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Molecular recognition of 15-deoxy-D12,14-prostaglandin J2
by nuclear factor-kappa B and other cellular proteins
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Abstract—15-Deoxy-D12,14-prostaglandin J2 (15d-PGJ2), a dehydration product of prostaglandin D2, is an important pharmacolog-
ical molecule, which with the virtue of its electrophilicity, has been reported to covalently modify some cellular proteins (such as
nuclear factor-kappa B (NF-jB), AP-1, p53, and thioredoxin) and elicit its physiological effects. The aim of the present computa-
tional study is to understand the role molecular recognition plays in the association of 15d-PGJ2 with NF-jB and other proteins.
Another aim is to characterize whether p53 is a direct target for covalent modification by 15d-PGJ2. A docking strategy is applied
along with calculation of ab initio electrostatic potential maps to analyze the mode of binding of prostaglandin molecule with critical
cysteine-containing sites in each protein. The results provide identification of important sites in the target proteins, which provide
recognition and stability to the prostaglandin molecule. Fit of shape and complementarity of electrostatic interactions are derived as
significant determinants of molecular recognition of 15d-PGJ2. Further, comparative results indicate that p53 protein may also be a
target for direct modification by 15d-PGJ2. The molecular models obtained should allow the rational design of more specific analogs
of 15d-PGJ2.
� 2005 Elsevier Ltd. All rights reserved.
Figure 1. A 15-deoxy-D12,14-prostaglandin J2 molecule depicting the

electrophilic carbon (C-9) with an asterisk, and C-13 with double

asterisk.
1. Introduction

This study focuses on the understanding of the structur-
al basis of the association of 15-deoxy-D12,14-prostaglan-
din J2 (15d-PGJ2) with some of its target proteins, using
docking simulations and ab initio electrostatic potential
calculations. Prostaglandin D2 (PGD2), a major cyclo-
oxygenase product, readily undergoes dehydration in a
variety of tissues and cells to yield electrophilic PGs,
such as15d-PGJ2 (Fig. 1).

1

Members of the J series of the PGs, including 15d-PGJ2,
characterized by the presence of a reactive a,b-unsatu-
rated ketone in the cyclopentenone ring (C-9 in Fig. 1,
being the biologically active electrophilic carbon), have
their own unique spectrum of biological effects, includ-
ing antitumor activity, the inhibition of cell cycle pro-
gression, the suppression of viral replication, the
induction of heat shock protein expression, and the
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stimulation of osteogenesis.2 Many of these biological
effects of 15d-PGJ2 have been recently attributed to its
intervention with some of the cellular proteins. Nuclear
factor-kappa B (NF-jB) was described to be one of the
first targets of 15d-PGJ2.

3 NF-jB is a transcription
factor that plays a key role in the activation of several
inflammatory response genes and its inactivation (espe-
cially the p50 subunit) has immense therapeutic implica-
tions.4–6 15d-PGJ2 was reported to inhibit multiple steps
in the NF-jB signaling pathway3,7,8 along with specifi-
cally inhibiting the NF-jB subunits (p50 and p65),
directly by a covalent modification of the subunits.3,9,10

These studies indicated that 15d-PGJ2 forms a covalent
adduct with the aid of its electrophilic carbon (Fig. 1)
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with single critical cysteine residues in the DNA-binding
domain of the NF-jB subunits. These critical, redox-
regulated cysteine residues are Cys62 in the p50 subunit
and Cys38 in the p65 subunit.11 Further, a reduced state
(–SH) of these cysteines has been reported to be essential
for DNA recognition and binding, while an oxidized
(–S–SR) or alkylated state has been found to diminish
DNA-binding of NF-jB.11–13 Consequently, 15d-PGJ2
alkylates these nucleophilic cysteine residues.

Recently, the transcription factor AP-1 was reported to
be a target of covalent modification of its c-Jun sub-
unit.14 Similar to NF-jB, AP-1 is a proinflammatory
transcription factor and consists of subunits like c-Jun
and c-Fos.15 The redox-regulated critical cysteine resi-
due of AP-1 that modulates its DNA-binding ability is
Cys269 in the c-Jun subunit,16 which is alkylated by
15d-PGJ2. The role of PGs (especially the A and the J
series) in pathological conditions like inflammation
and cancer has been described as manifold, as it was
reported that 15d-PGJ2 can inactivate the wildtype p53
tumor-suppressor protein.17,18 Despite this contrary
role, overall activity of 15d-PGJ2 remains antiprolifera-
tive as compared to A-series PGs.19 The molecular
mechanism responsible for p53 inactivation by 15d-
PGJ2 has been proposed to be indirect, unlike NF-jB
and AP-1 inhibition. In certain cell types like RKO cells
or human neuroblastoma cells, it has been recently pro-
posed that 15d-PGJ2 inactivates upstream molecules like
thioredoxin reductase (TrxR), thioredoxin (Trx),17 and
the proteasome.18,20 A direct mechanism of action has
not been proposed in these cell types, and it has been
generalized that 15d-PGJ2 may interfere with p53 inacti-
vation only indirectly.17,18,21 However, due to the studies
on limited cell types, it has been argued, at the same
time, that the indirect mechanism of the action of 15d-
PGJ2 on p53 may be due to specificity issues owing to
either the cell type or the p53 protein itself,14,17 although
no structural evidences (like analysis of the mode of
binding of the PG to the p53 protein) have been present-
ed in this regard. Further, Trx, upstream of p53 path-
way, has been proposed to be a target of direct
covalent modification at its active-site cysteine (Cys35),
by 15d-PGJ2.

20

In general, since 15d-PGJ2 is a weak electrophile, its
selectivity for the target proteins, and for instance not
with DNA, and other susceptible proteins like PPAR-c
(DNA-binding domain) has been experimentally de-
scribed as being possibly controlled by molecular recog-
nition;3,14,22 however, no molecular models of the
complexes have yet been presented. The purpose of the
present computational study is to use the available
experimental information on the inhibition of cellular
proteins by 15d-PGJ2 to model its molecular recognition
and structural association with them. In addition, in
case of NF-jB (p50), and AP-1 (c-jun), covalent modifi-
cation of the critical cysteine residues mentioned above
by glutathione has been described to be well correlated
with molecular recognition.16,23 Further, molecular rec-
ognition has been recently exploited to achieve specific
covalent modification of p50-Cys62 by a NF-jB decoy
hairpin oligonucleotide.24
With the availability of biochemical knowledge of the
present system, an understanding of the docking sites
in the target proteins, providing stabilization to the
PG molecule, and physiochemical nature of such stabil-
ization should be an additional advantage for further
studies. Such an understanding, which is the purpose
of this study, would aid in initiating rational design of
analogs having NF-jB-specific recognition. This is sig-
nificant in terms of pharmacological interventions using
15d-PGJ2, as the concentrations of 15d-PGJ2 used to
achieve NF-jB inhibition in inflammatory models are
relatively quite high.25 The protein targets used in this
study, including NF-jB (p50 and p65 subunits), AP-1
(c-Jun subunit), and Trx, all have experimentally studied
cysteine residues, targeted for covalent modification by
15d-PGJ2. It is well known that p53 also has a redox-
regulated cysteine (Cys277) in its DNA-binding domain,
which is quite identical to NF-jB and AP-1, in terms of
its pKa value and control of DNA recognition and bind-
ing.26–28 Hence, we hypothesized that under identical
conditions this cysteine may also be a target of direct
modification by 15d-PGJ2, and used it to model the
molecular recognition.
2. Results and discussion

2.1. Docking studies

The 15d-PGJ2 molecule was subject to docking with
the proteins p50, p65, c-Jun, Trx, and p53 to predict
the possible structural interactions in the process of
the molecular recognition and stabilization of the mole-
cule by the proteins. The docking approach employed
here is justified in certain ways to produce realistic bind-
ing modes of 15d-PGJ2 with its target proteins. First, the
ChemScore function used here includes a lipophilic term
that is very useful in docking ligands (like 15d-PGJ2)
with hydrophobic character. Further, in the initial
ChemScore training set, some of the protein–ligand
complexes were very similar to the present system, for
example, the flexible palmitic acid–FABP complex.41

In addition, in a recent study of some tea polyphenols,
covalently modifying a target threonine residue in the
proteasome, a distance constraint approach, like the
one used in this work, was employed using the Auto-
Dock docking program to understand the nature of pre-
covalent complexes.29 With such a distance constraint
approach, the conformational search space around a
predefined binding site for a small ligand is much re-
duced due to partial knowledge of the binding mode,
resulting in more reliable models.29,39 Figures. 2a–e
depicts the best scored results given by GOLD. Non-
covalent interactions are discussed below.

2.1.1. Hydrogen-bonding interactions. All the five pro-
teins used in this study were found to make strong
hydrogen-bonding interactions with the carboxyl group
of 15d-PGJ2. Proteins p50, p65, and c-Jun make strong
hydrogen bonds (<2 Å) through lysine residues (Figs.
2a, b, e) and p53 through an arginine residue (Fig. 2c).
Further, Trx was observed to make a hydrogen bond
through the backbone (ANH) hydrogen atom of



Figure 2. 15d-PGJ2 is shown docked to the target proteins: (a) p50, (b) p65, (c) p53, (d) Trx, and (e) c-Jun. Nitrogen atoms are depicted in

blue, oxygen atoms in red, hydrogens in white, and sulfur atoms in yellow. Hydrogen-bonding interactions (in angstroms) are depicted in green

lines.
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Thr74 residue. It is important to note here that a
specific hydrogen-bonding interaction with the carboxy-
terminal part of the a-chain has been experimentally
described as an important determinant of specific molec-
ular recognition of PG-like fatty acids with their natural
receptors.30,31 Analogously, 15d-PGJ2 may be recogniz-
ing its target proteins through the predicted hydrogen-
bonding interactions.

2.1.2. Hydrophobic and van der Waals interactions. The
remaining nonpolar part of the a-chain and the com-
pletely nonpolar x-chain of 15d-PGJ2 were also found
to recognize the target proteins and stabilize the mole-
cule through hydrophobic and van der Waals interac-
tions (Fig. 2). Specifically, p50 has residues around
Cys62 like Val145, Leu143, and Leu210, which were
found to stabilize the PG molecule (Fig. 2a) with hydro-
phobic interactions, besides residues like His144 and
Lys147, making van der Waals interactions. Similarly,
p65 also has Val121 and Ala129 residues providing
hydrophobic interactions mainly with the x-chain. The
a-chain in the case of p65 can be seen as bent in order
to interact through a hydrogen bond with Lys122 (Fig.
2b) to avoid opposite interactions with negatively
charged Asp125, which lies in the vicinity. Further, in
the case of p53, the probable target cysteine, Cys277
(which lies in the solvent accessible surface), is also sur-
rounded by hydrophobic residues like Ile496, Ala276,
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and Leu137 (Fig. 2c), providing stabilization to the
nonpolar parts of the PG molecule.

Next, in the case of c-Jun, an excellent correlation with
the recent experimental results14 was observed. The non-
polar parts of 15d-PGJ2 are stabilized by van der Waals
and hydrophobic interactions with Arg270, Leu280, and
Ile277 residues of c-Jun (Fig. 2d). However, the C-13
containing part of the x-chain (Fig. 1), remains not
much incorporated into the protein (Fig. 2d). This
may be true due to some reasons. First, c-Jun is an elon-
gated, linear protein, so that the ligands binding to its
residues, for instance Cys269, might eventually have a
significant part unembedded. Secondly, in the case of
15d-PGJ2, there is another electrophilic carbon, C-13,
other than the more significant one in the ring, which
was experimentally observed to cross-link two c-Jun
molecules, in the process of the inhibition of c-Jun–
DNA binding.14 Hence, the net orientation of 15d-
PGJ2 molecule in the present docking, resulting in a
relatively free C-13, should be available for another
nucleophilic attack by a c-Jun monomer. Finally, in
the case of Trx, the nonpolar part of a-chain is stabilized
by interactions with Ala29 and Pro34, and the x-chain
by interactions with Ala92, Pro75, and Ile38 (Fig. 2e).

2.2. Molecular electrostatic potentials

Besides hydrogen-bonding and van der Waals interac-
tions, the net electrostatic potential that is created in
the space around a molecule by its nuclei and electrons
has been proven to be very useful in explaining both
long-range molecular recognition and short-range inter-
molecular stabilization.32 Theoretically calculated MEPs
using QM-derived electron density have been described
to be very predictive of the mode of molecular recogni-
tion.33 The electron density calculation approach used
in the present study has been recently reported by us
for different biological systems including NF-jB34–37

and has given results in good agreement with the exper-
iment. In the present case, the QM calculations were used
to obtain the precise electron density around the PGmol-
ecule and each target protein part representing sufficient
size in terms of docked molecule. The MEPs mapped on
the solvent-accessible surfaces of 15d-PGJ2 and the
inhibitor-interacting parts of the five target proteins are
shown in Figures 3a–f. In Figures 3b–f, the PG molecule
is aligned onto the solvent-accessible surface of each pro-
tein in the same orientation as given by the highest scored
docking result. These color-coded surfaces represent a
positive potential in blue and a negative potential in
red color. The electronic properties of 15d-PGJ2 mole-
cule are revealed in its MEP surface (Fig. 3a), as its a-
chain, containing the nonconjugated double bond and
the carboxylate end render itself in electronegative po-
tential, while its x-chain having a cross-conjugation with
the cyclopentenone moiety is rendered in a net electro-
positive potential. Further, it is observed that the orien-
tation and association of the prostaglandin molecule
obtained by docking with each protein is quite in agree-
ment with the electrostatic profile of interactions (Figs.
3b–f). Specifically, with p50, 15d-PGJ2 fits itself in com-
plementary pockets (Fig. 3b), and with p65, the trends
discussed in docking are again revealed, as the a-chain
recognizes the electropositive part and bends upward
to avoid interaction with electronegative part in the bot-
tom vicinity (Fig. 3c). Next, in the case of Trx and c-Jun,
the a-chain resides in complementary surfaces, although
the x-chain lies in more neutral surfaces (Figs. 3d–f).
This is justified for c-Jun, as the x-chain is not so well sta-
bilized by the protein electrostatics, to cross-link with
another c-Jun molecule. Further, in the case of p53, the
x-chain stabilizes in a neutral-hydrophobic pocket, hav-
ing an orientation toward electronegative parts, as also
in the case of Trx (Figs. 3d and e).
3. Conclusions

The docking studies in combination with comparative
electrostatic potentials reveal that 15d-PGJ2 has comple-
mentary interactions with its target proteins, governed
mainly by fit of shape (hydrophobic and van der Waals
interactions) in all the cases and also complementarity of
electrostatics. These results thus support the experimen-
tal assertion of the possible role of molecular recogni-
tion of 15d-PGJ2 by cellular proteins3,14,22 Especially,
in the case of NF-jB p50, important binding pockets
are revealed and provide specific recognition and stabil-
ization to the prostaglandin molecule. The protein envi-
ronment in terms of hydrophobic pockets or
electrostatic and hydrogen-bonding interactions, not
known previously and revealed in the present study,
should be an important determinant of the molecular
recognition of 15d-PGJ2. An important implication of
this study is that the incorporation of 15d-PGJ2 with
its cellular targets is not a random process. Further,
the knowledge of the complementary binding sites
should provide a guideline for the design of specific
and efficient inhibitors of transcription,4,6 structurally
based on 15d-PGJ2.

Another indication of this comparative study is the fact
that the association of 15d-PGJ2 with p53 is also com-
plementary under identical conditions, just as with the
other target proteins, and hence the possibility of p53
being a target for direct modification cannot be exclud-
ed. It is quite clear with the present results that the
experimentally observed indirect activity of 15d-PGJ2
for p53 might concern specificity issues pertaining to cell
type rather than protein itself, as discussed in recent
studies.14,17 Hence, further experimental studies in dif-
ferent cell types are required; also important will be
the exploration of possible cell-surface receptors of
15d-PGJ2, as they might be controlling its intracellular
concentrations in in vitro models.
4. Materials and methods

4.1. Models

All the protein structures were obtained from Protein
Data Bank (PDB IDs for p50 and p65: 1vkx, p53:
1ycs, c-Jun: 1a02, and Trx: 3trx), and individual sub-
units were further managed with Insight II molecular
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Figure 3. Molecular electrostatic potentials (MEPs) are shown mapped onto the solvent-accessible surfaces of each structure, with maximum

potential (blue) being /+ = 0.5102 au, and the minimum (red) being /� = �0.3188 au. (a) Structure of 15d-PGJ2 is shown along with its MEP. (b)–(f)

represent the prostaglandin molecule docked onto the electrostatic potential surfaces of p50, p65, p53, Trx, and c-Jun, respectively.
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modeling system (Accelrys Inc., San Diego, CA, USA).
The target cysteine in each protein molecule was mod-
eled as a nucleophilic thiolate, as the reaction with
15d-PGJ2 has been proposed to occur when first the cys-
teine has a free sulfur atom for attack.1 Further, 15d-
PGJ2 was energy minimized using density functional
theory with the B3LYP functional and 6-31+G(d) basis
set in Gaussian 98 package.38

4.2. Docking studies

Docking studies were performed using the GOLD 2.0
package (CCDC Software Ltd, Cambridge, UK).39,40

To simulate the formation of the precovalent complexes
and to interpret the possible sites in the proteins which
might stabilize and accommodate the PG molecule, the
following strategy was used. An initial distance con-
straint of 2 Å was imposed between the C-9 atom of
15d-PGJ2 molecule and the target thiolate group of each
protein, and the PG was allowed to freely dock in an
energetically and conformationally best orientation.
Docking simulations were performed in the default
settings for the best possible predictive accuracy, with
10 docking runs for each protein. Hydrogen bonds were
considered up to 2.5 Å. GOLD uses a genetic algorithm
in the evolution of a population of possible solutions via
genetic operators (mutations, crossovers, and migra-
tions) to a final population, optimizing a predefined fit-
ness function. The predefined function used in this study
is implemented in GOLD in the form of ChemScore.41,42

Briefly, ChemScore estimates the total free-energy
change that occurs on ligand binding as

DGbinding ¼ DG0 þ DGhbond þ DGmetal þ DGlipo þ DGrot:
Each component of this equation is the product of a
term dependent on the magnitude of a particular physi-
cal contribution to free energy (hbond = hydrogen
bond, lipo = lipophilic atoms, and rot = rotable bonds)
and a scale factor determined by regression,

DG0 ¼ m0; DGhbond ¼ m1P hbond; DGmetal ¼ m2Pmetal;

DG ¼ m P ; DG ¼ m P :
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Here, m is the regression coefficient and P the various
types of physical contributions to binding. The final
ChemScore value is obtained by adding in a clash pen-
alty and internal torsion terms, which militate against
close contacts in docking and poor internal conforma-
tions. In the present study, as mentioned before, a con-
straint score was also included:

ChemScoreðthis studyÞ ¼DGbindingþP clashþP internalþP constraint:
The best scored solution in each case was considered
and analyzed in DS ViewerPro 5.0 modeling package
(Accelrys Inc.).

4.3. Molecular electrostatic potentials

To analyze the extent of agreement between the fit ob-
tained by docking and complementarity in the electro-
statics of binding, ab initio electrostatic potential maps
were generated for the PG molecule and the interactive
part of each target protein. Each protein was cut at 6 Å
radii around the PG molecule obtained from the highest
scored docking solution, representing enough amino
acids in the protein site contributing to electrostatic
interactions. Ab initio quantum-mechanical (QM) cal-
culations were performed with the B3LYP functional
and 6-31+G(d) basis set in Gaussian 98 program.38

The electron density thus obtained for each protein cut
and the PG molecule was further used to generate
molecular electrostatic potential (MEP) maps, repre-
senting the relative population of charges, graphically.
MOLEKEL 4.243 was used to generate solvent-accessi-
ble Connolly surfaces, with a probe radius of 1.4 Å,44

and the calculated electrostatic potential was mapped
onto these surfaces. The maximum potential represented
is /+ = 0.5102 au and the minimum is /� = �0.3188 au
for each surface depicted. Other ranges of potentials
gave virtually the same results.
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