are expressed as mean ± standard error of the mean
(SEM). Comparisons between groups were made by using paired
Student’s t test and a one-way analysis of variance (ANOVA). Statis-
tical significance was defined with P <0.05.
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