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Abstract We present a series of new inhibitors of the associ-
ation between nuclear factor kappa B (NF-κB) and the corre-
sponding κB site in DNA. They were designed using the lead
compound 15-deoxy-�12,14 -prostaglandin J2 (PGJ2), which
is a natural product with demonstrated inhibitory efficiency
for this system. First, the binding mode of PGJ2 to NF-κB
was unraveled by GOLD docking calculation. Subsequently,
substitutions were made to PGJ2 to optimize its association
with NF-κB. Care was taken not to strongly increase the reac-
tivity of the new compounds, and to keep the overall shape,
size and hydrophilicity of the lead compound, which should
render them a similar bioavailability. Molecular mechanics
calculations were performed to decide on the suitability of
the substitutions, and to evaluate the energies of association
with NF-κB. Density functional theory calculations were per-
formed also to study the overall reactivity of the substituted
drugs towards NF-κB. Important general conclusions were
obtained, concerning the improvement of these natural inhib-
itors; namely, a set of rational methodologies were deduced
to improve the association between the PGJ2 derivatives and
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NF-κB, and their efficiency demonstrated by generating a
set of substituted complexes, some of them with a very much
increased affinity for NF-κB, opening new doors to enlarge
the therapeutic capabilities of this class of drugs.

Keywords Prostaglandin · Nuclear factor kappa B · Molec-
ular Mechanics · HIV-1 · Cancer

Introduction

Nuclear factor-kappa B (NF-κB), is an inducible eukaryotic
transcription factor of the rel family, and normally exists in
an inactive cytoplasmic complex, with its predominant form
being a heterodimer composed of p50 and p65 (Rel A) su-
bunits, bound to inhibitory proteins of the IκB family [1–
4]. The IκBs bound to dimerized NF-κB factors, block their
nuclear translocation, until several physiochemical stimuli
lead to proteasome dependent IκB degradation, resulting in
nuclear translocation of NF-κB [4–7]. The targets of NF-
κB (the κB sites) are present in the regulatory regions of
the genes involved in immune (IL-1, IL-2) and inflamma-
tory responses (IL-1, IL-6, TNF-α, TNF-β), and in genes
of viruses, NF-κB/Rel members, IκB members, growth con-
trol proteins (p53, c- myc, Ras) and adhesion molecules [8].
Eventually NF-κB-DNA binding as a result of inappropri-
ate activation was described to be involved in the pathol-
ogy of, a number of diseases including cancer, AIDS, and
inflammatory disorders [9–11]. Hence, the suppression of
NF-κB was described to be of an immense pharmacologi-
cal importance. In this regard several approaches, exploit-
ing the various stages in the activation and DNA recognition
of NF-κB were described [12]. These include development
of several small molecules ranging from inhibitors of IκB
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Fig. 1 The models used in this study. PGJ2 is shown in cyan bound to NF-κB model. The residues included in the 10Å cut are shown in purple.
The gray and yellow residues were also included in the 13Å and 17Å cuts, respectively

activation, and degradation to those directly binding to NF-
κB [13]. One such class of potent inhibitors are the ones
which covalently modify a critical cysteine residue (Cys62)
in the DNA-binding loop of NF-κB-p50 homodimer. These
inhibitors alkylate the Cys62 residue, and do not allow it to
be in a reduced state, which is otherwise essential for major
groove DNA recognition [14]. Recently, 15-deoxy-�12,14 -
prostaglandin J2 (PGJ2) was described to alkylate the Cys62
residue of NF-κB-p50 by a direct covalent modification with
its electrophilic carbon [15]. PGJ2 is a biological byproduct
of prostaglandin D2, which in itself is a major cyclooxygen-
ase product [16]. It’s pharmacological properties have been
recently attributed to it’s direct inactivation of several cellular
proteins including transcription factors like NF-κB [17]. The
aim of this study is to design new inhibitors based on PGJ2,
binding more tightly and specifically to NF-κB-p50 protein.

Methodology

The structure for the NF-κB p50/p50 homodimer was taken
from the Protein DataBank (code 1NFK) [18], from where
the DNA and one of the p50 monomers were deleted, and the
other p50 monomer was used for further modeling.

The structure of the small molecule PGJ2 was designed
by us. A first study was performed to find the best geome-
try of association between the two, with the constraint that
the electrophilic carbon in the ring should be kept close to
Cys62, to allow the nucleophilic addition of the thiolate of the
cysteine. For that purpose GOLD 2.0 package [19] was used.

Once this first structure was obtained, the geometry of
the whole system was optimized using Molecular Mechanics.
However, it seemed unnecessary to include all the p50 mono-
mer in the calculations. Moreover, the inclusion of the whole
p50 monomer would imply the use of a lower theoretical

level, because the calculations might become too slow. There-
fore, we selected only those residues from the third of cys62,
which had any atom within a radius of 10Å and discarded all
the others. This resulted in a model including the aminoacids
54–68, 107–110, 139–151 and 205–209 (1NFK numbering).
To check if this smaller model was representative of the p50
monomer (in relation to the PGJ2:NF-κB binding), and no
significant long range interactions were excluded in the trun-
cation process, two additional models were built, in which the
included residues were within a radius of 13Å and 17Å. Sub-
sequently, the PGJ2:NF-κB binding energy was recalculated,
to check if all models gave similar binding energies. The first
of these two additional models (with the 13Å radius cutoff)
included all the aminoacids of the previous model plus the 53,
97, 111, 112, 138, 152–154, 201–203, 210, 237–241 amino
acids and the second of these models (with the 17Å radius
cutoff) included all the aminoacids of the previous model
with the 13Å radius cutoff, plus the 50–52, 95, 96, 99–101,
105, 106, 113, 116–121, 136, 137, 155–158, 198–200, 204,
211, 212, 236, 242–247 amino acids. Figure 1 shows the
three cuts of NF-κB with PGJ2 bound. The PGJ2 molecule
is illustrated in Scheme 1.

All calculations were performed in vacuum, and the soft-
ware package Gaussian98 [20].The universal force field (UFF)
for metals [21] was used to perform molecular mechanics
geometry optimizations and energy calculations. We chose to

Scheme 1. The PGJ2 molecule. An asterisk marks the electrophilic
carbon which suffers nucleophilic addition by the thiolate of Cys62.
The numbering of the first, the electrophilic and the last carbon atoms
is also depicted
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use classical mechanics, with the UFF, to perform our geom-
etry optimizations due to the size of the system. This is the
only force field which has been parameterized for all elements
of the periodic table. Several benchmarks of this force field
have been published. Average errors have been determined
for molecules where good quality, reliable experimental data
was available. In terms of energy, typical deviations from
experiment found in several organic and inorganic molecules
are just a few (1–8) kcal/mol [22,23]. These errors are some-
what systematic, and in the present case most of the errors
cancel when comparing the complexation energy for the orig-
inal PGJ2 and a similar substituted one. For the purpose of
this work, this error amplitude is perfectly acceptable since,
as will be shown, the binding energies obtained with the sub-
stitutions were much larger than these errors. The geometries
are also well reproduced by this force field. In organic mol-
ecules, average deviations from experiment are 0.021Å for
C–C bond length and 0.024Å for C–N, and 5◦ to 10◦ in angle
bend [24]. The visualization of all geometries as well as all
substitutions in the PGJ2 molecule was carried out with the
help of programs Gaussview [25] and Molden [26].

Universal force field can use partial charges calculated by
the method of charge equilibration [27]. This method gen-
erates point charges which are geometry-dependent, repre-
senting a considerable improvement in relation to traditional,
non-polarizable force fields as CHARMM or AMBER [28,
29]. However, it is not an efficient procedure to recalculate
the point charges at each optimization step, as this would
make the calculations very slow. Therefore, the point charges
were calculated only at the beginning of the optimization
and at the final optimized geometry. Subsequently, it was
checked whether the obtained geometry could be considered
optimized using the new calculated charges. If not, a new
optimization was carried out, with the point charges calcu-
lated at the end of the preceding optimization. The whole
process was repeated until self consistency was obtained, i.e.
the final geometry should obey the same convergence criteria
with both the initial and final point charges. The overall proce-
dure implied typically five to ten full geometry optimizations
until self consistency was achieved. This approximation was
tested before, by running the same calculation both determin-
ing the point charges at every optimization step, and by using
the self consistent method calculating the point charges only
at the beginning and at the end of each optimization. The final
result was exactly the same, proving that the minimum found
in both calculations is the same [30].

To calculate the energy of association we used the follow-
ing procedure: we began inspecting the environment around
the binding pocket of NF-κB, and introduced the appropriate
substitutions in the PGJ2 molecule, (within the PGJ2:NF-κB
complex); subsequently the geometry of the complex was
optimized. Starting from that geometry the substituted PGJ2
was obtained by deleting the NF-κB and re-optimizing the
geometry. The same was done to obtain the energy of the
isolated NF-κB fragment. This same procedure was applied
before to obtain the complexation energy of the unsubstituted
PGJ2. The energy of association was calculated as

��Ecomplex = �Esubs
complex − �EPGJ2

complex

= (Esubs:NF−κB − EPGJ2:NF−κB) − (Esubs − EPGJ2)

−(ENK−κB(subs) − ENK−κB(PGJ2)) (1)

with obvious notations. Assuming that the entropic contri-
bution for �Gassoc is similar for the original and substituted
complexes, the free energy variation induced by the substitu-
tion can be approximated by the corresponding energy differ-
ence:

��Gcomplex = �Gsubs
complex − �GPGJ2

complex

≈ �Esubs
complex − �EPGJ2

complex . (2)

Results and discussion

We began by docking the PGJ2 molecule into the p50 mono-
mer of NF-κB, with the constraint that the reactive electro-
philic carbon should be close to the sulfur atom of Cys62.
Specifically, a distance constraint of 2Å was imposed be-
tween the C(9) atom of 15d-PGJ2 molecule and the target
thiolate group, and the flexible prostaglandin was allowed
to freely dock around the target cysteine, in an energetically
and conformationally best orientation. Docking calculations
were performed in the default settings for the best possi-
ble predictive accuracy, with ten docking runs for each pro-
tein. The best scored solution (Chemscore) was considered.
Chemscore gave better results due to more hydrophobic na-
ture of the PGJ2 and inclusion of a lipophilic term in the
Chemscore function [31].

The most favorable geometry was further optimized by
minimization using the UFF. The result is shown in Fig. 2
below. PGJ2 binds to NF-κB through a hydrophobic pocket
formed by the side chains of Tyr57, Val58, Tyr59, His141,
Val142,Thr143, Lys144, Lys146,Thr150, and Leu207 (1NKF
numbering). The chain corresponding to atoms C13–C20 of
PGJ2 interacts through hydrophobic interactions with the
side chains of Tyr59, His141, Lys144 (β and γ carbons), and
Leu207. The other PGJ2 chain, comprising carbon atoms 1–
8, interacts with the remaining residues. The PGJ2 molecule
interacts strongly with four residues. The carboxylate at the
C1 atom makes one salt bridge with the side chain of Lys146
(2.67Å), and two hydrogen bonds with the hydroxyl groups
of Thr143 (3.15Å) and Thr150 (2.55Å). The phenolic group
of Tyr59 establishes an interaction with one hydrogen of C18
of PGJ2 (2.45Å). The association energy was calculated in
−397 kJ/mol.

Once the structure of the PGJ2:NK-κB complex is deter-
mined, new fields for rational improvement can be derived.
We have followed several strategies and will discuss them
one by one.

Strategy 1: Increasing the interaction between the hydroxyl
group of Tyr59 and the C13–C20 chain of PGJ2

As mentioned previously, there is a strong interaction between
the hydroxyl group of Tyr59 and one of the hydrogens bound
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Fig. 2 The NF-κB: PGJ2 complex. PGJ2 is represented in bold sticks and the KF-κB cut in thin sticks. Relevant interactions are depicted

to C18. This interaction can be further increased by replac-
ing the hydrogen on C18 by a more polar atom or group.
This group can be either electronegative or electropositive,
as the hydroxyl group can establish strong dipole–dipole
interactions with both. Another advantage of this strategy
is that it causes only a very small change in the overall size,
shape and hydrophobicity of the drug, thus not disturbing its
original bioavailability. Moreover, it is quite reasonable to
believe that a single key atom in a single key position should
increase not only affinity but also the specificity of the drug
for NF-κB.

Although in the original complex the interaction is estab-
lished with the hydrogen atom of C18, it is possible that sub-
stitutions in the neighboring carbon atoms (C19–C20) have
a similar effect, specially if the substituents are large and
therefore can still approach the hydroxyl group of Tyr59. We
have tested a number of substitutions at C18, C19 and C20,
which revealed favorable. The results for such substitutions
are shown in Table 1. The original PGJ2 (#1) is also depicted
for comparison.

As can be seen in Table 1, all substitutions at C18
(molecules number 1–6), revealed favorable (with only one
exception, i.e. #6), lowering the complexation energy by
54–84 kJ/mol. It should be noticed that the calculations were
performed with all ionisable groups in their physiological
protonation state (e.g. the carboxylate at C1, drawn in the
protonated state but treated as unprotonated, as it should
be expected for a group with a pKa of 4–5 units). The in-
crease in affinity is very significant and it is expected that

these drugs are much more efficient than the original
PGJ2 in the binding to NF-κB. The most promising sub-
stitution should be the one with a hydroxyl group at C18,
because it is expected to be the less toxic and less reactive
of the group. Compound 6 revealed a less favorable com-
plexation energy due to the methyl group at C17, which
forces the hydroxyl group to keep a larger distance from
the tyrosyl hydroxyl. It was substituted also at C9 with a
thiol group. That substituent is shown below to establish
favorable interactions with the thiol of Cys62. Therefore,
the destabilization caused by the methyl group of C17 is
actually larger than suggested from the value of ��Gcomplex
(+8 kJ/mol).

Two larger polar substituents were also tested at position
C19 (molecules 7–8), with the aim of establishing an interac-
tion with the tyrosyl hydroxyl. As can be seen in the table, the
results were also excellent, leading to an increase in affinity
of −75 kJ/mol and −117 kJ/mol, respectively. Both the nitro
and the amide substituents are not toxic and do not change
the overall shape, size and hydrophobicity of the drug, and
therefore are expected to represent also a strong efficiency
enhancement over PGJ2 in precluding the NF-κB: DNA asso-
ciation. Finally, substitutions at C20 were performed with an
amine substituent yielding excellent results, which show the
most favorable interaction energy of all (with an ��Gcomplex
of −138 kJ/mol). This last substitution is also non-toxic and
still keeps the overall bioavailability of the lead compound,
thus becoming a very attractive drug to inhibit NF-κB: DNA
association.
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Table 1 Results (in kJ/mol) for the substitutions in carbons C18, C19
and C20. The free energy differences are expressed in kJ/mol

Strategy 2: Increasing both the interaction between
the thiol group of Cys62 and the C8–C12 ring of PGJ2
and the interaction between the hydroxyl group of Tyr59
and the C13–C20 chain of PGJ2

Inhibition of NF-κB: DNA binding is ultimately achieved
through alkylation of the thiol group of Cys62 of the p50
monomer. For this it is necessary that the PGJ2 molecule, as
well as the new compounds, make complexes with an orien-
tation that places the electrophilic carbon of the cyclopen-

tenone ring (C9) directed to the thiol group of Cys62. As
explained beforehand, most of this is achieved with the bind-
ing of the PGJ2 aliphatic chains to the hydrophobic pockets
in the p50 monomer. However, substitutions that increase the
interaction between the C9 atom and the thiol group of Cys62
would have the effect not only of increasing the affinity but
also catalyzing the alkylation of Cys62 by generating com-
plexes with a more productive geometry, keeping the cysteine
thiol and C9 closer and more tightly attracted. To test such
methodology we designed four new drugs with substitutions
at the C9 position. However, to take advantage of the ear-
lier obtained results, we tried to combine this strategy with
strategy 1. Therefore, we derived a set of compounds with a
double substitution, simultaneously at positions C9 and C18.
The obtained results are shown in Table 2.

Several conclusions can be drawn from Table 2. To begin
with, we can estimate the result of introducing a polar group
at the C9 position. Comparing inhibitor 4 with 10–11 we can
see that the introduction of the hydroxyl or thiol groups at
C9 increases the affinity of the drugs to NF-κB. The result
obtained with the hydroxyl is better than with the thiol, as
expected from the larger dipole of the former. Changing the
substituent in C18, from a hydroxyl to a fluorine (compounds
12–13), leads to a further increase in affinity of the drugs to

Table 2 Results (in kJ/mol) for the double substitutions at carbons C9
and C18. The free energy differences are expressed in kJ/mol
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NF-κB, regardless of the substituent at C9. The same order
for binding affinity is found here, i.e. a hydroxyl group at
C9 is still more favorable than a thiol. The effect of intro-
ducing substituents at C9 is also very favorable here, which
can be confirmed by comparing compound 2 (fluorine at C18
only) with compounds 12–13 (fluorine at C18 plus substit-
uents at C9). The last ones show a much more favorable
binding energy. In this set of new inhibitors there are also
very promising drugs. Maybe the most promising (but not
the one with higher affinity) is 10, which shows a remarkable
increase in binding energy (−84 kJ/mol) without introduc-
ing any substituent potentially toxic. At the other side of the
spectrum we have 12–13, which present enormous increases
in affinity, but include a fluorine atom, which renders them
potentially toxic, needing further tests before they would be
considered as appropriate for use in vivo. We stress again that
all inhibitors in Table 2 are still quite similar to the leader
compound in terms of general size, and shape.

Strategy 3: Increasing the interaction between the thiol
group of Cys62 and the C8–C12 PGJ2 ring – comparison
of charged vs. polar substituents at the C9 position

In the preceding strategy two interaction sites were explored
together. By comparing the results obtained using strategies
1 and 2, it seems that the substituents at position C9 did not
have a very strong effect in affinity. It seems that the binding
of the PGJ2 molecule to the NF-κB pocket hinders the mobil-
ity of the C8–C12 ring and therefore does not allow that the
geometry of the complex rearranges to maximize the inter-
action between the substituent at C9 and the thiol of Cys62.
To confirm this point and to explore ways to overcome the
problem, we studied the binding of PGJ2 molecules substi-
tuted only at the C9 carbon. The results are shown in Table 3
below.

The results in Table 3 show that a small polar substituent
as a bromine atom or a hydroxyl group have only a modest
effect in increasing the affinity of the drug to NF-κB. This
is mainly due to the rigid positioning of the ring relative to
the thiol group of Cys62, which precludes the re-orienta-
tion of the ring in order to maximize the interaction of the
substituent with the cysteine thiol. Therefore, molecules 14
and 15 have shown a ��Gcomplex of only −4 kJ/mol. To over-
come this problem, charged substituents were introduced.
These establish more long-range interactions with the cyste-
ine thiol. These interactions should still be significant even
without extensive geometry reorganization. This was con-
firmed to be the case when a thiolate was used at C9, leading
to a large increase in affinity of −192 kJ/mol. This last sub-
stitution has a limitation, which is the low abundance of the
unprotonated form of the thiol group, which has typically
a pKa greater than 7 by at least one unit [32]. Therefore,
the most abundant form in solution will be the protonated
one, resulting in a molecule similar to compound 14, which
has been shown to represent only a very modest improve-
ment over PGJ2. Alternatively, a carboxylate substituent at

Table 3 Results (in kJ/mol) for the substitutions at carbon C9. The free
energy differences are expressed in kJ/mol

position C9 is expected to be extensively unprotonated at
physiological pH. The distance between the carboxylates at
C1 and C9 is not large, and it should be expected an increase
of the pKa for the second ionization of the molecule, due to
the unfavorable interaction between both negative carboxy-
lates. Specific interactions, as the ones that we are model-
ing, will overcome by a large extent the interaction between
carboxylates. Assuming a pKa of four for a single carboxyl-
ate group, it would be needed a pKa shift larger than 3 pKa
units to change the physiologic protonation state of the mol-
ecule, which seems to be too much in this context. How-
ever, definitive evidence would need further studies to quan-
tify the ionization dependence between both carboxylates.
This substitution has resulted in an excellent enhancement in
affinity (−184 kJ/mol), the best one up until now. Again, this
substituent is neither toxic nor does it change drastically the
overall shape, size and hydrophobicity of the drug relatively
to PGJ2, being expected to keep the overall pharmacological
properties, thus becoming also a very promising drug.

Strategy 4: Increasing the interaction between the PGJ2
molecule and residues Lys144 and Lys145 of NF-κB

There are three consecutive lysine residues near Cys62
(Lys144, Lys145 and Lys146). The last belongs to the bind-
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ing pocket of PGJ2 and makes a salt bridge with the car-
boxylate of PGJ2. The other two (Lys144 and Lys145) are
close to the binding pocket, and their side chains are not
involved in any strong interaction with other residues, being
instead oriented towards the solvent. Salt bridges are the most
favorable interactions that exist in a proteic system. There-
fore, there is the possibility of improving further the binding
of PGJ2 to NF-κB by using negatively charged substituents
in the PGJ2 molecule to establish salt bridges with the lysine
residues. The most appropriate substituent is a carboxylate
group, which shows extensive ionization at physiological pH.
However, the lysine residues are still distant from PGJ2. They
are both near the C13–C20 chain; the first (Lys144) has the
ammonium nitrogen at a distance of 6.29Å from C20, and the
second (Lys145) has the ammonium group at a distance of
8.52Å from C17. However, there does not seem to exist any
steric hindrance that would preclude the ammonium groups
to approach the C13–C20 chain. They are oriented to the sol-
vent only because they are more stabilized by the solvent
than by the aliphatic chains of PGJ2, but we can expect
that they will change their orientation upon introduction of a
negatively charged substituent in the C13–C20 chain of PGJ2.
Another option would be to include carboxylate substituents
bound to a small chain to improve their mobility. A set of
new compounds was designed in order to make strong inter-
actions with one or both the lysine residues. The obtained
results are shown in Table 4.

In molecules 18 and 19 we added a propanoate sub-
stituent at position C19, which was aimed at making a salt
bridge with Lys144. After performing the geometry optimi-
zation we realized that such salt bridge was indeed formed,
which led to a strong increase in the affinity. In molecule
20 we also used a hydroxyl group at position C19, which
was shown beforehand to make a hydrogen bond with the
hydroxyl group of Tyr59. This substitution also proved suc-
cessful, as the affinity was further increased over compound
18. Compounds 20 and 21 were designed with two purposes:
first, to see to which extent the C13–C20 chain needed to
be increased in order to make a salt bridge with Lys144.
Therefore, a carboxylate group was directly attached to C20.
Second, we tried to take advantage of the earlier results with
molecules 16 and 17, and added also a charged group at posi-
tion C9. Both substitutions revealed very favorable, leading
to a very large increase in affinity of −241 kJ/mol, the larg-
est of all the compounds we have designed. Molecules 22
and 23 represent an attempt to establish another salt bridge
with Lys145. In compound 22 we introduced one acetate sub-
stituent at position C17. This substitution proved to be favor-
able (compare with molecule 11, which is similar except in
the methylcarboxylate substituent), although not as much as
the previous ones. The acetate chain proved to be too short for
an optimal interaction with Lys146 to occur. Therefore, we
increased that chain in molecule 23, with two branches termi-
nated by carboxylate groups, each one oriented towards one
of the two lysine residues. This molecule displayed a high
affinity due to the two salt bridges which establishes with
NF-κB. We did not try to add another carboxylate at C9 here

Table 4 Results (in kJ/mol) for the carboxylate substituents. The free
energy differences are expressed in kJ/mol

(which would result in a further affinity increase) because it
could eventually change too much the hydrophobicity of the
molecule and consequently it’s bioavailability. In summary,
the largest increases in affinity (the most promising drugs)
are obtained by introducing negatively charged substituents
that make salt bridges with the NF-κB residues Lys144 and
Lys145.

Conclusions

We have studied the PGJ2: NF-κB association, and based
on that we have derived a set of strategies to improve the
association with only small and subtle changes in the PGJ2
molecule. As far as possible, the general size, shape and
polarity of the molecule were not altered, in order to keep
its good bioavailability. The most promising methodologies
to improve the association were found to be the follow-
ing: (1) to add polar/charged substituents at carbon C9 that
make hydrogen bonds/ionic interactions with the Cys62 thiol
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group (2) to add polar/charged substituents at carbon C18 to
make hydrogen bonds/ionic interactions with the hydroxyl
group of Tyr59 (3) to add negatively charged groups, con-
nected to small aliphatic chains, to make salt bridges with
Lys144 and Lys145. The overall result is very promising. We
have obtained a set of 23 compounds which show a marked
increase in affinity to NF-κB. Moreover, as these compounds
were designed to complement the binding pocket of PGJ2 in
NF-κB it is quite reasonable to expect that their selectivity
in vivo should be much increased too. Therefore, we expect
that these compounds are highly promising drugs to preclude
NF-κB: DNA association and therefore gene transcription.

Acknowledgements This research work has been carried out by stu-
dents of the optional course Bioinformatics 2003/2004 offered in the
last year of both the Chemistry and Biochemistry degrees, lectured at
the University of Porto, in Portugal. Both PAF and MJR would like to
thank all the students for making that course such an enjoyable one to
lecture and supervise.

References

1. Sen R, Baltimore D (1986) Cell 46:705
2. Baeuerle PA, Henkel T (1994) Annu Rev Immunol 12:141
3. Beg A, Baldwin A (1993) Genes Dev 7:2064
4. Verma IM, Stevenson JK, Schwaz EM, Van Antwerp D, Miya-

moto S (1995) Genes Dev 9:2723
5. Wulczyn FG, Krappmann D, Scheidereit C (1996) J Mol Med

74:749
6. Baeuerle PA, Baltimore D (1996) Cell 87:13
7. Scheidereit C, Krappmann D, Wulczyn FG (1996) In: Clements M

(ed) Protein phosphorylation and cell growth regulation. Harwood
Academic Publishers, Amsterdam pp 163–196

8. Baeuerle PA, Henkel T (1994) Annu Rev Immunol
9. Pande V, Ramos MJ (2003) Curr Med Chem 10:1603

10. Gilmore TD, Gapuzan M-E, Kalaitzidis D, Starczynowski D (2002)
Cancer Letts 181:1

11. Yamamoto Y, Gaynor RB (2001) Curr Mol Med 1:287
12. Karin M,YamamotoY, Wang QM (2004) Nature Rev Drug Discov

3:17

13. Roshak AK, Callahan JF, Blake SM (2002) Current Opin Pharma-
col 2:316

14. Matthews JR, Kaszubska W, Turcatti G, Wells TN, Hay RT (1993)
Nucl Acids Res 21:1727

15. Cernuda-Morollón E, Pineda-Molina E, Cañada FJ, Pérez-Sala D
(2001) J Biol Chem 276:35530

16. Straus DS, Glass CK (2001) Med Res Rev 21:185
17. Soberman RJ, Christmas P (2003) J Clin Invest 111:1107
18. Ghosh G,Van Duyne G, Ghosh S, Sigler PB (1995) Nature 373:303
19. CCDC Software Ltd., Cambridge, UK
20. Gaussian 98, Revision A.9 (1998) Frisch MJ, Trucks GW, Schle-

gel HB, Scuseria GE, Robb MA, Cheeseman JR, Zakrzewski VG,
Montgomery JA Jr., Stratmann RE, Burant JC, Dapprich S, Mil-
lam JM, Daniels AD, Kudin KN, Strain MC, Farkas O, Tomasi J,
Barone V, Cossi M, Cammi R, Mennucci B, Pomelli C, Adamo C,
Clifford S, Ochterski J, Petersson GA,Ayala PY, Cui Q, Morokuma
K, Malick DK, Rabuck AD, Raghavachari K, Foresman JB, Cio-
slowski J, Ortiz JV, Baboul AG, Stefanov BB, Liu G, Liashenko A,
Piskorz P, Komaromi I, Gomperts R, Martin RL, Fox DJ, Keith T,
Al-Laham MA, Peng CY, Nanayakkara A, Challacombe M, Gill
PMW, Johnson B, Chen W, Wong MW, Andres JL, Gonzalez C,
Head-Gordon M, Replogle ES, Pople JA, Gaussian, Inc., Pittsburgh

21. Rappé AK, Casewit CJ, Colwell WA, Goddard WA III, Skiff WM
(1992) J Am Chem Soc 114:10024

22. Pettersson I, Liljefors T (1996) Rev Comp Chem 9:167
23. Rappé AK, Colwell KS, Casewit CJ (1993) Inorg Chem 32:3438
24. Casewit CJ, Colwell KS, Rappe AK (1992) J Am Chem Soc

114:10035
25. Gaussian Inc., Carnegie Office Park, Bldg. 6, Pittsburgh, PA 15106,

USA
26. Schaftenaar G, Noordik JH (2000) J Comput-Aided Mol Design

14:123
27. Rappé AK, Goddard III WA (1991) J Phys Chem 95:3358
28. Cornell WD, Cieplak P, Bayly CI, Gould IR, Merz KM Jr, Fergu-

son DM, Spellmeyer DC, Fox T, Caldwell JW, Kollman PA (1995)
J Am Chem Soc 117:5179

29. CHARMm (release version c23f3), Molecular Simulations Incor-
porated

30. Fernandes PA, Carvalho A, Marques A, Pereira AL, Madeira AP,
Ribeiro AS, Carvalho A, Ricardo E, Pinto F, Santos H, Mangericão
H, Martins H, Pinto H, Santos H, Moreira I, Azeredo MJ, Abreu R,
Oliveira R, Sousa S, Silva R, Mourão Z, Ramos MJ (2003) J Comp
Aided Mol Design 17:463

31. Eldridge MD, Murray CW, Auton TR, Paolini GV, Mee RP (1997)
J Comput-Aided Mol Des 11:425

32. Fernandes PA, Ramos MJ (2004) Chem Eur J 10:257


