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The primary role of any diet is to provide enough nutrients to meet metabolic requirements. 

Nevertheless, recent findings support the hypothesis that some diet ingredients, in addition to 

meeting nutrition needs, may modulate various physiological functions and may play detrimental 

or beneficial roles in some diseases1-4. Thus, according to the European Commission concerted 

action on Functional Food Science (FuFoSE), a food can be regarded as functional if it contains a 

bioactive component (whether or not a nutrient but from natural origin) and has been demonstrated 

to beneficially affect one or more target functions in the body. This efficacy must be beyond 

adequate nutritional effects in a way that is relevant to either the maintenance or promotion of a 

state of well-being or health or to the reduction of the risk of a pathologic process or of disease 

consequences5. Therefore, the working hypothesis is that the bioactive molecules that confer 

functionality to a food do so, fundamentally, through the activation or inhibition of specific targets 

(e.g., nuclear receptors or enzymes) in a way that produces the above-mentioned beneficial 

effects6-9. 

 

In the year 2000, the worldwide market of functional foods generated US$ 33 billion. In 2005, this 

total was increased to US$ 73.5 billion10, and in some occidental countries, it is expected that the 

portion of the total food market corresponding to functional foods will double during the period of 

2006-202011. Nevertheless, to accomplish these predictions, it is necessary to (1) minimize the 

expenses needed to demonstrate the positive effect of new food ingredients on health (regulation 

EC No 1924/2006 of the European Union states that foods can only can be marketed as functional 

foods if they have been scientifically proven to have a positive effect on health); and (2) introduce 

in the bioactive extracts market new food ingredients with a better activity/cost ratio than the ones 

currently on use. Unfortunately, bioactivity screening in extracts exclusively by in vitro or in vivo 

approaches is a complex and expensive process that is difficult for the functional food industry to 

afford in a context characterized by the competence of private brands and the general economic 

situation. However, virtual screening workflows may play an essential role in significantly 

lowering the R&D expenses associated with these goals by (a) allowing studying without a 

significant budget increment any number of extracts; (b) predicting which extracts have the desired 

bioactivity; (c) predicting the level of the extracts’ bioactivity; (d) allowing a predictive-based 

selection of the extracts whose bioactivity will be experimentally analyzed (which contributes to 

minimizing the number of assays needed to demonstrate a positive effect on health); and (e) 

shortening the time needed to patent and transfer the most interesting results to the functional food 

industry. 

 

The goal of virtual screening techniques is to identify the most promising candidates on which one 

can focus experimental efforts by eliminating molecules that do not possess the required features12. 
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There are successful examples, especially in the pharmaceutical industry, of the use of virtual 

screening techniques for the discovery of bioactive products12-14. An important difference between 

the pharmaceutical industry and the food industry lies in the type of molecules that are involved. 

While any molecule is likely to have interest as a drug (including natural molecules), in the field of 

functional foods, the repertoire of molecules to be screened is restricted to those found in nature. 

Although there are more than 200,000 known natural compounds15, it is estimated that only 5-15% 

of the 250,000 described plant species have been used in phytochemical and pharmacological 

research16. Although natural products have been used as sources of new drugs17-19, their use in the 

functional food sector is restricted to a very limited repertory of molecules. Therefore, virtual 

screening techniques can be of use for identifying undescribed bioactivities for known natural 

molecules and, subsequently, for increasing the repertory of ingredients that can be used in 

functional food development. Nevertheless, the use of such computational techniques in functional 

food design is only just emerging20. At this point, it is key to remark that the identification of the 

natural source where you can find these compounds is as important as the discovery of new 

bioactive compounds itself, as it makes little sense to chemically synthesize a natural product for 

use in a functional food. In fact, the use of a natural extract that is rich in the desired compound or 

compounds seems to be the ideal solution. Unfortunately, this crucial information is only available 

in very expensive natural molecule databases like Reaxys (https://www.reaxys.com/) and the 

Dictionary of Natural Products (http://dnp.chemnetbase.com/). 

 

The current PhD thesis aims to use virtual screening workflows to identify food ingredients with 

previously undescribed activity in preventing, retarding and/or reversing the metabolic risk factors 

(i.e., abdominal obesity, insulin resistance, hypertension, prothrombotic state, and atherogenic 

dyslipidemia) associated with metabolic syndrome. Metabolic syndrome increases the risk of 

developing cardiovascular diseases and diabetes and affects one in five people, making it one of 

the greatest healthcare challenges of the 21st century and a leading cause of death in developed 

countries. Inflammation is a complex immune response that is triggered by damage to living 

tissues that protect the organism from infections and injury. The two “types” of inflammatory 

response include the following: (a) one called acute inflammation (which lasts only a few days) 

and (b) a response of longer duration that is referred to as chronic inflammation. The result of each 

inflammatory reaction may be beneficial (defense against agents interfering with homeostasis) or 

harmful (causing damage to cells and tissues)21, 22. Chronic inflammation is directly involved in the 

combination of metabolic risk factors that characterize the metabolic syndrome23-26. During last 

few years, different studies have highlighted the relationship between type 2 diabetes and chronic 

inflammation.24, 27-30 There are also growing evidence that suggests that the cooperation between 

metabolic and inflammatory pathways is disrupted in the pathogenesis of the metabolic 
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complications of obesity31, 32. Therefore, targeting the central molecules involved in the integration 

of metabolic and immune/inflammatory responses appears to have good prospects for a successful 

therapeutic approach in the metabolic syndrome33. Thus, the present PhD thesis will focus on 

predicting which natural products can be of therapeutic use for modulating the activity of two 

relevant targets of chronic inflammation treatment: (a) inhibitor nuclear-factor κB kinase 2 (also 

called IKK-2 or IKK-β); and (b) 11β-hydroxysteroid dehydrogenase type 1 (so-called 11β-HSD1). 

 

The human inhibitor nuclear factor kB subunit beta 

 

IKK-2 is a cytoplasmic serine-threonine protein kinase belonging to the IKK complex and is the 

primary component responsible for activating NF-κB in response to various inflammatory stimuli. 

This kinase complex consists of (a) two catalytic subunits (i.e., IKK-α or IKK-1 and IKK-β or 

IKK-2); (b) one regulatory subunit, called IKK-γ or NEMO; (c) NIK; and (d) other various known 

and unknown proteins34. NF-κB is normally retained in the cytoplasm as an inactive form bound to 

the inhibitor kappa B α (IκBα). When is stimulated by TNFα, IL-1 or LPS, the IKK complex 

catalyzes the phosphorylation of the N-terminal regulatory serines on IκBα and IκBβ and, 

subsequently, leads to the release of different dimers of NF-κB and the fast activation of the 

transcription of a variety of genes encoding cytokines (including TNF-α , IL-1 , IL-6 and ICAM), 

growth factors, adhesion molecules and procoagulatory factors35. Although NF-κB plays an 

essential and beneficial role in normal physiology for immune and inflammation responses, the 

constitutive activation of NF-κB has also been found to be associated with most cancers and other 

chronic inflammation-related pathologies like diabetes and cardiovascular disease36. Thus, for 

instance, the dysregulation of the NF-κB system is involved in early and later stages of the 

inflammatory-proliferative process of atherogenesis and, therefore, plays an important role in 

atherosclerosis21, 27, 37. There are two pathways that lead to the activation of NF-κB: (a) the 

canonical (or classical); and (b) the non-canonical (or alternative). In the canonical pathway (see 

Figure 1), a cellular stimulation by inflammatory cytokines activates IKK-2, which subsequently 

phosphorylates IκBα in an NEMO-dependent manner. The phosphorylated IκBα can no longer 

bind to (and inactivate) NF-κB, and it is released from the complex and metabolized. Then, the 

free NF-κB can translocate into the nucleus and activate the transcription of genes involved in 

inflammation. This canonical NF-κB pathway has been implicated as an important pathway in 

coordinating the expression of multiple inflammatory and innate immune genes. For that reason, 

the canonical pathway is directly related with inflammatory stimuli38, 39. In contrast to the 

canonical pathway, the non-canonical pathway (see Figure 1) is mainly stimulated by the ligation 

of LTβR, BAFFR and CD40R, which is mediated by NIK and is strictly dependent on the IKK-1 

homodimer but independent of IKK-2 and NEMO. The target for IKK-1 homodimers is the NF-kΒ 
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p52/p100 protein. C-terminal phosphorylation is essential for p100 processing to p52, which is 

also dependent on polyubiquitination and proteasomal degradation. However, the phosphorylation-

dependent ubiquitination of p100 results in the degradation of the C-terminal only and leaves the 

N-terminal portion intact, thus producing the p52 polypeptide. As p100 is most commonly 

associated with RelB, the activation of this alternative pathway results in the nuclear translocation 

of the p52-RelB dimers and has been suggested to play a central role in the expression of genes 

involved in developing and maintaining secondary lymphoid organs40. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Two pathways lead to NF-κB activation. On the left, the canonical NF-κB activation pathway is 

shown. In that pathway, the stimulation of the TNF receptor (TNFR), the IL-1 receptor (IL-1R) and the Toll-

like receptors (TLRs) activate the TAK1 complex through TRAF proteins. TAK1 then activates IKK, which 

in turn phosphorylates IκB proteins and targets them for polyubiquitination by the SCF-βTrCP E3 ligase 

complex. Once IκB has been ubiquitinated, it is degraded by the proteasome, allowing the p50/p65 NF-κB 

dimer to enter the nucleus and activate gene transcription. On the right, the non-canonical NF-κB pathway is 

shown. In that pathway, the stimulation of a subset of receptors, including the BAFF receptor, leads to the 

stabilization of the kinase NIK, followed by the activation of IKKα that phosphorylates p100 and leads to its 

ubiquitination by the SCF-βTrCP complex. Once p100 has been ubiquitinated, it is targeted for proteasomal 

processing to p52. Then, the p52/REL-B dimer translocates into the nucleus to activate gene transcription41. 

 

The elucidation of the key role of activating IKK-2 in cell proliferation, inflammation and the 

inhibition of insulin signaling (see Figure 2) has led pharmaceutical companies to undertake a 

great effort to develop specific inhibitors for this enzyme from several chemical families (e.g., 

pyrimidines, quinazolines, pyridines, thiophenecarboxamides, benzimidazoles, indoles and 
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carboline derivatives)36, 42-45. In this thesis, we present our own efforts in the discovery of novel 

natural and selective inhibitors of IKK-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Consequences of IKK-2 activation. In addition to activating the canonical NF-κB-signaling 

pathway through phosphorylation (P) of the IκB proteins, IKK-2 phosphorylates affect several other 

substrates, including NF-κB subunits. For example, the phosphorylation of RelA at Ser536 can result in the 

nuclear localization and stimulation of its transactivation functions by promoting interactions with co-

activator proteins. In some unactivated cells, the p105 NF-κB subunit is found in a complex with the 

mitogenactivated protein (MAP)/extracellular signal-regulated kinase (ERK) (MEK) kinase TPL2 (also 

known as COT). IKK-2 phosphorylates p105, resulting in its degradation. This degradation causes the 

release of TPL2, resulting in the activation of the pro-proliferative MAP kinase-signaling pathway. Another 

way in which IKK-2 might exert its anti-apoptotic effects is through the phosphorylation and inhibition of 

the tumor suppressor FOXO3a. By contrast, the phosphorylation of the adaptor protein DOK1 is thought to 

contribute to its ability to inhibit MAP kinase signaling and cell proliferation. When complexed with 

tristetraprolin (TPP), an AU-rich element (ARE) binding protein that regulates mRNA stability, IKK-2 

phosphorylates and inhibits the 14-3-3β protein. IKK-2 phosphorylation inhibits TPP–14-3-3β ARE binding 

and might therefore stabilize cytokine, chemokine and growth factor transcripts. IKK-2 can also inhibit 

insulin signaling by targeting insulin-receptor substrate-1 (IRS1). The phosphorylation of BCL10 as part of 

the T-cell receptor (TCR) Carma1 BCL10–MALT1 complex disrupts the BCL10–MALT1 interaction, 

therefore attenuating T-cell signaling. As TCR signaling activates the NF-κB pathway, BCL10 

phosphorylation by IKK-2 serves as a negative feedback loop  46. 
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The human 11β-hydroxysteroid dehydrogenase type 1 

 

Glucocorticoids (GCs) are well-known ubiquitous hormones that play a key role in modulating 

immune and inflammatory responses, regulating energy metabolism, in cardiovascular 

homeostasis and in the body’s responses to stress by binding to the glucocorticoid receptor (GR; a 

member of the nuclear receptor superfamily)33. Thus, it has been stated that GCs modulate the 

expression of up to 20% of the genes in the mammalian genome47. Normalization of GC levels can 

reverse metabolic syndrome by improving obesity, insulin resistance, hypertension and the lipid 

and lipoprotein profiles48. In contrast to the action of insulin, GCs stimulate the production of 

glucose, switching the homeostatic balance toward catabolism. Thus, GCs promote 

gluconeogenesis but inhibit β-cell insulin secretion and peripheral glucose uptake. They also 

increase protein breakdown and lipolysis with consequent fatty acid mobilization. The noticeable 

resemblance between the symptoms of the metabolic syndrome and the symptoms of 

hypercortisolism or Cushing syndrome (i.e., obesity, insulin resistance, hypertension and an 

unfavorable lipid and lipoprotein profile)33 have initiated intensive investigations on the potential 

role of GCs in the current obesity epidemic49. 

 

GCs have become some of the most important and frequently prescribed drugs for the control of 

acute and chronic inflammation, allergies and autoimmune diseases, the treatment of leukemia and 

lymphomas and in the prevention of graft rejection after organ transplantation. The development 

of novel steroids and improved therapeutic strategies based on GCs is therefore highly desirable, 

but it is clear that such a development will depend on a greater understanding of how GCs act at 

the molecular level. 

 

The principal GC is cortisol, whose concentration in target tissues together with the activation of 

GR is tightly regulated by tissue-specific enzymes called 11β-hydroxysteroid dehydrogenases. 

Thus, corticosteroid 11-β-dehydrogenase isozyme type 1 (11β-HSD1) is a NADPH-dependent 

enzyme that is predominantly expressed in liver, adipose tissue and in skeletal muscles, where it 

increases intracellular GC action by catalyzing the reduction of inactive 11-ketoglucocorticoids 

(i.e., cortisone in human) to active 11β-hydroxyglucocorticoids (i.e., cortisol in human). On the 

other hand, corticosteroid 11-β-dehydrogenase isozyme type 2 (11β-HSD2) is a NAD+-dependent 

enzyme that is highly expressed in classical aldosterone selective target tissues (like distal 

nephron, colon, sweat glands and the placenta), where it catalyzes the opposite reaction to that of 

11β-HSD1 and thus prevents the binding of cortisol to the mineralocorticoid receptor and 

subsequently protects it from GCs50. These two isoenzymes belong to one of the largest enzyme 

superfamilies, the short-chain dehydrogenases/reductases (SDR) 51, 52. 
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Serum GCs readily pass through cell membranes and exert their intracellular functions by binding 

to the GR. However, GR only binds with high affinity to the GCs reduced form, resulting in the 

dissociation of heat shock protein (HSP) complexes and subsequent phosphorylation49. GR then 

translocates to the nucleus, where it dimerizes and either interacts with other transcription factors 

or binds to glucocorticoid response elements (GREs) upstream of GR-regulated genes (e.g., IκB). 

These interactions forms a cascade that involves important kinases and interleukines, including 

IKK-2, IL-1, protein kinase (MAPK), kinase (MKK)4/7 and c-Jun amino-terminal kinase (JNK)53 

(see Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3. GR activation and its cascade effects. 

 

 

A growing body of evidence suggests that increased 11β-HSD1 activity within target tissues may 

promote insulin resistance, obesity, hypertension and dyslipidemia (see Figure 4). Therefore, 

looking for 11β-HSD1 inhibitors has been, in recent years, an active area of study33, 49, 54-64. 
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Unfortunately, there are many examples of 11β-HSD1 inhibitors that cause side effects like 

sodium retention and hypertension because they also inhibit 11β-HSD233, 65-68. Thus, an important 

task when finding new 11β-HSD1 inhibitors consists in evaluating their activity on 11β-HSD2 by 

means of in vitro or in vivo assays58, 69-73. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. 11β-HSD1 reduces receptor-inactive cortisone to cortisol, which can bind to GR. The activated 

GR modulates the expression of numerous genes involved in nutrient metabolism and inflammation. 
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One of the main challenges in nutrigenomics is improving the efficiency of the selection (which is 

currently time consuming and expensive) of new bioactive compounds in order to expedite the 

development of new functional foods. Computational techniques, such as virtual screening, may 

play an essential role in accelerating the early stages of the discovery of new bioactive substances 

by efficiently searching for compounds that could activate or inhibit a known target.  

 
The initial hypothesis of this PhD thesis is that, by modulating specific target functions in the 

body, molecules that act as IKK-2 or 11β-HSD1 inhibitors have beneficial physiological effects 

that can be of interest for preventing, retarding and/or reversing the metabolic syndrome. Because 

of their anti-inflammatory properties, natural extracts that contain these molecules have a 

promising role as ingredients in new functional foods. 

 

Therefore, this PhD thesis will focus on the development of virtual screening workflows that 

predict with a high level of success natural products that can inhibit IKK-2 or 11β-HSD1. To 

achieve this goal, the following steps must be accomplished: 

 

• Use virtual screening to identify potential hIKK-2 inhibitors of natural origin that can 

compete with ATP. 

• Evaluate the reliability of the virtual screening protocol by experimentally testing the in 

vitro activity of selected NP hits on hIKK-2. 

• Find natural extracts with known anti-inflammatory activity that contain at least one 

molecule that has been predicted to be an hIKK-2 inhibitor and find hits from the virtual 

screening protocol that have yet to be described as hIKK-2 inhibitors and that are present 

in such anti-inflammatory extracts. 

• Contribute to knowledge of the structural-activity relationships of hIKK-2 inhibitors by 

using pyridine derivatives for developing a 3D-QSAR model that (a) correlates the 

experimental activity with the structures of the inhibitors used to develop the model and 

(b) is able to predict the IC50 of a large set of other pyridine derivatives not used during 

the development of the model. 

• Develop a structure-based in silico methodology that can be used for discerning in a 

molecular database between molecules that inhibit 11β-HSD2 and those that do not. 

• Use virtual screening to identify potential 11β-HSD1 inhibitors of natural origin that do 

not inhibit 11β-HSD2. 
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Abstract

Background: Their large scaffold diversity and properties, such as structural complexity and drug similarity, form the basis of
claims that natural products are ideal starting points for drug design and development. Consequently, there has been great
interest in determining whether such molecules show biological activity toward protein targets of pharmacological
relevance. One target of particular interest is hIKK-2, a serine-threonine protein kinase belonging to the IKK complex that is
the primary component responsible for activating NF-kB in response to various inflammatory stimuli. Indeed, this has led to
the development of synthetic ATP-competitive inhibitors for hIKK-2. Therefore, the main goals of this study were (a) to use
virtual screening to identify potential hIKK-2 inhibitors of natural origin that compete with ATP and (b) to evaluate the
reliability of our virtual-screening protocol by experimentally testing the in vitro activity of selected natural-product hits.

Methodology/Principal Findings: We thus predicted that 1,061 out of the 89,425 natural products present in the studied
database would inhibit hIKK-2 with good ADMET properties. Notably, when these 1,061 molecules were merged with the 98
synthetic hIKK-2 inhibitors used in this study and the resulting set was classified into ten clusters according to chemical
similarity, there were three clusters that contained only natural products. Five molecules from these three clusters (for which
no anti-inflammatory activity has been previously described) were then selected for in vitro activity testing, in which three
out of the five molecules were shown to inhibit hIKK-2.

Conclusions/Significance: We demonstrated that our virtual-screening protocol was successful in identifying lead
compounds for developing new inhibitors for hIKK-2, a target of great interest in medicinal chemistry. Additionally, all the
tools developed during the current study (i.e., the homology model for the hIKK-2 kinase domain and the pharmacophore)
will be made available to interested readers upon request.
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Introduction

Natural products (NPs) are a valuable source of inspiration as

lead compounds for the design and development of new drug

candidates [1]. In fact, over 60% of the current anticancer drugs

are natural-product-related molecules (i.e., either NPs or deriva-

tives/analogues that have been inspired by a natural compound)

[2]. This trend is a direct consequence of the large scaffold

diversity of these molecules [2–4], which, together with properties

such as structural complexity and drug similarity, support the

claim that they are ideal starting points for medicinal chemistry

[2,5]. Despite these clear advantages, it is estimated that only 5 to

15% of the approximately 250,000 described higher plant species

have been tested for some type of biological activity [4] (and the

use of other organisms such as micro-organisms, insects, fungi or

marine species for this aim is just beginning) [6,7]. It has recently

been suggested that bioinformatics/chemoinformatics tools could

be used to screen large NP databases and so identify new bioactive

molecules for specific targets [1,4,8]. One target of interest for NPs

is the human inhibitor nuclear-factor kB kinase 2 (hIKK-2). This

target is a serine-threonine protein kinase belonging to the IKK

complex and is the primary component responsible for activating

the nuclear-factor kB transcription factor (NF-kB) in response to

inflammatory stimuli. Indeed, the importance of the NF-kB

pathway in regulating the expression of the genes controlling

cellular immune and inflammatory responses has motivated

research groups in both academia and the pharmaceutical

industry to devote increasing efforts toward developing synthetic
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ATP-competitive inhibitors for hIKK-2 [9–36], which could be of

therapeutic use, e.g., in patients affected by chronic inflammatory

diseases [37].

The hIKK-2 subunit is a polypeptide of 756 residues with a

kinase domain in its 15–300 sequence segment. At present, there

are only two entries in the Protein Data Bank (http://www.pdb.

org; PDB) [38] for hIKK-2 (i.e., PDB codes 3BRT and 3BRV),

and in both cases, they correspond to the NEMO-binding region

located at the C-terminal end of the protein [39] (therefore, no

experimental structure for the kinase domain of hIKK-2 is known).

Moreover, obtaining a homology model for this kinase domain is

not trivial because the more similar protein in the PDB (i.e., the

catalytic domain of human ZIP kinase; PDB code 1YRP) has a

pairwise sequence alignment with hIKK-2 of only 217 residues

long, with a low percentage of sequence identity (i.e., 32%).

Despite this limitation, the great pharmacological interest of this

target has led scientists to develop either ligand-based approaches

[14,40–42] or homology models for this domain [13–

16,19,27,35,42–44] and to use them in virtual-screening (VS) or

drug-design projects. Unfortunately, these pharmacophore hy-

potheses or homology models are not in the public domain.

Therefore, the main goals of this study were to (a) use VS to

identify potential hIKK-2 inhibitors of natural origin that can

compete with ATP and (b) evaluate the reliability of our VS

protocol by experimentally testing the in vitro activity of selected

NP hits. To achieve these goals, we (1) developed a homology

model for the hIKK-2 kinase domain which could stand the test of

our validation criteria, (2) docked ATP-competitive molecules

known to be potent and specific inhibitors of hIKK-2 with this

model [10,11,13,15,16,18,20–31], (3) identified which of the

resulting poses were knowledge-based coherent by analyzing whether

they satisfied the experimentally known generic binding features of

ATP-competitive inhibitors of kinases [45], (4) used the

knowledge-based coherent poses to derive a structure-based

common pharmacophore containing the key intermolecular

interactions between hIKK-2 and its inhibitors, (5) obtained

exclusion volumes from our homology model and added them to

the pharmacophore, (6) validated the selectivity of the resulting

pharmacophore and of the VS process using a large database of

kinase decoys [46] and ATP-competitive inhibitors for hIKK-2

that were not used during the pharmacophore building [47], (7)
used the previously validated structure-based pharmacophore and

VS protocol to find ATP-competitive inhibitors for hIKK-2 in a

database of NPs [48], and, finally, (8) proved the reliability of the

prediction by testing the inhibitory effect of some selected hits on

hIKK-2 in vitro. In addition, all the tools developed during the

current study (i.e., the homology model for the hIKK-2 kinase

domain and the pharmacophore) are available to interested

readers upon request.

Results and Discussion

Homology-model description
The protein kinase domains have a common fold consisting of

two lobes linked by a flexible hinge region (see Figure 1A). Thus,

the N-terminal lobe (from Trp15 to Ala95 in hIKK-2) is formed

by a b-sheet (consisting of five antiparallel b-strands) and an a-

helix that contains Glu61, which is one of the most important

residues when hIKK-2 is in the active form because it makes

polar contacts with the catalytic residue Lys44 (located in b3)

[49,50]. The N lobe also contains the highly conserved

GXGXXG motif called the glycine-rich loop (G-loop) or P-loop,

corresponding to the Gly22-Thr23-Gly24-Gly25-Phe26-Gly27

sequence segment in hIKK-2.

The C-terminal lobe (from Gln100 to Phe300 in hIKK-2) is

highly helical and contains the activation segment formed by the

HRD motif and the activation and catalytic loops. The HRD

motif (from His143 to Asp145 in hIKK-2) is highly conserved in

the kinases, and its arginine residue acts as the catalytic base that

drives the phosphorylation event [50,51]. The activation loop (A-

loop; from Lys171 to Leu189 in hIKK-2) is the most flexible and

diverse part of the activation segment [50] and includes residue(s)

that when phosphorylated enable activity in many kinases (Ser177

and Ser181 for hIKK-2) [49,52]. Finally, the catalytic loop (from

Ile165 to Ala170 in hIKK-2) contains the DFG motif (but Asp166,

Leu167 and Gly168 for hIKK-2) in most kinases, and its Asp

residue forms polar contacts with all three ATP phosphates (either

directly or through coordinating magnesium atoms).

The ATP binding site is a narrow, hydrophobic pocket located

between the two lobes; its floor is formed by a C-terminal b-sheet,

and its roof is formed by the G-loop, which fastens the c-

phosphate of ATP and serves as a regulatory flap above the ATP-

binding site [45,51,53–55].

The most important residue in the hinge region of the protein

kinase domain (from Met96 to Cys99 in hIKK-2) is the gatekeeper

(i.e., Met96 in hIKK-2) [18], which is located behind the

hydrophobic pocket of the ATP-binding site. In that location,

the size or volume of the side chain dictates its access to this pocket

and therefore defines the potential inhibitor selectivity of the ATP-

binding site. Moreover, this hinge region usually has a hydrogen

donor flanked by hydrogen acceptors derived from the protein

backbone, where they form a characteristic hydrogen-bond motif

(in fact, the hinge region provides the most important hydrogen

bonds with the ATP-site inhibitors). The residues involved in this

hydrogen-bond motif are Glu97 and Cys99 in hIKK-2 (called

gk+1 and gk+3 considering their relative location to the gatekeeper

residue, i.e., gk, in the hIKK-2 sequence) [18].

Figure 1B shows the multiple sequence alignment used to guide

the modeling of the best 3D structure obtained for the hIKK-2

kinase domain, which is shown in Figure 1A. Because we were

interested in finding new ATP-competitive inhibitors for hIKK-2,

we selected two kinase structures as templates (2CN5 [56] and

2J90 [57]), each cocrystallized with a different ATP-competitive

inhibitor (ADP and pyridone 6, respectively), both sharing a 32%

sequence identity with the kinase domain of hIKK-2 and a 50%

identity with the residues of the ATP-binding site of hIKK-2

(where these residues correspond to those in the G-loop, hinge

region, HRD motif and catalytic loop).

The Ramachandran plot of this hIKK-2 homology model (see

Figure 1C) shows that only 2.5% of the non-glycine residues (i.e.,

Asn89, Gln110, Cys114, Arg144, Leu160, Thr185, Leu189 and

Ala190) are in disallowed regions. Remarkably, none of these

residues are located in the ATP-binding-site area and, therefore,

its incorrect conformation did not affect our protein-ligand

docking results. Moreover, when the ANOLEA results for the

hIKK-2 model are compared with those for the two templates (see

Table 1), the results show that the packing quality of our homology

model is comparable to the packing qualities of the templates.

Thus, although ANOLEA reports that 8 out of the 22 hIKK-2

high-energy residues (i.e., from Phe182 to Leu189) are located in

the A-loop (a very important area for kinase activity), it also shows

that the equivalent residues in the two template structures also

have high energies. The rest of high-energy residues in the hIKK-

2 homology model are located in areas that are not crucial for its

activity or structural stability.

Finally, the quality of this homology model was tested by using it

as a rigid receptor in protein-ligand docking experiments with

known hIKK-2 inhibitors and evaluating whether the docking
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poses reproduced the interactions described in the literature as

important for kinase inhibitors, specifically, those with key residues

in the hIKK-2 ATP binding pocket [13,14,44,45,53,58,59]. Thus,

36 known inhibitors of hIKK-2 (listed in Table S1) were docked

with our hIKK-2 homology model without imposing constrains

that forced poses to make specific intermolecular interactions with

the target. Next, the resultant hIKK-2 complexes were analyzed

with the help of LigandScout to determine which complexes

exhibit target-inhibitor intermolecular interactions equivalent to

those described in prior studies [14,15,31,44]. This knowledge-

based analysis enabled us to find at least one knowledge-based

coherent pose for 21 out of the 36 hIKK-2 inhibitors assayed

(regardless of their eHiTS scores). Therefore, we concluded that

(a) our best homology model correctly describes the ATP binding

pocket in hIKK-2 (see Figures 2A and 2B) and (b) our protein-

ligand docking strategy (using the hIKK-2 homology model as a

rigid body and only allowing rotation around ligand single bonds

of the ligand) is valid for describing the interactions between a

large number of known selective ATP-competitive hIKK-2

inhibitors from different chemical families and this target. Notably,

this fast protein-ligand docking strategy is appropriate for use in a

VS workflow, where other more sophisticated and accurate

protein-ligand docking strategies, such as induced-fit docking,

are inapplicable [44].

Figure 1. The homology model for the the kinase domain of hIKK-2. The best homology model for the kinase domain of hIKK-2 obtained in
our study (Figure 1A), the multiple sequence alignment used to guide its modeling (Figure 1B) and its Ramachandran plot (Figure 1C). The relative
locations of the G-loop, hinge region, HRD motif, catalytic loop and A-loop are shown in the model and in the sequence multialignment (using boxes)
with the same color schema (i.e., G-loop in blue; hinge region in cyan; HRD motif in red; catalytic loop in magenta and A-loop in green). The residues
in the alignment are colored according to residue similarity. Circles in the Ramachandran plot show the location of non-glycine residues.
doi:10.1371/journal.pone.0016903.g001
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Figures 2C, 2D, 2E and 2F display the knowledge-based

coherent docking poses for four selected hIKK-2 inhibitors [i.e., 13
[27] (Figure 2C), 12 [18] (Figure 2D), 4a [23] (Figure 2E) and 14
[18] (Figure 2F)] that (a) belong to three different chemical

families [inhibitors 14 [18] (Figure 2F) and 12 [18] (Figure 2D)

share the same structural scaffold], (b) have different types of

intermolecular interactions with the target and (c) share some of

the hIKK-2 residues with which they interact (for instance, all of

Table 1. ANOLEA results for the two templates (2CN5 and 2J90) and the hIKK-2 homology model.

2CN5A 2J90A hIKK-2

Total amino acids with high energy (percentage) 22 (7.77) 31 (11.79) 22 (7.33)

Total number of non-local atomic interactions 32310 30226 33992

Total non-local energy of the protein (E/kT units) 21878 21946 21956

Non-local normalized energy Z-score 0.04 20.49 0.09

doi:10.1371/journal.pone.0016903.t001

Figure 2. The ATP-binding site, the structure-based common pharmacophore and the best poses for different hIKK-2 inhibitors. The
ATP-binding site (Figure 2A), the structure-based common pharmacophore (Figure 2B) and the best poses of the various chemical hIKK-2 inhibitors
that were used during the homology-model validation and the structure-based common pharmacophore construction (Figures 2C, 2D, 2E and 2F). In
Figures 2C, 2D, 2E and 2F, hydrogen-bond donors, hydrogen-bond acceptors and hydrophobic interactions are shown as red arrows, green arrows
and yellow spheres, respectively. Figure 2A shows the ATP-binding pocket of our hIKK-2 homology model and the best poses obtained when docking
it with the hIKK-2 inhibitors 13 [27]; 12 [18]; 4a [23] and 14 [18]. Figure 2B shows the locations on the ATP-binding site of the sites that form the
structure-based common pharmacophore developed in the present work and the shell of excluded volumes (in yellow) that schematically represents
the locations of the surrounding residues. This pharmacophore is formed by two hydrogen-bond donors (in blue), one hydrogen-bond acceptor (in
red) and one hydrophobic region (in green), with tolerances (i.e., radii) of 1.5, 1.5 and 3.0 Å, respectively. Figures 2C, 2D, 2E and 2F show the
intermolecular interactions between hIKK-2 and the best poses from inhibitors 13, 12, 4a and 14, respectively. Figures 2A and 2B were drawn with
Maestro v9.0.211 (Schrödinger LLC., Portland, USA; http://www.schrodinger.com), whereas Figures 2C, 2D, 2E and 2F were drawn with LigandScout
v2.03.
doi:10.1371/journal.pone.0016903.g002
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them have a hydrogen-bond interaction with the Cys99 backbone

and a hydrophobic interaction with Val29). Thus, the analysis of

this figure revealed the following:

N Inhibitor 13 [27] (see Figure 2C) is a thiophene carboxamide

with substituted ureas that exhibits the most fundamental

intermolecular interactions with the target: (a) hydrogen

bonding between the urea groups and the main-chain oxygens

from Glu97 and Cys99 [27,28,31] in the hinge region (and also

between the carbonyl oxygen atom from 13 and the thiol

group from Cys99) and (b) hydrophobic interaction with

residues Val29, Lys44 and Ile165.

N Inhibitor 12 [18] (see Figure 2D) is an azaindole sulfonamide

that exhibits more hydrogen bonds with hIKK-2 than the

other inhibitors. Specifically, it has (a) two hydrogen bonds

between the two nitrogen atoms from the azaindole ring and

the main-chain N and O from Cys99 (in agreement with the

results of Liddle et al. [18]), (b) one hydrogen bond between its

amide group and the side-chain hydroxyl group of Tyr98, (c)
one hydrogen bond between the nitrogen from the amide

group and the backbone oxygen atom of Gln100, and (d) one

hydrogen bond on the other side of the binding pocket with the

Asn150 and Asp166 side chains. Here, we note that the

relevance of Cys99 and Gln100 in this intermolecular

interaction has been reported [18]. Furthermore, inhibitor

12 has hydrophobic interactions with the Leu21, Val29,

Ala42, Asp145, Val152 and Ile165 side chains.

N Inhibitor 4a [23] (Figure 2E) is a pyridine derivate that has a

very different chemical scaffold than the other inhibitors

studied and, moreover, it belongs to a family of very active

hIKK-2 inhibitors. The Cys99 backbone atoms are involved in

two hydrogen-bonding interactions, one of which is between

the nitrogen and the hydroxyl group in the 29 position of the

benzyl moiety of 4a (which is an important group for this

family of hIKK-2 inhibitors [22–24,37]) and the other is

between the carbonyl oxygen and one of two amine group of

4a. Asp103 also contributes to stabilizing inhibitor 4a on the

other side of the ATP pocket (close to the solvent-accessibility

region of the binding site) by forming another hydrogen bond

between its side-chain oxygen, which accepts the hydrogen

from the second 4a amine group. The theoretical complex also

shows that Val29, Ala42, Val74 and Met96 have hydrophobic

interactions with the 4a benzyl ring.

N Inhibitor 14 [18] (Figure 2F) and inhibitor 12 (Figure 2D)

share the same structural scaffold but have different residue

interactions with the hIKK-2 homology model. Thus, only one

residue in the hinge region (Cys99) forms a hydrogen bond

with 14 (instead of the three hydrogen bonds made by 12; see

above). Here, the hydrogen bond is between the Cys99

carbonyl oxygen and the nitrogen from the azaindole six-

membered ring of 14. Additionally, the amine group of 14
forms a hydrogen bond with the Thr23 hydroxyl group

(located in the G-loop). The hydrophobic interactions of 14
are with Leu21, Val29, Ala42, Val74, Met96, Tyr98, Val152

and Ile165.

Structure-based pharmacophore description
The validation of the homology model for hIKK-2 showed that

our protein-ligand docking strategy found 43 knowledge-based

coherent poses for 21 out of the 36 hIKK-2 inhibitors assayed.

Then, a visual inspection of the chemical features involved in the

intermolecular interactions between hIKK-2 and these 43 poses

was used to identify those common to most of them and which,

therefore, could be used to build a common pharmacophore

describing the mechanism of the ligand-target interaction. The

resulting common structure-based pharmacophore, shown in

Figure 2B, contains one hydrogen-bond acceptor, two hydrogen-

bond donors and one hydrophobic site that were common to most

of the 43 poses. The spatial location of the hydrogen-bond donors

and acceptor sites was nearly coincident for all poses, but this was

not the case for the hydrophobic site that occupies a large volume

in the ATP-binding site. Thus, in the context of the common

structure-based pharmacophore, this was translated into a larger

radius for the hydrophobic feature (i.e., 3.0 Å) than for the

acceptor and donor radii (i.e., 1.5 Å), as a consequence of the huge

structural variability found for the inhibitor moieties that bound to

the narrow hydrophobic pocket located between the two hIKK-2

lobes (see Figure 2A). Moreover, to increase the power of the

pharmacophore to discriminate between hIKK-2 inhibitors and

inactive ligands that could adopt poses that accomplish the

pharmacophore features, a shell of excluded volumes was added

that schematically represents the locations of the residues forming

the ATP-binding site in our hIKK-2 homology model (see

Figure 2B). These excluded volumes were especially useful during

the second step of the VS workflow (see Figure 3), i.e., the

identification of molecules having at least one conformer that,

irrespective of its initial spatial orientation, can fit into the

pharmacophore (because this shell can be used to exclude from the

VS those inactive molecules that have at least one conformer that

matches the sites in the pharmacophore but is sterically hindered

by other residues in the binding site).

Virtual-screening workflow: validation and application to
the NP subset of the ZINC database

The capacity of our VS workflow to distinguish between hIKK-

2 inhibitors and molecules that do no inhibit hIKK-2 was

evaluated by applying it to a set consisting of 62 known hIKK-2

inhibitors (different from the 36 used during the structure-based

pharmacophore generation; see Table S2) and 10,036 kinase

decoys obtained from the Directory of Useful Decoys (DUD;

http://dud.docking.org) [46]. Figure 3 shows how many actives

and decoys survived each VS step. Thus, the ADME/Tox, the

pharmacophore-docking-pharmacophore and the shape and

electrostatic-potential comparison filters produced enrichment

factors of 1.4, 6.3 and 4.5, respectively, with a global enrichment

factor of 39.3 for the full VS process. Therefore, these results show

that our VS protocol is sufficiently selective to discern between

those molecules that can inhibit hIKK-2 from those that do not

affect its activity. Consequently, it was used to predict that 1,061

out of the 89,425 molecules in the ZINC Natural Products

Database were potential hIKK-2 inhibitors (see Figure 3).

Finding new scaffolds for hIKK-2 inhibitors
One of the most important challenges of any VS workflow is its

ability to find molecules with the required activity but without

trivial similarity (in terms of chemical structure) to known active

compounds. Thus, to determine which of the 1,061 potential

hIKK-2 inhibitors predicted by our VS workflow could be

considered as new lead molecules that may be of use in drug

design and development, we merged these 1,061 NPs with the 98

known hIKK-2 inhibitors used either for validation or for

pharmacophore-generation purposes, and the resulting set was

classified into clusters (data not shown). Notably, three out of the

ten clusters obtained consisted exclusively of NPs (i.e., Clusters 1, 2

and 3 contain 120, 88 and 38 NPs, respectively) and, therefore,

these 246 molecules are scaffold-hopping candidates for hIKK-2

inhibition (see Table S3). To prove the reliability of our
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predictions, we selected 5 of these 246 molecules (ZINC00058225,

ZINC01669260 and ZINC16946275 from Cluster 1; ZINC0-

3683886 from Cluster 2; and ZINC03871389 from Cluster 3; see

Figure 4) and tested their effects on the hIKK-2 activity using an in

vitro assay (see Figure 5). The results of this experiment showed that

three out of the five molecules (i.e., ZINC01669260 from Cluster 1,

ZINC03683886 from Cluster 2 and ZINC03871389 from Cluster

3) inhibited hIKK-2, with IC50 values ranging from 183.8 to

3,325 mM. Thus, the highest inhibition rate achieved for

ZINC03871389 (ethacridine, ethodin or rivanol) was 93% at a

15-mM inhibitor concentration. Similarly, the highest inhibition

rates achieved for ZINC01669260 (lupinine) and ZINC03683886

were 91 and 92% at 10- and 15-mM inhibitor concentrations,

respectively. Remarkably, a SciFinder search (Chemical Abstracts

Service, Columbus, Ohio, USA; http://www.cas.org/products/

sfacad) of the literature in which the three active molecules are

cited revealed that none of them have been described as anti-

inflammatory drugs. Therefore, this result supports the ability of

the electrostatic-potential and shape comparison performed by

EON to smooth differences in chemical structures and translate

them into criteria important for their intermolecular interactions

with the ligand-binding site (see Figure 6).

Structural analysis of the inhibition of hIKK-2 by
ZINC01669260, ZINC03683886 and ZINC03871389

The docking of ZINC01669260, ZINC03683886 and ZINC03-

871389 in the ATP-binding site of our hIKK-2 model showed that

the three molecules share the same form of intermolecular

interaction with the enzyme because they match the structure-

based common pharmacophore in the same orientation (see

Figure 7A) and because they form a hydrogen bond with the

carbonyl oxygen of the gk+3 residue (i.e., Cys99; see Figure 7B, 7C

and 7D; Cys99 also uses its backbone nitrogen to make a second

hydrogen bond with ZINC01669260; Figure 7C). Moreover,

ZINC03871389 and ZINC03683886 also interact with the side-

chain oxygen from Asp103 (see Figure 7B and 7D), and only

ZINC03871389 is able to form a third hydrogen bond with the

main-chain oxygen from the gk+1 residue (i.e., Glu97; see

Figure 7B). With respect to the hydrophobic interactions, they

were only detected for ZINC03871389 and ZINC03683886 (see

Figure 7B and 7D) and involve the acridine moiety of

ZINC03871389 (which interacts with Val29, Ala42, Val152 and

Ile165) and the methyl group from ZINC03683886 (which

interacts with Val29, Ala42, Val74, Val152 and Ile165). Notably,

our results show that there is a direct correlation between the

number and strength of intermolecular interactions and the

inhibitory activity of the three molecules. Thus, ZINC03871389,

ZINC03683886 and ZINC01669260 make three/four, two/five

and one/zero hydrogen bonds/hydrophobic interactions with key

residues on the hIKK-2 ATP binding pocket, and their

corresponding IC50 values are 183.8, 2,074 and 3,325 mM,

respectively.

Conclusions
The challenge of any VS protocol consists of using in silico tools

to predict which of the molecules in a database have the required

activity against a specific target. Thus, the results of the present

study demonstrate that our VS protocol successfully identified

hIKK-2 inhibitors with no chemical-structure similarities to

known actives and, therefore, it is suitable for scaffold hopping

on this target. Moreover, this is the first time that anti-

inflammatory activity has been described for ZINC03683886,

lupinine (i.e., ZINC01669260) and ethodin (i.e., ZINC03871389; a

molecule that is known to cause uterine contractions [59,60] and

that has been also described as inhibitor of the human

carboxylesterase 1 [61]). In this sense, the results of the present

study outperform those of a recent in silico survey on the ChemDiv

database (http://us.chemdiv.com) that found hIKK-2 inhibitory

activity for only two out of 29 hits selected for in vitro testing the VS

workflow success rate [42]. Moreover, one of these two molecules

shares the same core scaffold with BMS-345541 (a well-known

hIKK-2 inhibitor) [62] and, therefore, only the other molecule can

Figure 3. The VS workflow used in the present work. The data beside each VS step show the number of molecules that survived it. The ACTIVES
and DECOYS columns refer to known hIKK-2 and kinase decoys used during VS validation, respectively. The ZINC NPs column refers to data obtained
with the ZINC NP subset (http://wiki.compbio.ucsf.edu/wiki/index.php/Natural_products_database). Enrichment factors were calculated during the
validation of each step of the VS protocol as the quotient between the fraction of actives in the sample that survived the VS step and the fraction of
actives in the sample before the VS step.
doi:10.1371/journal.pone.0016903.g003
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be considered a lead compound for the development of new

hIKK-2 inhibitors.

Furthermore, although the pIC50 of the three hit molecules

that showed in vitro activity is significantly lower than that for

most known hIKK-2 inhibitors used in the present study (see

Tables S1 and S2), it is important that these three molecules (a)
can be used as lead compounds for developing more potent

inhibitors using structural-activity relationship studies and (b)
were selected based on their commercial availability, cost and

purity and with the primary goal of testing the performance of

our VS protocol. Therefore, it is possible that there are other

molecules in the remaining 241 included in Clusters 1, 2 and 3

(see Table S3) that show higher activity towards hIKK-2 than

ZINC03871389, ZINC03683886 and ZINC01669260 and could

be better lead compounds for drug development than these three

molecules. In this sense, our results indicate that the activity

correlates well with the ET_combo score provided by EON (see

Figure 4 and Table S3) and, therefore, this finding suggests that

molecules with ET_combo values higher than 1.2 (e.g.,

ZINC12410246, ZINC00485744 and ZINC00071662 from

Clusters 1, 2 and 3, respectively) are optimal starting points for

the rational drug design of potent and selective hIKK-2 inhibitors

with new chemical scaffolds.

Supporting information
Details on hIKK-2 synthetic inhibitors used in the present work

are described in Table S1 (for pharmacophore-generation

purposes) and S2 (for validation purposes). Table S3 reports the

ZINC codes for the 246 hit molecules that are predicted to inhibit

hIKK-2 and that are scaffold-hopping candidates for hIKK-2

inhibition, because the Tanimoto similarities between their

MOLPRINT 2D fingerprints and those from the hIKK-2

inhibitors in Table S1 and S2 are significantly low.

Methods

Homology-model building of the 3D-structure for the
kinase domain of hIKK-2

The sequence of hIKK-2 was obtained from the UniProt

database (http://www.uniprot.org, accession number O14920).

The protein templates used to build its homology model were PDB

structures that simultaneously satisfied the following criteria: (a)
highest sequence similarity with hIKK-2, (b) X-ray-derived

structures with acceptable quality (i.e., resolution ,2.50 Å and

R-value,0.210 Å), (c) complexation with inhibitors that bind to

the ATP-binding site (because we were interested in the activated

Figure 4. 2D structures of the VS hits for which hIKK-2-inhibition activity was tested in an in vitro assay. The IC50 and pIC50 values are
also shown for those molecules that inhibit hIKK-2 and were calculated with GraphPad Prism v4.0.
doi:10.1371/journal.pone.0016903.g004

Figure 5. Dose-response results for the in vitro inhibition of
hIKK-2 by ZINC01669260, ZINC03683886 and ZINC03871389
(with n = 3). The figure was drawn with GraphPad Prism v4.0.
doi:10.1371/journal.pone.0016903.g005
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form of our templates), (d) closest proximity to hIKK-2 [63] in the

human kinome tree (although IKK-2 is a serine/threonine kinase

without a defined family in this tree), and (e) structures with no

mutations in the active site of the kinase domain. The two kinases

that fulfilled these criteria and were thus chosen as templates

belong to the CAMK kinase family [63], have a 32% sequence

identity with the kinase domain of hIKK-2, have a 50% identity

with the residues of the ATP-binding site of hIKK-2 (where these

residues correspond to those in the G-loop, hinge region, HRD

motif and catalytic loop); they are the serine/threonine-protein

kinase CHK2 (PDB code 2CN5 [56]) and the death-associated

protein kinase 3 or ZIP kinase (PDB code 2J90 [57]). The

superposition of both template structures revealed some differenc-

es in their loop structures: (a) the G-loop is more open in 2J90

than in 2CN5 and (b) the A-loop coordinates were not present for

2J90. Armed with this information and following a knowledge-

based approach, we used MODELLER v9.5 [64] to align the

sequences and construct several models by changing their

alignments with the kinase domain of hIKK-2. The resulting

models were subsequently refined with MODELLER in a two-step

Figure 6. EON results for the best comparison between known hIKK-2 inhibitors and ZINC01669260, ZINC03683886 and
ZINC03871389. The best electrostatic-potential and shape comparisons between the docked poses from ZINC01669260, ZINC03683886 and
ZINC03871389 and those from the known hIKK-2 inhibitors used by EON as the queries of the last VS filter. For clarity, only the electrostatic potential
fields are shown. This Figure was drawn with VIDA v4.03 (OpenEye Scientific Software, Inc., Santa Fe, New Mexico, USA; http://www.eyesopen.com).
doi:10.1371/journal.pone.0016903.g006

Figure 7. Glide XP results for ZINC01669260, ZINC03683886 and ZINC03871389. Glide XP results for ZINC01669260, ZINC03683886 and
ZINC03871389 in the context of the structure-based common pharmacophore (panel A) and the hIKK-2 ATP-binding site (panels B, C and D). Thus,
Figure 7A shows that Glide XP was able to find at least one pose for ZINC01669260, ZINC03683886 and ZINC03871389 that matched the
pharmacophore. The intermolecular interactions of these poses with the hIKK-2 homology model are shown in Figure 7B (ZINC03871389), 7C
(ZINC01669260) and 7D (ZINC03683886). Hydrophobic contacts and hydrogen-bond donors/acceptors are shown as yellow spheres and red/green
arrows, respectively.
doi:10.1371/journal.pone.0016903.g007
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process (i.e., loops were refined first without the use of the

templates following an ab initio methodology [65], and a-helices

were the refined when loop processing was finished using the

templates) and using default running conditions. Next, the quality

of the resulting models was evaluated by (a) assessing the packing

quality with the Atomic Non-Local Environment Assessment

(ANOLEA) webserver (http://protein.bio.puc.cl/cardex/servers/

anolea) [66], (b) analyzing the outliers in the Ramachandran plot;

(c) examining the ATP-binding site structure (because it must be

optimized to built a receptor-based pharmacophore), and (d)
performing a protein-ligand rigid-docking study with the eHiTS

v2009 [67] software (SimBioSys Inc., Toronto, Canada; http://

www.simbiosys.ca/ehits) using various known hIKK-2 inhibi-

tors[47,48] and visually analyzing the knowledge-based coherence

of the results. In this sense, the capability of eHiTS to predict a

knowledge-based coherent pose was assessed by redocking the two

complexes used as templates to obtain the homology models.

Thus, eHiTS predicted poses for the ADP and pyridone 6 with

root-mean-square deviations relative to their experimental poses in

2CN5 and 2J90 of 1.23 and 0.38 Å, respectively.

Structure-based pharmacophore generation
The best homology model obtained for the hIKK-2 kinase

domain was subsequently used as the receptor in a protein-ligand

docking with 36 known selective ATP-competitive inhibitors for

hIKK-2 from different chemical families (see Table S1)

[10,11,13,15,16,18,20–31]. The docking was done with eHiTS

v2009 [67] by considering the receptor to be a rigid body and the

ligands as flexible (i.e., free rotation was allowed around the single

bonds of the ligand). Default docking conditions were selected

except for the size of the sides of the cubic box encompassing the

ATP-binding pocket, which was increased from 10 Å to 15 Å.

Thereafter, all subsequent protein-ligand dockings in this work,

either for validation or VS purposes, were performed with eHiTS

v2009 using the same running conditions, hIKK-2 area and

homology-model orientation. Glide XP v5.6 (Schrödinger LLC.,

Portland, USA; http://www.schrodinger.com), running with

default conditions, was used to predict the poses of three NPs

that our VS workflow predicted as hIKK-2 inhibitors and for

which activity was confirmed by the in vitro assay.

The protein-ligand interactions of the poses obtained by the

docking process (a maximum of 32 poses per ligand) were analyzed

with LigandScout v2.03 (Inte:ligand GmbH, Vienna, Austria,

http://www.inteligand.com/ligandscout) [68]. Next, the poses that

satisfied the generic binding features of ATP-competitive kinase

inhibitors [45] [i.e., the formation of hydrogen bonds with the main

chain of residues in the hinge region (segment 96–99 in hIKK-2

sequence) and hydrophobic interactions with the hydrophobic

pocket of hIKK-2 (e.g. Val29, Lys44, Val152, and Ile65)] were

selected as knowledge-based coherent (regardless of their eHiTS

scores). As a result of this analysis, 43 poses of the 21 hIKK-2

inhibitors were identified as knowledge-based coherent, and their

corresponding sites (i.e., functional groups used by the poses in their

intermolecular interactions with the hIKK-2 kinase domain) were

used to derive a common structure-based pharmacophore. This

pharmacophore contains one hydrogen-bond acceptor, two hydro-

gen-bond donors and one hydrophobic site common to most of the

43 poses. Moreover, the pharmacophore was completed with a shell

of excluded volumes that schematically represents the location of the

residues forming the ATP-binding site in our hIKK-2 homology

model. This shell was built by applying the Receptor-Based Excluded

Volumes graphic front-end in Phase v3.1 (Schrödinger LLC.,

Portland, USA; http://www.schrodinger.com) [69] to our hIKK-

2 kinase domain model and by setting the Sphere filters parameter

values to (a) ignore receptor atoms with surfaces within 0.25 Å of the ligand

surface and (b) limit excluded-volume shell thickness to 10 Å. The

remaining parameters used in the front-end were the defaults.

Ligand setup
All the ligands used in this work (either for validation meth-

odology or for VS purposes) were processed in the same way. The

3D ligand structures were either downloaded from public databases

[i.e., DUD [46], the BindingDB (http://www.bindingdb.org) [47]

and the ZINC Natural Products Database (http://wiki.compbio.

ucsf.edu/wiki/index.php/Natural_products_database) [48]] or con-

structed with ChemDraw Ultra v11.0 (CambridgeSoft Corporation,

Cambridge, MA, USA; http://www.cambridgesoft.com) [70]. These

3D structures were then incorporated into LigPrep v2.3 (Schrödinger

LLC., Portland, USA; http://www.schrodinger.com) and improved

by cleaning. The cleaning process was carried out with the following

parameters: (a) the force field used was OPLS 2005; (b) all possible

ionization states at pH 7.062.0 were generated with Ionizer; (c) the

desalt option was activated; (d) tautomers were generated for all

ionization states at pH 7.062.0; (e) chiralities, when present, were

determined from the 3D structure; and (f) one low-energy ring

conformation per ligand was generated. Conformations and sites for

the resulting ligand structures were determined during the generation

of the corresponding Phase [69] databases with the Generate Phase

Database graphic front-end. The parameter values used during this

conformer generation were by default with the exception of the

maximum number of conformers per structure, which was increased

from 100 (the default value) to 200. The conformer sites were

generated with definitions made by adding the ability to consider

aromatic rings as hydrophobic groups to the default built-in Phase

definitions.

Virtual-screening workflow
The NP subset of the ZINC database (http://zinc.docking.org/

vendor0/npd) [48] contains the 3D structure of 89,425 commer-

cially available NPs and NP derivatives and was used as the source

of molecules to which our VS schema was applied in the search for

new hIKK-2 inhibitors. Initially, these 89,425 molecules were

submitted to an ADME/Tox filter with the FAF-Drugs2 tool [71],

which aimed to discard molecules that either had poor ADME

properties or were potentially toxic. Thus, the drug-like properties

of a compound were evaluated using the Lipinski rule [72], and

only one violation of this rule was allowed. This rule is based on a

set of property values (i.e., the number of hydrogen-bond donors

and acceptors, the molecular weight and the logP) that were

derived from drugs with good ADME characteristics [72].

Therefore, molecules that pass the Lipinski rule are expected to

be active in humans after oral admission. Moreover, molecules

containing toxic groups were filtered using the 204 substructures

for ‘‘warhead’’ chelators, frequent hitters, promiscuous inhibitors

and other undesirable functional groups available in FAF-Drugs2

tool [71].

Molecules with appropriate ADME/Tox properties were then

set up with LigPrep and used to generate a Phase database. Next,

this database was filtered with Phase through the structure-based

common pharmacophore using the following running conditions:

(a) search in the conformers database, (b) do not score in place the

conformers into the structure-based common pharmacophore (i.e.,

allow reorientation of the conformers to determine if they match

the pharmacophore or not), (c) match at least three out of the four

sites of the structure-based common pharmacophore, (d) do not

consider any site as mandatory, (e) do not prefer partial matches

involving more sites and (f) use the excluded volumes from the

New hIKK-2 Inhibitors of Natural Origin

PLoS ONE | www.plosone.org 10 February 2011 | Volume 6 | Issue 2 | e16903

UNIVERSITAT ROVIRA I VIRGILI 
IN SILICO METHODOLOGIES FOR THE DESIGN OF FUNCTIONAL FOODS THAT CAN PREVENT CARDIOVASCULAR DISEASES 
Esther Sala Argüello 
ISBN:/DL:T. 1030-2011 



structure-based common pharmacophore. The rest of options and

parameter values used during that search were the default values.

Those ligands with at least one hit in this Phase search were

then docked to our hIKK-2 homology model. Then, the resulting

ligand poses were again filtered with Phase through the structure-

based common pharmacophore using the same filtering conditions

as in the first Phase run, with the exception that no reorientation of

the poses was allowed during the search (i.e., the score in place option

was used) to find docking poses that were compatible with the

pharmacophore.

Finally, the poses that were hits in this second pharmacophore

screening were submitted to a shape and electrostatic-potential

comparison with 43 poses from 21 known hIKK-2 inhibitors (see

Table S1) that (a) were also obtained by docking with our hIKK-2

homology model and (b) also matched the structure-based

common pharmacophore without reorientation. This comparison

was done with EON v2.0.1 (OpenEye Scientific Software, Inc.,

Santa Fe, New Mexico, USA; http://www.eyesopen.com) using

the ET_combo score as the similarity criterion. The ET_combo is the

sum of two calculations: (a) the Shape Tanimoto, which is a

quantitative measure of three-dimensional overlap [where 1

corresponds to a perfect overlap (i.e., the same shape)] [73] and

(b) the Poisson-Boltzman Electrostatic Tanimoto, which compares the

electrostatic potential of two small molecules (where 1 corresponds

to identical potentials and negative values correspond to the

overlap of positive and negative charges) [74]. Only those NPs

with ET_combo values equal to or greater than 0.850 were

considered as candidates for experimental tests of their activity on

hIKK-2.

Virtual-screening workflow validation
The ability of the VS workflow to identify hIKK-2 inhibitors in

a database of molecules was tested by applying the same filtering

method described for the NPs (i.e., the same methodology and

parameter values) to: (a) a group of 62 known inhibitors different

from the 36 used for the structure-based pharmacophore generation

(see Table S2) and (b) an external group of 10,139 kinase decoys

for Cdk2 and p38 (CMGC family at the human kinome tree [63])

that were obtained from DUD [46].

Hit selection for further experimental assays on hIKK-2
activity

A structural-similarity analysis of the NPs with ET_combo values

equal to or greater than 0.850 and all known hIKK-2 inhibitors

used in this work (either for validation or for pharmacophore-

generation purposes) was performed by executing a Schrödinger

script that clusters molecules based on Tanimoto similarities

between MOLPRINT 2D fingerprints. We obtained ten clusters

and, notably, three of them consisted only of NPs. Thus, five

compounds from these three clusters were selected [based on their

commercial availability, cost and purity ($95%)] for experimental

assay of their effects on hIKK-2 activity. These compounds were

ZINC03683886, ZINC00242004 and ZINC03871389, bought

from InterBioScreen, Ltd (http://www.ibscreen.com), and

ZINC00058225 and ZINC01669260, bought from TimTec, Inc.

(http://www.timtec.net).

In vitro assay of the effect of selected compounds on the
hIKK-2 activity

The effect of the selected compounds on hIKK-2 kinase activity

was determined using the CalbiochemH K-LISATM IKKb Inhibitor

Screening Kit, designed for rapid in vitro screening of IKK-2

inhibitors. Briefly, the kit consists of an ELISA-based activity assay

that uses a 50-amino-acid GST-IkBa fusion-polypeptide substrate

that includes the Ser32 and Ser36 IKK-2 phosphorylation sites. The

GST-IkBa substrate and IKK-2 are incubated in the presence of

IKK-2 inhibitors in the wells of a glutathione-coated 96-well plate,

which allows for substrate phosphorylation and capture in a single

step. The phosphorylated GST-IkBa substrate is detected using an

anti-phospho-IkBa (Ser32/Ser36) antibody followed by an HRP-

conjugate and color development with the TMB substrate. The

ELISA stop solution is then used to stop the color development, and

the absorbance is read at 450 nm (with a reference wavelength of

540–600 nm). The absorbance is directly related to the IKK-2

activity level. Moreover, following the kit instructions, one positive

control and three negative controls were included by varying the

absence or presence of the commercial hIKK-2 inhibitor IV

(Calbiochem catalogue number: 401481), the ATP/MgCl2 mix and

the hIKK-2 enzyme. The results of these controls confirmed the

absence of nonspecific or artificial inhibition. Three repetitions were

made for all the activity assays.

IC50 calculation
The potential of the molecules to inhibit hIKK-2 activity was

quantified by calculating their IC50 values. This parameter was

determined using GraphPad Prism v4.0 for Windows (GraphPad

Software, San Diego CA, USA; http://www.graphpad.com) by

fitting the experimental data from the in vitro assay to a nonlinear

regression function using a four-parameter logistic equation.

Supporting Information

Table S1 hIKK-2 inhibitors from different chemical families

docked with the hIKK-2 homology model. These 36 hIKK-2

inhibitors were docked with our hIKK-2 homology model without

imposing constraints that forced poses to make specific intermo-

lecular interactions with the target. Next, the resulting hIKK-2

complexes were analyzed with the help of LigandScout to

determine which complexes exhibited target-inhibitor intermolec-

ular interactions equivalent to those described in prior studies.

This knowledge-based analysis enabled us to identify at least one

knowledge-based coherent pose (43 in total) for 21 out of the 36

hIKK-2 inhibitors assayed (regardless of their scoring by eHiTS;

see their values in the Knowledge-based coherent docking poses column).

By analyzing the chemical features used by each pose in its

intermolecular interaction with hIKK-2, a common pharmaco-

phore was derived that describes the mechanism of the ligand-

target interaction. The Cluster column shows the cluster in which

each molecule was classified after running a Schrödinger script

that clusters molecules based on Tanimoto similarities between

MOLPRINT 2D fingerprints (using the Knime v.2.0.3 module in

the Schrödinger software package). The molecules distributed in

these clusters are the natural products obtained as hits in our

virtual-screening protocol and all known hIKK-2 inhibitors used

in the present work [either for validation (see Table S2) or for

pharmacophore-generation purposes]. The pIC50 values were

obtained from the literature.

(PDF)

Table S2 hIKK-2 inhibitors used during the validation of the

virtual-screening workflow. These 62 hIKK-2 inhibitors (different

from the 36 used during the structure-based pharmacophore

generation; see Table S1) were used to test the ability of the

virtual-screening workflow to identify hIKK-2 inhibitors in a

database of molecules. The Cluster column shows the cluster into

which each molecule was classified after running a Schrödinger

script that clusters molecules based on Tanimoto similarities
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between MOLPRINT 2D fingerprints (using the Knime v.2.0.3

module in the Schrödinger software package). The molecules

distributed in these clusters are the natural products obtained as

hits in our virtual-screening protocol and all known hIKK-2

inhibitors used in the present work (either for validation or for

pharmacophore-generation purposes). The pIC50 values were

obtained from the literature.

(PDF)

Table S3 Scaffold-hopping candidates for hIKK-2 inhibition

predicted by our study. The ZINC codes for the 246 hit

molecules predicted to inhibit hIKK-2 and belonging to clusters

consisting exclusively of natural products. For each hit molecule,

the best results of the shape and electrostatic-potential compar-

isons with 43 poses from 21 known hIKK-2 inhibitors (see Table

S1) is shown. Thus, the Tanimoto values for the comparison

between the electrostatic potentials of the molecules (using an

outer dielectric of 80) are shown in the PB columns, whereas the

values for the comparison between shapes are shown in the

Shape columns. The sum of the PB and Shape values is reported

in the Combo columns. Hits from each cluster are sorted

according their decreasing combo value. All of these hit

molecules are scaffold-hopping candidates for hIKK-2 inhibition

because the Tanimoto similarities between their MOLPRINT 2D

fingerprints and those from the hIKK-2 inhibitors in Tables S1

and S2 are quite low. ZINC00058225, ZINC01669260 and

ZINC16946275 from Cluster 1, ZINC03683886 from Cluster 2,

and ZINC03871389 from Cluster 3 were selected to experimen-

tally test the success rate of our predictions using an in vitro assay

(in bold in Table S3). The results of this experiment showed that

three out of the five molecules (i.e., ZINC01669260 from Cluster

1, ZINC03683886 from Cluster 2 and ZINC03871389 from

Cluster 3) inhibited hIKK-2, with IC50 values ranging from 183.8

to 3,325 mM.

(PDF)
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Table S1. hIKK-2 inhibitors from different chemical families docked with the hIKK-2 

homology model. 

 
 

2D structure 
 

 
Molecule name 

 
pIC50 cluster 

Knowledge-based 
coherent docking 

poses 

     

 

13a [1] 7,96 6 3 

 

8h [2] 7.0 6 0 

 

26 [3] 6,22 6 0 

 

SCP-839 [4] 8,10 6 0 

 

M8012-3312 [4] ND 6 0 

 

M8008-5430 [4] ND 6 0 

 

CHS-828 [4] 8,10 6 0 

 

22d [5] 8,52 6 1 
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4j [6] 8,07 6 1 

 

4a [7] 7,15 6 4 

 

SKB-TPCA1 [4] 7,74 6 3 

 

Pharmacia [4] 6,50 6 2 

Pharmacia_02 [4] 6,17 6 4 

 

Astra Zeneca [4] 7,40 6 1 

 

M4891-3155 [4] 5,75 5 2 

 

1b [8] 6,71 9 2 

 

M2295-0236 [4] ND 6 0 

UNIVERSITAT ROVIRA I VIRGILI 
IN SILICO METHODOLOGIES FOR THE DESIGN OF FUNCTIONAL FOODS THAT CAN PREVENT CARDIOVASCULAR DISEASES 
Esther Sala Argüello 
ISBN:/DL:T. 1030-2011 



 

PS-1145 [9] 6,82 6 0 

 

14 [10] 7,8 6 3 

 

13 [10] 7,7 6 2 

 

12 [10] 7,7 6 4 

 

1 [10] 7,4 6 1 

 

17 [10] 7,7 6 0 

 

 

Ureido [9] 7,74 6 1 
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Compound A [11] 8,4 6 0 

 

8u [12] 7,96 8 0 

 

22a [5] 8,07 7 1 

 

204 [13] 7,88 8 0 

 

13 [14] 7,88 8 2 

 

12 [15] 6,01 8 2 

 

M7790-1103 [4] ND 8 0 
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PF-184 [16] 7,43 6 0 

 

Aventis [4] 7,15 6 0 

 

M4296-0831 [4] ND 10 1 

 

16k [17] 7,96 8 2 

 

24 [18] 7,60 9 1 

 
 
 

These 36 hIKK-2 inhibitors were docked with our hIKK-2 homology model without imposing 

constraints that forced poses to make specific intermolecular interactions with the target. Next, 

the resulting hIKK-2 complexes were analyzed with the help of LigandScout to determine 

which complexes exhibited target-inhibitor intermolecular interactions equivalent to those 

described in prior studies. This knowledge-based analysis enabled us to identify at least one 

knowledge-based coherent pose (43 in total) for 21 out of the 36 hIKK-2 inhibitors assayed 

(regardless of their scoring by eHiTS; see their values in the Knowledge-based coherent docking 

poses column). By analyzing the chemical features used by each pose in its intermolecular 

interaction with hIKK-2, a common pharmacophore was derived that describes the mechanism 

of the ligand-target interaction. The Cluster column shows the cluster in which each molecule 

was classified after running a Schrödinger script that clusters molecules based on Tanimoto 

similarities between MOLPRINT 2D fingerprints (using the Knime v.2.0.3 module in the 

Schrödinger software package). The molecules distributed in these clusters are the natural 
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products obtained as hits in our virtual-screening protocol and all known hIKK-2 inhibitors used 

in the present work [either for validation (see Table S2) or for pharmacophore-generation 

purposes]. The pIC50 values were obtained from the literature. 
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Table S2. hIKK-2 inhibitors used during the validation of the virtual-screening workflow. 

 
2D structure Molecule name pIC50 cluster 

    

 

01 [1] 6.33 4 

 

03 [1] 7.02 4 

 

05 [1] 8.09 4 

 

06 [1] 7.64 4 

 

07 [1] 7.68 4 

 

08 [1] 7.66 4 

 

09 [1] 7.57 4 

 

12 [2] 7.99 4 
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12 [1] 7.02 4 

 

14 [2] 8.22 4 

 

16 [1] 7.40 4 

 

17 [1] 7.07 4 

 

18 [3] 8.15 4 

 

18 [1] 8.07 4 

 

19 [2] 7.55 4 

 

19 [1] 7.42 4 

 

206 [4] 7.29 8 
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20 [2] 7.09 4 

 

20 [3] 7.96 4 

 

20 [1] 7.35 4 

 

22 [1] 7.64 4 

 

23d [2] 7.48 4 

 

23 [1] 7.35 4 

 

24 [1] 7.68 4 

 

25 [1] 7.74 4 

 

27 [1] 7.88 4 
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28 [1] 7.29 4 

 

29 [1] 6.72 4 

 

31 [1] 8.09 4 

 

32a [2] 7.58 4 

 

32b [2] 7.41 4 

 

32d [2] 7.48 4 

 

32e [2] 7.12 4 

 

32 [1] 7.72 4 

 

32f [2] 7.25 4 
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33 [1] 7.88 4 

 

34 [1] 7.57 4 

 

36a [2] 7.66 4 

 

36c [2] 7.60 4 

 

36d [2] 7.80 4 

 

36 [1] 7.22 4 

 

37a [2] 7.27 4 

 

37 [1] 7.44 4 

 

3b [2] 7.47 4 
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40 [1] 7.54 4 

 

43 [1] 8 4 

 

4a [3] 7.40 4 

 

4b [3] 7.36 4 

 

4c [3] 8.15 4 

 

4d [3] 7.36 4 

 

4e [3] 8.09 4 

 

4f [3] 7.85 4 

 

4h [3] 7.41 4 
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210 [4] 7.02 8 

 

8 [4] 7.17 8 

 

4k [3] 7.92 4 

 

4g [3] 7.60 4 

 

4j [3] 7.66 4 

 

21 [1] 8.52 4 

 

26 [1] 8.15 4 

 

36b [2] 8.30 4 

 

37b [2] 7.50 4 
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These 62 hIKK-2 inhibitors (different from the 36 used during the structure-based 

pharmacophore generation; see Table S1) were used to test the ability of the virtual-screening 

workflow to identify hIKK-2 inhibitors in a database of molecules. The Cluster column shows 

the cluster into which each molecule was classified after running a Schrödinger script that 

clusters molecules based on Tanimoto similarities between MOLPRINT 2D fingerprints (using 

the Knime v.2.0.3 module in the Schrödinger software package). The molecules distributed in 

these clusters are the natural products obtained as hits in our virtual-screening protocol and all 

known hIKK-2 inhibitors used in the present work (either for validation or for pharmacophore-

generation purposes). The pIC50 values were obtained from the literature. 
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Abstract 

 

Human inhibitor NF-κB kinase 2 (hIKK-2) is the primary component responsible for activating 

NF-κB in response to various inflammatory stimuli. Thus, synthetic ATP-competitive inhibitors for 

hIKK-2 have been developed as anti-inflammatory compounds. We recently reported a virtual 

screening protocol (doi:10.1371/journal.pone.0016903) that is able to identify hIKK-2 inhibitors 

that are not structurally related to any known molecule that inhibits hIKK-2 and that have never 

been reported to have anti-inflammatory activity. In this study, a stricter version of this protocol 

was applied to an in-house database of 29,779 natural products annotated with their natural source. 

The search identified 274 molecules (isolated from 453 different natural extracts) predicted to 

inhibit hIKK-2. An exhaustive bibliographic search revealed that anti-inflammatory activity has 

been previously described for: (a) 36 out of these 453 extracts; and (b) 17 out of 30 virtual 

screening hits present in these 36 extracts. Only one of the remaining 13 hit molecules in these 

extracts shows chemical similarity with known synthetic hIKK-2 inhibitors. Therefore, it is 

plausible that a significant portion of the remaining 12 hit molecules are lead-hopping candidates 

for the development of new hIKK-2 inhibitors. 

 
Keywords 

IKK-β, chronic inflammation, homology model, pharmacognosy, scaffold hopping, virtual 

screening. 

 

Abbreviations 
 
hIKK-2, human inhibitor nuclear-factor κB kinase 2; NF-κB, nuclear-factor κB transcription 
factor; NPs, natural products; VS, virtual screening 
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1. Introduction 
 

For centuries, the only effective way to relieve pain and cure diseases has been the use (either by 

oral or topical administration) of natural products (NPs; mainly of vegetal origin) [1]. Thus, the 

first records of using plants to treat illnesses come from Mesopotamia and date from about 2600 

BC. Later, older western civilizations such as the Egyptians (e.g., the Ebers Papyrus dating from 

1500 BC), the Greeks (e.g., the History of Plants from Theophrastus dating from 300 BC) and the 

Romans (e.g., the De materia medica from Pedanius Dioscorides written between 65 and 75 AD) 

documented naturally occurring drugs. Oriental civilizations such as those in China and India have 

also extensively documented the medicinal use of endemic plants since ancient times. For 

example, Wu Shi Er Bing Fang reported 52 prescriptions around 1100 BC, and the Indian 

Ayurvedic system dates from about 1000 BC. These reports are the basis of traditional medicines 

that are extensively used today. 

 

One of the most notable effects of certain medicinal plants is their anti-inflammatory activity. For 

example, the De materia medica book from Pedanius Dioscorides describes plants that can be used 

to treat inflammatory disorders such as rheumatic or arthritic pains, joint swelling, snake bites, and 

fever [2]. Inflammation is a complex non-specific immune response triggered by damage to living 

tissues that protects higher organisms from infection and injury [3]. There are two types of 

inflammation, and their effects can be either beneficial (defense against agents interfering with 

homeostasis; i.e., acute inflammation) or harmful (causing damage to cells and tissues, i.e., chronic 

inflammation) [4]. Chronic inflammation is directly involved in the combination of metabolic risk 

factors (i.e., abdominal obesity, insulin resistance, hypertension, prothrombotic state, and 

atherogenic dyslipidemia) that is known as metabolic syndrome [5-8]. Thus, identifying and 

targeting the central molecules involved in integrating metabolic responses with 

immune/inflammatory responses will hopefully lead to a successful therapy for metabolic 

syndrome [9]. One target of interest is human inhibitor nuclear-factor κB kinase 2 (hIKK-2). 

hIKK-2 is a serine-threonine protein kinase belonging to the IKK complex and is the primary 

component responsible for activating nuclear-factor κB transcription factor (NF-κB) in response to 

inflammatory stimuli. Indeed, the importance of the NF-κB pathway for regulating the expression 

of genes controlling cellular immune and inflammatory responses has motivated research groups 

in both academia and the pharmaceutical industry to devote increasing efforts toward developing 

synthetic ATP-competitive inhibitors for hIKK-2 [10-13], which could be of therapeutic use in 

patients affected by chronic inflammatory diseases [14]. 

 

Recently, we successfully used a virtual screening (VS) protocol to screen the ZINC Natural 
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Products Database (http://wiki.compbio.ucsf.edu/wiki/index.php/Natural_products_database) [15] 

for hIKK-2 inhibitors of natural origin that compete with ATP [16]. We predicted that 1,061 out of 

the 89,425 molecules present in the studied database would inhibit hIKK-2 with good ADME/Tox 

properties. Notably, when these 1,061 molecules were merged with the 98 synthetic hIKK-2 

inhibitors used in that study (either for validation or for pharmacophore-generation purposes) and 

the resulting set was classified into ten clusters according to chemical similarity, there were three 

clusters that contained only natural products. Five molecules from these three clusters (for which 

no anti-inflammatory activity was previously described) were then selected for in vitro activity 

testing, and three out of the five molecules were found to inhibit hIKK-2 (one per cluster). 

 

Hence, the goals of the present work were to find (a) natural extracts with known anti-

inflammatory activity that contain at least one molecule that we predicted to be an hIKK-2 

inhibitor and (b) hits from our VS protocol that have not been yet described as hIKK-2 inhibitors 

and that are present in such anti-inflammatory extracts. Thus, in order to achieve these goals, we 

(a) applied a modified version of the VS protocol described above (on that uses stricter conditions 

during the last VS step) to an in-house database of 29,779 NPs annotated with their corresponding 

natural source(s) of origin and (b) determined which of the VS hits are present in extracts with 

known anti-inflammatory activity. 

 

2. Results and discussion 

 

2.1 Virtual-screening workflow: validation and application to our in-house NP database 

The ability of our modified VS workflow to distinguish between hIKK-2 inhibitors and 

molecules that do no inhibit hIKK-2 was evaluated by applying it to the same set of 62 known 

hIKK-2 inhibitors and 10,036 kinase decoys that was used to validate our previous VS workflow 

[16]. We decided to use stricter conditions in the EON filter (i.e., ET_pb ≥ 0.3, ET_shape ≥ 0.5 and 

ET_coulb ≥ 0.3 instead of ET_combo ≥ 0.850) to guarantee that the similarity between the hits and 

the active poses used during this last step of the screening had significant contributions from both 

shape and electrostatic components. Thus, the new conditions in the last VS step increase the 

enrichment factor for the EON filter from 4.5 to 8.6 and that for the full VS process from 39.3 to 

74.6 (see Figure 1). The new conditions significantly enhance the ability of our VS protocol to 

distinguish molecules that inhibit hIKK-2 from those that do not affect its activity. Subsequently, it 

identified 274 out of the 29,779 molecules in our in-house NP database as potential hIKK-2 

inhibitors (see Figure 1). 

2.2 Virtual-screening hits in natural extracts with known anti-inflammatory activity 
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According to the information available in our in-house NP database, the 274 molecules that 

were predicted by the VS workflow as potential hIKK-2 inhibitors have been isolated from 453 

different natural sources. Interestingly, a systematic bibliographic search of PubMed 

(http://www.pubmed.org) revealed that anti-inflammatory activity has been described for extracts 

from 36 out of these 453 different natural sources (see Table 1). These 36 extracts contain 30 VS 

hit molecules (see Table S1), and therefore it is plausible that, through their role as hIKK-2 

inhibitors, these molecules contribute to the observed anti-inflammatory activity of their 

corresponding extract. In fact, a search with SciFinder (http://www.cas.org/products/sfacad) 

revealed that anti-inflammatory activity has been described for 17 out of these 30 VS hits (see 

Table S1).  

 

Analysis of these 17 VS hits revealed that some of them are polyphenols (which are secondary 

metabolic products in plants that are abundant in our diet) whose roles as antioxidants and in the 

prevention of degenerative diseases, cancer and cardiovascular diseases have been well described 

[4, 100-103]. The most significant phenolic compounds found in these 36 anti-inflammatory 

extracts are as follows:  

 

• The biflavonoid ayanin (CAS: 572-32-7; see Table S1), which is found in seven extracts 

(see Table 1) and has been claimed to be of use in treating allergic asthma [20]. 

• The isoflavone iristectorigenin A (CAS: 39012-01-6; see Table S1) and the anthocyanin 

malvidin (CAS: 643-84-5; see Table S1), which show strong inhibitory activity for NO 

production [44, 49]. Iristectorigenin A is found in Iris germanica extracts (see Table 1), 

whereas malvidin is found in Lavandula angustifolia and Vaccinium myrtillus extracts (see 

Table 1). 

• The flavone baicalein (CAS: 491-67-8; see Table S1) [56], which is found in Oroxylum 

indicum, Scutellaria baicalensis and Terminalia arjuna extracts (see Table 1). 

• The epicathechin derivate 4β-(2-aminoethylthiol)epicatechin [97], which is found in Vitis 

vinifera extracts (see Table 1). 

 

In addition to polyphenols, other molecules were found to be among the 17 VS hits present in 

known anti-inflammatory extracts, such as: 

 

• Aristilactam FI (CAS: 112501-42-5; see Table S1), which is found in Piper longum 

extracts (see Table 1) and has been shown to inhibit NO generation in RAW264.7 

macrophages stimulated with lipopolysaccharide [73]. 
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• Harmol (CAS: 487-03-6; see Table S1), which is found in Passiflora edulis [62, 63] 

extracts (see Table 1) and belongs to the β-carbolines (a group of methylated natural 

product derivatives identified as hIKK-2 inhibitors several times) [104-106]. 

• 2-tert-butyl-hydroquinone (CAS: 1948-33-0; see Table S1), which is found in Paeonia 

suffruticosa extracts (see Table 1) and is a component of experimental diets which, in 

synergy with other compounds, reduces atherosclerotic plaque in the aortic sinus [59]. 

 

Therefore, it is reasonable to suspect that a substantial portion of the remaining 13 VS hits also 

act as anti-inflammatory agents by inhibiting hIKK-2 and thus contribute, at least partially, to the 

observed anti-inflammatory activity of the various extracts that contain them. Moreover, when we 

merged these 13 hits with 377 synthetic hIKK-2 inhibitors and the resulting set was classified 

according to structural similarity, there was a single molecule (i.e., CAS: 38940-60-2; see Table 

S1) that shares a cluster with the synthetic molecules (results not shown). Moreover, 4 out of the 

remaining 12 molecules were grouped into two clusters (CAS: 93973-22-9 and gamm-cotonefuran 

in one cluster and methyl β-D-apiofuranosyl-(1->6)-β-D-glucopyranoside and 1,4-dideoxy-1,4-

imino-(2-O-β-D-glucopyranosyl)-D-arabinitol in the other), and the rest have unrelated chemical 

structures. Thus, these 12 predicted hIKK-2 inhibitors show 10 different chemical scaffolds that 

are very different from those presently known as synthetic hIKK-2 inhibitors. 

 

3. Conclusions 

 

In a previous study [16], we developed a VS workflow that was able to successfully discern 

between molecules that inhibit hIKK-2 and molecules that do not inhibit this enzyme. We 

experimentally proved that our VS protocol was able to identify hIKK-2 inhibitors that (a) were 

not structurally related to any known synthetic molecule that inhibits hIKK-2 and (b) have never 

been reported to have anti-inflammatory activity. In the present work we applied the same VS 

workflow using more strict conditions in the last filter step to an in-house database of 29,779 NPs 

annotated with their corresponding natural source(s). According to the validation results (see 

Figure 1), the more restrictive conditions of the current EON filter increased the success rate of our 

predictions. Interestingly, our screen predicted 30 hIKK-2 inhibitors that are present in natural 

extracts with known anti-inflammatory activity, and 17 of these molecules have been described as 

anti-inflammatory. Among the remaining 13 NP hits, 12 show no chemical similarity either 

between themselves or with 377 synthetic hIKK-2 inhibitors. Thus, it can be concluded that a 

significant portion of these 12 NPs could be lead-hopping candidates for the development of new 

hIKK-2 inhibitors. 
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Additionally, we predicted that there are 414 other extracts with undescribed anti-

inflammatory activity that contain at least one out of 274 VS hits. Consequently, our work opens 

the door to the discovery of new anti-inflammatory extracts of natural origin that could be of use, 

for example, in the design of functional foods aimed at preventing diseases that are the result of 

chronic inflammation. Therefore, the characterization of such extracts merits further attention, and 

current work in this regard is underway. 

 
 
4. Experimental section 

 

4.1 Virtual-screening workflow 

The VS workflow used in this work is the same as that described previously [16] except that 

the conditions of the last filter were more restrictive. 

 

The first step of the VS protocol consisted of an ADME/Tox filter performed with the FAF-

Drugs2 tool [107], which aimed to discard molecules that either had poor ADME properties or 

were potentially toxic. Thus, the drug-like properties of a compound were evaluated using the 

Lipinski rule of five [108], and only one violation of this rule was allowed. Then, molecules 

containing toxic groups were filtered using the 204 substructures for “warhead” chelators, frequent 

hitters, promiscuous inhibitors and other undesirable functional groups available in FAF-Drugs2 

tool [107]. Molecules with appropriate ADME/Tox properties were then incorporated into a Phase 

database, and conformations and sites were generated for them. 

 

The next step of the VS protocol used a structure-based pharmacophore that was obtained by 

docking 36 known selective ATP-competitive inhibitors for hIKK-2 from different chemical 

families into a hIKK-2 homology model. The docking was done with eHiTS v2009 (SimBioSys 

Inc., Toronto, Canada; http://www.simbiosys.ca/ehits) [109] by considering the receptor to be a 

rigid body and the ligands as flexible (i.e., free rotation was allowed around the single bonds of the 

ligand). Default docking conditions were selected except for the size of the sides of the cubic box 

encompassing the ATP-binding pocket, which was increased from 10 Å to 15 Å. Then, the protein-

ligand interactions of the poses obtained were analyzed with LigandScout v2.03 (Inte:ligand 

GmbH, Vienna, Austria, http://www.inteligand.com/ligandscout) [110], and the poses that satisfied 

the generic binding features of ATP-competitive kinase inhibitors were selected as correct 

(regardless of their eHiTS scores). As a result of this analysis, 43 poses belonging to 21 hIKK-2 

inhibitors were identified as correct, and their corresponding sites (i.e., functional groups used by 

the poses in their intermolecular interactions with the hIKK-2 kinase domain) were used to derive 
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a common structure-based pharmacophore that contains one hydrogen-bond acceptor, two 

hydrogen-bond donors and one hydrophobic site. Moreover, the pharmacophore was completed 

with a shell of excluded volumes that schematically represent the location of the residues forming 

the ATP-binding site in the hIKK-2 homology model. This pharmacophore was used by Phase v3.1 

(Schrödinger LLC., Portland, USA; http://www.schrodinger.com) [111] to screen molecules by (a) 

allowing reorientation of the conformers to determine if they match the pharmacophore or not, (b) 

matching at least three out of the four sites of the structure-based common pharmacophore, (c) not 

considering any site as mandatory, (e) not preferring partial matches involving more sites and (f) 

using the excluded volumes from the structure-based common pharmacophore. The other options 

and parameter values used during the search were the default values. Those ligands with at least 

one hit in this Phase search were then docked to our hIKK-2 homology model with eHiTS v2009 

using the same docking conditions described above. Then, the resulting ligand poses were again 

filtered with Phase through the structure-based common pharmacophore using the same filtering 

conditions as in the first Phase run with the exception that no reorientation of the poses was 

allowed during the search (i.e., the score in place option was used) to find docking poses 

compatible with the pharmacophore. 

 

Finally, in the last step of the VS protocol, the poses that were hits in this second 

pharmacophore screen were submitted to a shape and electrostatic potential comparison with 43 

poses from 21 known hIKK-2 inhibitors that (a) were also obtained by docking with our hIKK-2 

homology model and (b) also match the structure-based common pharmacophore without 

reorientation. This comparison was done with EON v2.0.1 (OpenEye Scientific Software, Inc., 

Santa Fe, New Mexico, USA; http://www.eyesopen.com), and only molecules with ET_pb ≥ 0.3, 

ET_shape ≥ 0.5 and ET_coulb ≥ 0.3 were considered as predicted hIKK-2 inhibitors. 

 

4.2 Clustering of molecules according to their chemical similarity 

Clustering of the set of molecules formed by (a) the 13 NP hits present in extracts with known 

anti-inflammatory activity but whose effect on inflammation has not been described and (b) the 

377 known synthetic inhibitors obtained from the BindingDB database (http://www.bindingdb.org) 

[112] was performed with Canvas v1.2.211 (Schrödinger LLC., Portland, USA; 

http://www.schrodinger.com). MOLPRINT2D binary fingerprints were calculated for each 

molecule followed by a hierarchical clustering based on the Tanimoto similarity metric. Finally, 

the Kelly criterion was used to split the molecules into clusters.  
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Table 1. Extracts with described anti-inflammatory activity that contain at least one molecule 
predicted to inhibit hIKK-2 by our virtual screening protocol. 

 

 

 

Source Molecule References 

Ailanthus altissima 38940-60-2 [17] - [18] 

Apuleia leiocarpa 572-32-7 [19] [20] [21] 

Blumea balsamifera 572-32-7 [22] [20] [23] 

Broussonetia papyrifera broussonin F [24] - [25] 

Cannabis sativa 64052-90-0 [26] [27] [28] 

Cassia Siamea 60352-12-7 [29] - [30] 

Combretum apiculatum 39499-93-9 [31] - [32] 

93973-22-9 - 
Crataegus monogyna 

γ-cotonefuran 
[33] 

- 
[34] 

Cuminum cyminum methyl β-D-apiofuranosyl-(1->6)-β-D-
glucopyranoside [35] - [36] 

Evodia rutaecarpa 20315-68-8 [37] [38] [39] 

oldhamactam 
Fissistigma oldhamii 

aristololactam B III 
[40] [40] [40] 

Inula viscosa 572-32-7 [41] [20] [42] 

Iris germanica 39012-01-6 [43] [44] [45] 

Kaempferia parviflora 572-32-7 [46] [20] [47] 

Lavandula angustifolia 643-84-5 [48] [49] [50] 

Morus alba 1,4-dideoxy-1,4-imino-(2-O-β-D-
glucopyranosyl)-D-arabinitol [51] - [52] 

Nigella sativa nigellidine [53] - [54] 

Oroxylum indicum 491-67-8 [55] [56] [57] 

Paeonia suffruticosa 1948-33-0 [58] [59] [60] 

Passiflora edulis 487-03-6 [61] [62] [63] 

50-67-9 [65] [66] 
Peganum harmala 

83789-01-9 
[64] 

- [67] 

Physalis minima 572-32-7 [68] [20] [69] 

Picrasma quassioides 100234-63-7 [70] - [71] 

Piper longum 112501-42-5 [72] [73] [74] 

Plumbago indica 572-32-7 [75] [20] [76] 

Pongamia pinnata 5-hydroxyfurano[7,6:4'',5'']flavone [77] - [78] 

Scaphyglottis livida 118169-17-8 [79] [80] [81] 

Scoparia dulcis 51-43-4 [82] [83] [84] 

Scutellaria baicalensis 491-67-8 [85] [56] [86] 

Siegesbeckia glabrescens 572-32-7 [87] [20] [87] 

108909-02-0 
Tamus communis 

118169-17-8 
[88] [80] [89] 

Terminalia arjuna 491-67-8 [90] [56] [91] 

Vaccinium myrtillus 643-84-5 [92] [49] [93] 

Valeriana officinalis 14140-13-7 [94] - [95] 

Vitis vinifera 4β-(2-aminoethylthiol)epicatechin [96] [97] [98] 

Zanthoxylum avicennae 2255-50-7 [99] [99] [99] 
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Our VS workflow predicted that 274 molecules from our in-house NP database (isolated from 

453 different natural sources) are potential hIKK-2 inhibitors. A bibliographic search in 

PubMed revealed that anti-inflammatory activity has been described for 36 extracts from 

among these 453 different natural sources. These 36 extracts contain 30 NP hits from our VS, 

and a search in SciFinder revealed that anti-inflammatory activity has been described for 17 of 

them. Table 1 shows these 36 extracts and the name of the VS hits that have been purified from 

them (identified, when available, by their corresponding CAS number). The bibliographic 

references for each extract are split into three columns in which (a) the first column reports 

papers that describe the anti-inflammatory activity of the corresponding extract; (b) the second 

column reports papers that describe the anti-inflammatory activity of the corresponding 

molecule (when available), and (c) the third column reports papers that describe the purification 

of each molecule from the corresponding extract. The 2D structures of these virtual screening 

hits are described in Table S1 of the supporting information. 

 
 

Figure 1. The VS workflow used in the present work. 

 

 

 

 

 

 

 

 

 

 

 

The data beside each VS step show the number of molecules that survived it. The ACTIVES and 

DECOYS columns refer to known hIKK-2 and kinase decoys used during VS validation, 

respectively. The In-house column refers to data obtained with our in-house database of NPs. 

Enrichment factors were calculated during the validation of each step of the VS protocol as the 

quotient between the fraction of actives in the sample that survived the VS step and the fraction of 

actives in the sample before the VS step. 
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Abstract
IkB kinase b (IKK-2) is a serine-threonine protein kinase that is critically involved in
activating the transcription factor NF-kb in response to various inflammatory stimuli
(hence, the interest in synthesizing molecules that can inhibit IKK-2). Some pyridine
derivates have been shown to be among the most potent IKK-2 inhibitors known at
present. This study reports how pyridine derivates have been used to develop a 3D-
QSAR model for rationalizing results from previous structure-activity relationship studies
on IKK-2 inhibition by these molecules; and predicting the IC50 of other pyridine-derivate
IKK-2 inhibitors whose activity is unknown. Therefore, 3D-QSAR models were built with
PHASE and a training set of 21 molecules with IC50 values that span five orders of
magnitude (ranging from 0.004 to more than 20 mM) and in which each order of
magnitude had from two to seven molecules. The resulting models were validated with a
test set made up of 16 molecules of known IC50. Only 3 out of 1245 3D-QSAR models
had statistical parameter values in the following ranges: a) R2, Q2 and r-Pearson value�
0.8000; b) RMSE/SD in the [0.90 – 1.05] interval; c) Q2/R2�1; and d) P<0.05 (statistical
significance). Moreover, a second test set (consisting of 63 molecules whose activity has
been reported in the form of the IC50 interval to which it belongs) was used for selecting
which of the three remaining 3D-QSAR models makes the best predictions. The best 3D-
QSAR model obtained is associated with a pharmacophore that contains all the charac-
teristics that previous structural-activity studies have reported to be essential if IKK-2 is
to be inhibited by these ligands. Therefore, it is concluded that this 3D-QSAR model can
be used to reliably predict how other pyridine derivates inhibit IKK-2.

1 Introduction

The NF-kb pathway is important in regulating the expres-
sion of cellular genes that are involved in controlling the
immune and inflammatory response [1]. The activation of
NF-kb, then, induces the expression of more than 150
genes such as cytokines (e.g. TNF-b, IL-1, IL-6), chemo-
kines (e.g. IL-8, MCP-1), cell adhesion molecules (e.g.
ICAM-1, VCAM-1) and proteases [1]. NF-kb exists in the
cytoplasm in an inactive form associated with regulatory
proteins called inhibitors of kb or Ikb. In order to activate
NF-kb, Ikb has to be phosphorylated by IKK. This kinase
is a complex that consists of: a) two catalytic subunits (i.e.
IKK-a or IKK-1 and IKK-b or IKK-2); b) one regulatory
subunit called IKK-g or NEMO; c) NIK; and d) various
other known and unknown proteins [2]. Although IKK-l

and IKK-2 are highly homologous and contain similar
structural domains, it is IKK-2 that plays the major role in
activating NF-kb via the canonical pathway [3]. Thus, the
importance of the IKK complex in regulating the NF-kb

pathway has led to pharmaceutical companies taking con-
siderable interest in developing synthetic IKK-2 inhibitors
from several chemical families (e.g. pyrimidines, quinazo-
lines, thiophenecarboxamides, pyridines, benzimidazoles,
indoles, and carboline derivatives [3]) that can be used, for
instance, in patients affected by chronic-based inflamma-
tion diseases.

A large number of pyridine derivatives that are IKK-2
inhibitors have been synthesized by the Bayer Research
Center in Kyoto [4 – 8]. These compounds are potent and
selective IKK-2 inhibitors that are anti-inflammatory both
in vitro and in vivo. In fact, it has been claimed that they
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are a novel class of antiasthma and anti-inflammatory
drugs [9]. 3D-QSAR studies for IKK-b inhibitors are only
available for thienopyridine [10] and thiophenecarboxa-
mide derivatives [11]. Therefore, the present study aims to
contribute to knowledge of the structural-activity relation-
ships of IKK-2 inhibitors by using Bayer�s pyridine deriva-
tives [4-8] for developing a 3D-QSAR model that: a) cor-
relates the experimental activity with the structures of the
inhibitors used to develop the model; and b) is able to pre-
dict the IC50 of a large set of other pyridine derivatives not
used during the development of the model.

2 Materials and Methods

2.1 IKK-2 Inhibitors Used in the Present Study

We are working with the 252 pyridine derivatives in Fig-
ures A to D in the Appendix (henceforth, figures in the
Appendix will be distinguished from figures in the other
sections by using letters instead of numbers) [4 – 8]. Ac-
cording to the literature, these derivatives act as IKK-2 in-
hibitors by competing with ATP for the binding site [9].
The IC50 values (i.e. the concentration needed to inhibit
the enzyme activity by 50%) of 37 of these 252 molecules
were obtained in the same experimental conditions by the
same scientific team (see Figures A and B, Appendix)
[5 – 8]. Their chemical structure is also unequivocally
known (i.e. either there are no chiral atoms in their struc-
ture or the chirality of the molecules is known), their IC50

values span five orders of magnitude (from 0.004 to more
than 20 mM) and each order of magnitude is represented
by several compounds (see Figures A and B, Appendix).
These 37 molecules have been assigned to either the train-
ing set from which the 3D-QSAR models are obtained (21
molecules; see Fig. A, Appendix) or the test set, which is
used to validate these models (16 molecules; see Fig. B,
Appendix). The activity of 63 other pyridine derivatives of
unambiguous structure was obtained under the same con-
ditions as the 37 molecules in the training and test sets but
it is reported in the literature as the IC50 interval to which
the corresponding IC50 value belongs (see Fig. C, Appen-
dix) [4]. Therefore, the 63 derivatives were used as an ex-
ternal validation set to help to choose the best predictive
3D-QSAR model. The remaining 152 pyridine derivatives
(see Fig. D, Appendix) have ambiguities in their structure
(i.e. they have at least one chiral atom) and their measured
IC50 or their IC50 range corresponds to an undetermined
mixture of the stereoisomers [4, 6 – 8]. Consequently, they
were used neither to derive the 3D-QSAR models nor to
validate them but their individual activity was predicted
with the best 3D-QSAR model that we obtained.

2.2 Generation of the 3D Structures of the Ligands and
Further Set-up for Using Them with PHASE

The 3D-structure of all ligands in Figures A to D (Appen-
dix) was built and minimized with ChemDraw Ultra v11.0
[12] (CambridgeSoft Corporation, Cambridge, MA, USA;
http://www.cambridgesoft.com/). These 3D structures were
then incorporated into the LigPrep module of the Schrç-
dinger 2007 suite (http://www.schrodinger.com) and im-
proved by cleaning. The cleaning process was carried out
with default parameter values except for Generate possible
states at target pH, which was set to 7.6 (i.e. the pH used to
measure IC50 values [4 – 8]) and the Stereoisomers check-
box, in which the retain specified chiralities option was se-
lected.

2.3 Generation of Conformers for Training and Test Set
Ligands

Once the ligands were ready for use with the PHASE [13]
module of the Schrçdinger 2007 suite, a conformational
search was run in order to generate sets of representative
conformers for each ligand in the training and test sets
[this is done because: a) the 3D structure of IKK-2 is un-
known so protein-ligand docking cannot be used to find
the bioactive conformation of each ligand; and b) this con-
former generation is expected to find the bioactive confor-
mation for each ligand]. The search method that we used
was the ConfGen conformational utility from MacroMo-
del through the Ligand Torsion Search interface. Briefly,
ConfGen carefully examines the structure of each ligand
to discover where local minima are expected as a function
of rotations about rotatable bonds. Then, it systematically
generates the conformations that arise from various com-
binations of these local minima and provides a broad and
fairly uniform coverage of the available conformational
space. The non-default parameter values used during this
conformational search were: a) Force field: MMFFs; b) Di-
electric constant: 1.0; and c) non-selection of the suppress
hydrogen bonding electrostatics checkbox in order to al-
low intramolecular hydrogen bonds during the conforma-
tional search (it has been reported that the most active
IKK-2 inhibitors used in the present study have an internal
hydrogen bond [4 – 8] so this bond should be possible in
our conformations).

2.4 Generation of 3D-QSAR models

The 3D-QSAR study was carried out with the PHASE
v2.5 module [13] built within the Schrçdinger 2007 suite.
Initially, the pIC50 values were obtained for each ligand in
the training and test sets (see Figures A and B, Appendix)
by calculating � logIC50þ6 (where the IC50 units are mM)
because PHASE expects that the higher the activity of the
ligand is, the higher the value that quantifies it. After that,
pharmacophore sites (i.e. a set of points in the 3D space,
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which are coincident with chemical features that can facili-
tate non-covalent binding between the ligand and its target
receptor) were obtained for the different conformations of
these ligands by using the default site definitions built
within PHASE. Thus, the program classifies the chemical
features as hydrogen bond acceptors (labeled A), hydro-
gen bond donors (labeled D), hydrophobic groups (labeled
H), negatively charged groups (labeled N), positively
charged groups (labeled P) and aromatic rings (labeled
R).

PHASE then uses the most active molecules in the
training set to build the pharmacophores (i.e. the program
assumes that the most active ligands have the strongest
binding interaction with IKK-2 or contain the highest

number of pharmacophore features that are involved in
the binding to the protein target). The user, therefore,
needs to set a pIC50 threshold that helps to select which
IKK-2 inhibitors have to be used during pharmacophore
development. Thus, we considered to be all those IKK-2
inhibitors with a pIC50 higher than 7.620 (7 out of 37 mole-
cules). Only five of these seven molecules belong to the
training set, so only these were used to develop the phar-
macophore [the other two molecules belong to the test set
and were kept for validation purposes (see Figures A and
B, Appendix)]. At this point it is worth mentioning that
the active molecules we selected were diverse enough in
structure and activity to ensure the reliability of the phar-
macophore models that were subsequently obtained with
PHASE.

The next step in generating the pharmacophore was the
search for the so-called common pharmacophores or hy-
potheses. In this step, pharmacophores from the different
conformations of all five active ligands in the training set
were examined, and those conformations with identical
sets of five pharmacophore sites that were similarly spa-
tially arranged were grouped together. Once the common
pharmacophores had been identified, they were scored. In-
itially, this scoring was based on how well the active li-
gands superimpose when they were aligned on the chemi-
cal features associated with each hypothesis. The quality
of each alignment was measured as the result of three dif-
ferent contributions: 1) the alignment score (i.e. the
RMSD of the site-point positions); 2) the vector score [i.e.
the average cosine of the angles formed by the corre-
sponding pairs of vector features (acceptors, donors, and
aromatic rings) in the aligned structures]; and 3) a volume
score that is based on the overlap of the van der Waals
models of the nonhydrogen atoms in each pair of struc-
tures. The weights that measure the contribution of these
three scores to the final hypothesis score were by default.
Moreover, we use the inactive compounds to perform an
additional scoring to penalize those hypotheses that could
not distinguish between active and inactive compounds.
During this second scoring, we considered those molecules
in the training set whose pIC50 was lower than 4.699 as in-
active IKK-2 inhibitors (see Fig. A, Appendix). After this
step, the top 10% of the scored hypotheses (i.e. 1245) were
kept to develop the corresponding 3D-QSAR models and
to understand how the structural differences between
IKK-2 inhibitors affect the activity of the enzyme. We gen-
erated 3D-QSAR models by using the experimental pIC50

from all the IKK-2 inhibitors in the training set (see
Fig. A, Appendix) and aligning them to the reference li-
gand associated with each of the 1245 hypotheses. At this
point, it is worth pointing out that the training set includes
the five active molecules that were used to build the com-
mon pharmacophores. All the parameters used during the
building of the 3D-QSAR models had default values ex-
cept for the maximum number of PLS factors (i.e. 3), the
3D-QSAR model type (i.e. atom-based) and the percent
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Figure 1. The conformations of the reference ligand and the
associated sites (i.e. A for hydrogen-bond acceptors, D for hy-
drogen-bond donors and R for aromatic ring) that have been
used to build the three hypotheses with best statistical parame-
ters are shown (see Table 1). The reference ligand is 4e [8] for
the three hypotheses. Hypotheses ADDRR.383 and
AADDD.2750 share the same conformation of 4e (in yellow)
whereas the conformation used by hypothesis AADDD.1950 is
shown in turquoise. The orientation is the same in all panels so
that they can be easily compared. Figure 1A compares the two
conformations of 4e used by the three hypotheses and also
shows the dashed lines that correspond to the intramolecular hy-
drogen bond that has been described as crucial for the activity
of this kind of ligand [6]. Figures 1B, 1C, and 1D show the con-
formation of the reference ligand and sites that have been used
to build hypotheses ADDRR.383, AADDD.2750, and
AADDD.1950, respectively.
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of ligands assigned to the training and test sets (i.e. 57 and
43%; respectively).

After all the 1245 3D-QSAR models had been built,
they were used to predict the pIC50 for all the IKK-2 inhib-
itors from the training and the test sets. Then, from the
comparison between the experimental and predicted pIC50,
we derived statistics to describe how good each 3D-QSAR
model is for predicting the pIC50 for pyridine derivatives.
The statistical parameters that were used to evaluate the
training set prediction were: a) R2 (i.e. coefficient of deter-
mination); b) SD (standard deviation of regression); c) F
statistic (i.e. overall significance of model); and d) statisti-
cal significance (i.e. the probability that the correlation
could occur by chance). The parameters used to evaluate
the test set predictions were: a) Q2; b) root-mean-squared
error; and c) Pearson r value (i.e. Pearson correlation coef-
ficient). Finally, the 3D-QSAR models with the best pre-
dictive power were considered to be those that simultane-
ously met all the following criteria: a) R2, Q2 and Pearson r

value � 0.8000; b) RMSE/SD in the interval [0.90 – 1.05];
c) Q2/R2�1 (because the 3D-QSAR needs to predict
equally well molecules in the training and the test sets);
and d) P<0.05 (statistical significance). The selection was
made with the help of a Filemaker database (http://www.
filemaker.com/) to which all the statistical results from the
1245 hypotheses had been exported. With this criterion
and the help of the database, we found that 3 of 1245 hy-
potheses (see Table 1) had enough predictive power to be
used to predict the IC50 of pyridine derivatives other than
the ones in the training and test sets.

2.5 Find Matches to Hypothesis

We created two different 3D databases by using the Man-
age 3D Database application of PHASE. The first con-
tained 63 pyridine derivatives of unambiguous structure
and known activity range (see Fig. C, Appendix) [4]. This
database was used to help us choose which of the remain-
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Figure 2. The ADDRR.383 model in the context of the most active ligand and one of the least active ones. The orientation is the
same in all panels so that they can be easily compared. The complete ADDRR.383 model is shown in panel A. Panels B and C show
only the cubic volume elements of ADDRR.383 that are occupied either by the most active compound (i.e. S_patent [5, 9]; panel B)
or by one of the least active compounds (i.e. 41 [6]; panel C). The blue cubes in ADDRR.383 indicate regions that are favorable for
activity (for instance, the intramolecular hydrogen bond, the amino donor group and the hydrophobic area from S_patent). The red
cubes from ADDRR.383 indicate regions that are unfavorable for activity (for instance, the large substituent in the pyridine ring and
the hydroxyl group from 41). Finally, areas from ADDRR.383 without blue and red regions suggest that they are not important for
the activity. The thresholds used for viewing the blue and red cubes are 4.000�10�3 and �4.000�10�3, respectively.
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ing three 3D-QSAR models had the best predictive power.
The second database was built with 152 pyridine deriva-
tives of unknown stereochemistry (i.e. they have at least
one chiral carbon) (see Fig. D, Appendix) and, therefore,
for these molecules, the measured IC50 or their IC50 range
corresponds to an undetermined mixture of the different
stereoisomers [4 – 8]. Consequently, their individual activi-
ty was predicted with the best 3D-QSAR model that we
obtained.

To generate the conformation of all the ligands in these
two databases, we used the same conformational search
method and parameter values as were previously used to
generate the conformers for the training and test set li-
gands. Then, these conformations were imported into the
two corresponding databases and sites were created for
each conformer. Finally, the activity for these pyridine de-
rivatives was predicted with the Search for Matches appli-
cation in the Build QSAR Model step from Develop Phar-
macophore Model wizard of PHASE.

3 Results and Discussion

3.1 3D-QSAR Model Selection

Three of the 1245 3D-QSAR models built by PHASE can:
a) describe the structural-activity relationships from the
training set molecules (see Fig. A, Appendix); and b)
make good predictions for the activity of other pyridine
derivates not used to build the models (see Fig. B, Appen-
dix). Table 1 shows the most relevant statistical parameters
obtained when the experimental pIC50 for the training and
test set molecules are compared with the pIC50 values pre-
dicted by these three 3D-QSAR models. We made some
additional studies and analyses to choose which of these
three hypotheses: a) has the best predictive power; and b)
best describes the most important characteristics of the
pyridine IKK inhibitors that have been described in previ-
ous structural-activity studies [4 – 8].

Table 1 and Figure 1 show that all three hypotheses
have been built with the same reference ligand (i.e. 4e [8];
see Fig. A, Appendix) but with two different conforma-
tions. Hypotheses ADDRR.383 and AAADD.2750 share
the same conformation of 4e (in yellow in Fig. 1) whereas
hypothesis AAADD.1950 uses a slightly different confor-
mation (in turquoise in Figure 1). Moreover the kind,
number and location of the sites (i.e. the chemical fea-
tures) used to define hypotheses AAADD.2750 and
AAADD.1950 are the same (i.e. three hydrogen-bond ac-
ceptors and two donors) but they differ in the conforma-
tion of 4e that they use (see Figs. 1A, 1C and 1D). On the
other hand, ADDRR.383 and AAADD.2750 share the
same conformation of 4e but use different kinds of sites to
align the training set molecules during the building of the
3D-QSAR model (see Figs. 1A, B and C).

The intramolecular hydrogen bond between the nitro-
gen of the pyridine ring and the hydroxyl group in the phe-
nolic moiety is important for the activity of this kind of in-
hibitors [6]. The three models that we have selected from
the initial 1245 sample have this bond (see Fig. 1A). At
this point, it should be pointed out that PHASE generates
the 3D-QSAR models by superimposing the structures of
the molecules from the training set onto the reference li-
gand of the hypothesis and using its sites to lead the super-
imposition. Therefore, all pharmacophores that have to be
used to derive 3D-QSAR models should contain the two
aromatic rings from 4e because: a) they are shared by all
the molecules in the training set (see Fig. A, Appendix);
and b) once the position of the rings has been fixed, the in-
tramolecular hydrogen bond would be formed and this
guarantees that the functional groups hanging from these
two rings remain in a position that is suitable for interact-
ing with IKK-2. Of the three hypotheses selected,
ADDRR.383 is the only one to satisfy all these conditions.

Table 2 shows how well the three selected hypotheses
can predict the activities of the molecules in the training
and test sets. Thus, if pIC50 values are classified on an ac-
tivity scale [i.e. �þþþþ � for highly active molecules
(pIC50�8.0); “þþþ” for moderately active molecules
(8.0>pIC50�7.0); �þþ � for moderately inactive molecules
(7.0>pIC50�5.0); and “þ” for inactive compounds
(pIC50<5.0)], then the correct category is predicted in 14
out of 21 molecules (67%) for ADDRR.383, 16 out of 21
molecules (76%) for AAADD.2750 and 17 out of 21 mole-
cules (81%) for AAADD.1950. If a similar analysis is
made with the molecules in the test set, all hypotheses cor-
rectly predicted the activity scale in 11 out of 16 cases
(69%) [although all the 3D-QSAR models are more accu-
rate at predicting the moderately active (i.e. þþþ ) and
the moderately inactive compounds (i.e. þþ ) than pre-
dicting the inactive compounds (i.e. þ )]. Therefore, from
the results in the Table 2 it is not possible to select which
of the models has the best predictive power. For this rea-
son, we analyzed how these three 3D-QSAR models per-
form when predicting a large number of compounds (the
so-called extended test molecules; see Fig. C, Appendix)
that are very similar to the training and test set molecules
but which have not been used to build the hypotheses. The
results of this analysis showed that the 3D-QSAR model
that best predicted the activity range for the extended test
molecules was ADDRR.383 (see Table 3).

Therefore, we can conclude that the ADDRR.383 mod-
el is the best one obtained in our study because it: a) con-
tains two sites for the aromatic rings from which the pro-
ton donor and the acceptor of the intramolecular hydro-
gen bond hang (Figure 1A) and which are common to all
training set molecules; and b) best predicts an external test
set of molecules (with a success rate of nearly 50%; see Ta-
ble 3). At this point, it should be pointed out that, al-
though a predictive power close to 50% seems not to be
very successful, we are comparing our pIC50 predictions
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with the very narrow activity ranges that were used to clas-
sify the molecules in the patent from which the molecules
in the extended test set were borrowed [4] (i.e. A>6.3;
6.3�B>5.6; 5.6�C>5 and D�5; see Table 3). The nar-
rower is the activity scale, the easier it is to incorrectly pre-
dict the correct activity range. Thus, a large number of in-
correct predictions are apparently made when most of the
molecules in activity range C are classified in range B (i.e.
13 out of 15) but, interestingly, no molecules that have ex-
perimental pIC50 in the A range, are predicted to belong to
the D range and vice versa. Moreover, when the results
that were used to validate PHASE versus Catalyst [13] are
compared to the predictions made by ADDRR.383, our
model compares favorably. Hence, when the 45 molecules
in ranges B and C are considered (i.e. the narrowest ranges
used to classify the molecules from the extended test set
[4]), then the activity range of 29 of them (i.e. 64.4%) is
correctly predicted by ADDRR.383. In contrast, only 8 of
the 19 human dihydrofolate reductase inhibitors (i.e.
42.1%) with experimental pIC50 values in the same activity
ranges were correctly classified when validating PHASE
versus Catalyst [13]. Therefore, we can conclude that
ADDRR.383 can also perform well at low pIC50 values at
which it has been reported that PHASE has more prob-
lems to correctly predict the activity [13].

3.2 3D-QSAR Model Description

We analyzed the 3D-QSAR model resulting from the
ADDRR.383 hypothesis in order to understand how the
different moieties from the inhibitor structures contribute,
either positively or negatively, to the activity. Figure 2 not
only shows the complete three-dimensional aspect of this
3D-QSAR model (see Figure 2A) but also how it fits in
the context of: a) the most active compound (i.e. S_patent
[5, 9]; see Figure 2B); and b) one of the least active com-
pounds (i.e. 41 [6]; see Figure 2C). The blue cubes indicate
regions that are favorable for activity; the red cubes indi-
cate regions that are unfavorable for activity; and the areas
with no blue or red suggest that they do not affect activity.
Moreover, in Figures 2B and 2C, the 3D-QSAR model is

represented only by the cubic volume elements that are
occupied by the corresponding ligand.

When the most active compound in our ligand set (i.e.
S_patent [5, 9]; see Figure 2B) is considered in the context
of ADDRR.383, we see: a) an excellent fit with the blue
areas of the model; and b) that only a few red cubes are
present. Figure 2B also shows that when the intramolecu-
lar hydrogen bond is present, there is a hydrophobic re-
gion (occupied by the �OCH2-cyclopropyl substituent
from S_patent) that favors activity. This is in strong agree-
ment with structure – activity relationship studies on thio-
phenecarboxamide derivatives that have shown that some
hydrophobic substituents can also increase their IKK-2 in-
hibitory power because they interact with a lipophilic
pocket in the ATP binding site of the enzyme [14]. All of
this suggests, then, that the �OCH2-cyclopropyl substitu-
ent from S_patent can interact also with this pocket.

Figure 2C shows one of the most inactive compounds in
our dataset (i.e. 41 [6]) in the context of ADDRR.383. Al-
though the conformation of the molecule that is shown in
Figure 2C has the intramolecular hydrogen bond that is
present in the most active ligands, in this case the
ADDRR.383 model suggests that its inactivity could be
caused by the large substituent in the 4 position of the pyr-
idine ring (see Fig. A, Appendix). Thus, when 41 adopts
the conformation shown in Figure 2C, this substituent may
sterically interact with the receptor. Another important
factor for the inactivity of 41 is the lack of an amino sub-
stituent in the 2 position of the pyridine ring. When its ac-
tivity is compared with that of 26 [6] which only differs
from 41 because there is an amino and not a hydroxyl sub-
stituent at the 2 position of the pyridine ring (see Fig. A,
Appendix), the IC50 value of 41 is at least two orders of
magnitude higher than for 26 (>20 versus 0.6 mM; see
Fig. A, Appendix). In Figure 2C, this is reflected by red
cubes over this hydroxyl group. Another important factor
for the low activity of 41 is that this molecule does not
have a hydrophobic substituent in a location equivalent to
the one in the �OCH2-cyclopropyl group in S_patent (see
Figs. 2B and 2C) and, therefore, a putative interaction with
the lipophilic pocket in the ATP binding site of the en-
zyme [14] would not be possible.
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Table 1. Statistical parameter values for the best 3D-QSAR models obtained in our study. Three of the 1245 3D-QSAR models built
by PHASE show good statistics for the comparison between the experimental and predicted pIC50 of the training and test set mole-
cules. They are the only 3D-QSAR models that simultaneously meet all following next criteria: a) R2, Q2, and Pearson r value
�0.8000; b) RMSE/SD in the interval [0.90 – 1.05]; c) Q2/R2�1 (because the 3D-QSAR needs to predict equally well the molecules
in the training and the test sets); and d) P<0.05 (statistical significance). The reference ligand of each hypothesis is the same (i.e. 4e
[8]) but, depending on the hypothesis, it can use one of two different conformations (i.e. conformation 123 for AAADD.1950 and
conformation 69 for ADDRR.383 and AAADD.2750; see Fig. 1).

HYPOTHESIS PLS
factor

SD R2 F P RMSE Q2 r-Pearson RMSE/SD Q2/R2 Reference
ligand

Conformer
number

ADDRR.383 2 0.5055 0.8369 46.2 8.18E-05 0.4600 0.8024 0.8967 0.91 0.96 4e [8] 69
AAADD.2750 2 0.4460 0.8730 61.9 8.58E-06 0.4091 0.8437 0.9209 0.92 0.97 4e [8] 69
AAADD.1950 2 0.4352 0.8791 65.5 5.51E-06 0.4178 0.8370 0.9195 0.96 0.95 4e [8] 123
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In order to analyze the relative contributions of the blue
regions in the ADDRR.383 model (see Fig. 2A) from a
qualitative point of view, we visualized the most active li-

gand in our set (i.e. S_patent [5, 9]; see Fig. A, Appendix)
in the context of four decreasing threshold values for fa-
vorable interactions (see Fig. 3). Thus, Figure 3A shows
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Table 2. Comparison between the experimental pIC50 values of the molecules in the training and test sets and the predicted values
that are obtained when the three best 3D-QSAR models obtained by our study are applied. Comparison between the experimental
pIC50 values of the molecules in the training and test sets (i.e. pIC50 Exp. column [4 – 8]) and the predicted values that are obtained
when the three best 3D-QSAR models obtained by our study are applied (i.e. pIC50 Pred. columns). The different pIC50 values have
been classified according to the following activity scale: �þþþþ � for highly active molecules (i.e. pIC50�8.0); �þþþ � for moderately
active molecules (i.e. 8.0>pIC50�7.0); �þþ � for moderately inactive molecules (i.e. 7.0>pIC50�5.0); and �þ � for inactive compounds
(i.e. pIC50<5.0). The residual column is computed as the difference between the experimental pIC50 and the estimated pIC50 and a
negative value indicates that the estimated pIC50 is higher than the corresponding experimental value.

Training set

ADDRR.383 AAADD.2750 AAADD.1950

Compound
Name

pIC50

Exp.
activity
scale

pIC50

Pred.
activity
scale

residual pIC50

Pred.
activity
scale

residual pIC50

Pred.
activity
scale

residual

S_patent [5,9] 8.40 þþþþ 7.71 þþþ �0.688 8.00 þþþþ �0.40 8.03 þþþþ �0.37
4j [8] 8.07 þþþþ 7.74 þþþ �0.331 7.62 þþþ �0.45 7.63 þþþ �0.44
4e [8] 7.82 þþþ 7.78 þþþ �0.044 7.63 þþþ �0.19 7.58 þþþ �0.24
4f [8] 7.70 þþþ 7.78 þþþ 0.081 7.64 þþþ �0.06 7.59 þþþ �0.11
4d [8] 7.62 þþþ 7.69 þþþ 0.07 7.54 þþþ �0.08 7.47 þþþ �0.15
4h [8] 7.30 þþþ 7.38 þþþ 0.079 7.47 þþþ 0.17 7.54 þþþ 0.24
R_patent [5,9] 7.23 þþþ 7.30 þþþ 0.071 7.53 þþþ 0.30 7.55 þþþ 0.32
4l [8] 6.96 þþ 7.47 þþþ 0.511 7.23 þþþ 0.27 7.27 þþþ 0.31
4b [8] 6.57 þþ 6.94 þþ 0.371 6.61 þþ 0.04 6.70 þþ 0.13
22 [6] 6.30 þþ 5.97 þþ �0.331 6.42 þþ 0.12 6.38 þþ 0.08
26 [6] 6.22 þþ 4.89 þ �1.332 4.95 þ �1.27 5.02 þþ �1.20
30 [6] 6.22 þþ 6.00 þþ �0.222 6.28 þþ 0.06 6.36 þþ 0.14
12 [6] 6.10 þþ 5.84 þþ �0.257 6.15 þþ 0.05 6.07 þþ �0.03
27 [6] 6.00 þþ 6.00 þþ 0 6.36 þþ 0.36 6.37 þþ 0.37
29 [6] 5.75 þþ 5.33 þþ �0.415 5.16 þþ �0.59 5.14 þþ �0.61
43 [6] 5.60 þþ 5.63 þþ 0.028 6.04 þþ 0.44 6.01 þþ 0.41
5d [7] 5.21 þþ 5.57 þþ 0.362 5.03 þþ �0.18 5.04 þþ �0.17
17 [6] 4.70 þ 5.39 þþ 0.691 5.20 þþ 0.50 5.18 þþ 0.48
41 [6] 4.70 þ 4.92 þ 0.221 4.88 þ 0.18 4.86 þ 0.16
40 [6] 4.70 þ 5.00 þþ 0.301 4.86 þ 0.16 4.89 þ 0.19
3 [6] 4.70 þ 5.53 þþ 0.831 5.27 þþ 0.57 5.20 þþ 0.50

Test set

ADDRR.383 AAADD.2750 AAADD.1950

Compound
name

pIC50

Exp.
Activity
scale

pIC50

Pred.
activity
scale

residual pIC50

Pred.
activity
scale

residual pIC50

Pred.
activity
scale

residual

4k [8] 7.921 þþþ 7.73 þþþ �0.191 7.51 þþþ �0.411 7.45 þþþ �0.471
4i [8] 7.824 þþþ 7.74 þþþ �0.084 7.55 þþþ �0.274 7.56 þþþ �0.264
4g [8] 7.602 þþþ 7.79 þþþ 0.188 7.63 þþþ 0.028 7.53 þþþ �0.072
4a [7] 7.155 þþþ 6.60 þþ �0.555 6.65 þþ �0.505 6.56 þþ �0.595
4c [8] 6.921 þþ 7.54 þþþ 0.619 7.31 þþþ 0.389 7.27 þþþ 0.349
4a [8] 6.523 þþ 6.70 þþ 0.177 6.47 þþ �0.053 6.52 þþ �0.003
28 [6] 6.301 þþ 6.25 þþ �0.051 6.34 þþ 0.039 6.35 þþ 0.049
20 [6] 6.155 þþ 5.62 þþ �0.535 5.57 þþ �0.585 5.49 þþ �0.665
13 [6] 6.000 þþ 5.88 þþ �0.12 6.07 þþ 0.070 6.09 þþ 0.090
21 [6] 5.854 þþ 5.23 þþ �0.624 5.55 þþ �0.304 5.56 þþ �0.294
23 [6] 5.854 þþ 5.39 þþ �0.464 5.13 þþ �0.724 5.09 þþ �0.764
19 [6] 5.602 þþ 5.60 þþ �0.002 5.59 þþ �0.012 5.50 þþ �0.102
16 [6] 5.523 þþ 5.22 þþ �0.303 5.02 þþ �0.503 5.10 þþ �0.423
42 [6] 4.824 þ 5.35 þþ 0.526 5.22 þþ 0.396 5.21 þþ 0.386
9 [6] 4.699 þ 5.39 þþ 0.691 5.01 þþ 0.311 5.05 þþ 0.351
4 [6] 4.699 þ 5.67 þþ 0.971 5.57 þþ 0.871 5.47 þþ 0.771
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that the main contribution to the activity comes from the
oxygen in the oxazin ring (a group that is only present in
S_patent). The next most important region for the activity
is the�OCH2-cyclopropyl group (see Fig. 3B). It should be
pointed out that, in the same location as �OCH2-cyclo-
propyl in S_patent, the other most active ligands, such as
4j, 4k, 4e, and 4i [8] always have an �O linked hydropho-
bic group (see Figs. A and B, Appendix). Figure 3C shows
that the next largest contributions to activity arise from
the: a) hydroxyl group in the phenolic moiety (basic for
making the intramolecular hydrogen bond between the
two aromatic rings from S_patent); b) amino and carbonyl
groups in the oxazin ring; and c) nitrogen in the piperidin
ring. Finally, Figure 3D shows that the last contribution to
activity is made by the nitrogen from the pyridine ring

(which is the counterpart to the hydroxyl group in the
phenyl moiety in the intramolecular hydrogen bond). It
should be pointed out that, although this hydrogen bond
has been reported to be essential to activity (because it fix-
es the relative location of the two aromatic rings and con-
sequently the location of the hanging substituents that in-
teract with IKK-2; [6]), it is not detected by the
ADDRR.383 model as the most important feature for ac-
tivity. We suggest that this is because the same hydrogen
bond is also possible for inactive molecules such as 41 [6]
(in these cases, inactivity should be the result of steric hin-
drance with IKK-2; see Fig. 2C) and, therefore, PHASE
does not consider it to have an essential characteristic of
the most active pyridine derivates.
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Table 3. Comparison of the experimental activity of the molecules in the extended test set with the activities that are predicted for
the same molecules by the best three 3D-QSAR models of our study. Results of the comparison between the experimental activity of
the molecules in the extended test set (Exp. activity range columns) and the activities that are predicted for the same molecules by
the best three 3D-QSAR models of our study. pIC50 values have been classified by using the same ranges used in patent
WO02044153 [4] for distributing the activities of the molecules in our extended test set (i.e. A>6.3; 6.3�B>5.6; 5.6�C>5 and D�
5). For predicted activities, both the pIC50 and its corresponding range are shown.

Molecule
Name

Exp. activity
range

Prediction by
AAADD.
2750

Prediction by
ADDRR.
383

Prediction by
AAADD.
1950

Molecule
Name

Exp. activity
range

Prediction by
AAADD.
2750

Prediction by
ADDRR.
383

Prediction by
AAADD.
1950

1 – 23 [4] A 5.6 (C) 6.0 (B) 5.6 (C) 4 – 22 [4] B 5.5 (C) 5.8 (B) 5.5 (C)
2 – 13 [4] A 5.6 (C) 6.0 (B) 5.6 (C) 4 – 23 [4] B 5.5 (C) 5.9 (B) 5.5 (C)
2 – 15 [4] A 5.6 (C) 6.0 (B) 5.6 (C) 4 – 24 [4] B 5.7 (B) 5.9 (B) 5.7 (B)
2 – 16 [4] A 6.0 (B) 5.9 (B) 5.9 (B) 4 – 26 [4] B 5.6 (C) 5.9 (B) 5.6 (C)
3 – 03 [4] A 6.0 (B) 6.1 (B) 6.0 (B) 4 – 30 [4] B 5.6 (C) 5.6 (C) 5.6 (C)
3 – 04 [4] A 5.6 (C) 6.1 (B) 5.6 (C) 4 – 36 [4] B 5.5 (C) 5.8 (B) 5.5 (C)
3 – 07 [4] A 5.9 (B) 6.1 (B) 5.9 (B) 5 – 02 [4] B 5.7 (B) 5.7 (B) 5.7 (B)
3 – 08 [4] A 6.0 (B) 6.2 (B) 6.0 (B) 5 – 03 [4] B 5.8 (B) 5.7 (B) 5.8 (B)
4 – 18 [4] A 5.7 (B) 5.9 (B) 5.7 (B) 5 – 05 [4] B 5.7 (B) 5.8 (B) 5.7 (B)
4 – 20 [4] A 5.7 (B) 5.6 (C) 5.7 (B) 6 – 02 [4] B 6.0 (B) 6.0 (B) 6.1 (B)
4 – 25 [4] A 5.5 (C) 5.8 (B) 5.8 (B) 1 – 06 [4] C 6.0 (B) 6.1 (B) 6.0 (B)
4 – 31 [4] A 6.2 (B) 6.2 (B) 6.2 (B) 1 – 07 [4] C 5.6 (C) 6.0 (B) 5.6 (C)
6 – 03 [4] A 6.4 (A) 6.8 (A) 6.4 (A) 2 – 07 [4] C 5.5 (C) 5.7 (B) 5.6 (C)
8 – 04 [4] A 5.7 (B) 6.0 (B) 5.9 (B) 2 – 08 [4] C 5.7 (B) 5.9 (B) 5.7 (B)
2 – 09 [4] B 5.5 (C) 5.7 (B) 5.5 (C) 2 – 12 [4] C 5.6 (C) 6.0 (B) 5.6 (C)
2 – 10 [4] B 5.1 (C) 5.2 (C) 5.1 (C) 3 – 09 [4] C 5.1 (C) 5.4 (C) 5.2 (C)
2 – 14 [4] B 5.6 (C) 6.2 (B) 5.7 (B) 3 – 13 [4] C 6.1 (B) 6.2 (B) 6.1 (B)
2 – 17 [4] B 5.6 (C) 6.1 (B) 5.6 (C) 4 – 03 [4] C 6.1 (B) 5.8 (B) 6.2 (B)
2 – 18 [4] B 5.6 (C) 5.8 (B) 5.4 (C) 4 – 05 [4] C 5.6 (C) 5.7 (B) 5.6 (C)
3 – 05 [4] B 6.0 (B) 6.2 (B) 6.0 (B) 4 – 09 [4] C 6.1 (B) 5.7 (B) 6.0 (B)
3 – 06 [4] B 5.5 (C) 6.1 (B) 5.5 (C) 4 – 11 [4] C 5.7 (B) 5.9 (B) 5.7 (B)
4 – 02 [4] B 6.2 (B) 6.0 (B) 6.1 (B) 4 – 28 [4] C 5.6 (C) 5.9 (B) 5.6 (C)
4 – 04 [4] B 5.7 (B) 5.8 (B) 5.8 (B) 4 – 32 [4] C 6.1 (B) 6.0 (B) 6.0 (B)
4 – 06 [4] B 5.7 (B) 5.8 (B) 5.7 (B) 4 – 39 [4] C 5.6 (C) 5.6 (C) 5.7 (B)
4 – 07 [4] B 5.9 (B) 5.9 (B) 5.9 (B) 5 – 04 [4] C 5.9 (B) 5.7 (B) 5.7 (B)
4 – 08 [4] B 5.9 (B) 6.2 (B) 5.8 (B) 1 – 14 [4] D 5.5 (C) 5.9 (B) 5.5 (C)
4 – 10 [4] B 6.1 (B) 5.8 (B) 6.0 (B) 2 – 19 [4] D 5.6 (C) 6.0 (B) 5.6 (C)
4 – 12 [4] B 5.8 (B) 5.9 (B) 5.7 (B) 4 – 33 [4] D 6.1 (B) 6.0 (B) 6.0 (B)
4 – 13 [4] B 5.8 (B) 5.9 (B) 5.7 (B) 4 – 34 [4] D 6.1 (B) 5.9 (B) 6.1 (B)
4 – 14 [4] B 5.7 (B) 5.9 (B) 5.8 (B) 4 – 35 [4] D 5.8 (C) 6.1 (B) 5.8 (B)
4 – 17 [4] B 5.7 (B) 6.1 (B) 5.7 (B)
4 – 19 [4] B 5.7 (B) 5.9 (B) 5.7 (B)
4 – 21 [4] B 5.7 (B) 5.9 (B) 5.6 (C)
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3.3 IC50 Prediction of Pyridine-Based IKK-2 Inhibitors of
Unknown Experimental Activity

Finally, the ADDRR.383 model was used to predict the
activity of 152 pyridine-based IKK-2 inhibitors (see Fig. D,
Appendix) that have ambiguities in their structure (i.e.
they have at least one chiral atom) and whose reported
IC50 or IC50 range corresponds to an undetermined mix-
ture of their different stereoisomers [4 – 8]. The fact that
all these molecules have been derived from the same
chemical scaffold as the ones used to obtain ADDRR.383
(i.e. the molecules in the training set; see Fig. A, Appen-
dix) suggests that the predicted pIC50 values are reliable.
The results of this prediction are shown in Table 4 and
they indicate that only some of the molecules in Figure D
(Appendix) have meaningful differences between the
pIC50 of their stereoisomers. Thus, the largest differences
that are observed between the pIC50 of two stereoisomers
are 0.9 (for 4_15 and 4_29 [4]) and 0.7 (for 3a [7] and 4_16
[4]).

4 Conclusions

By using pyridine derivates that have been shown to act as
IKK-2 inhibitors, we have been able: a) to build a pharma-
cophore that contains all the characteristics that previous
structural-activity studies have revealed to be essential for
their activity; and b) to use this pharmacophore to build a
3D-QSAR model (i.e. ADDRR.383) that can be used to
predict the pIC50 of other pyridine derivates of unknown
inhibitory activity versus IKK-2. Thus, the predictive pow-
er of ADDRR.383 has been proved to be higher than that
of previously published 3D-QSAR models also obtained
with PHASE [13]. ADDRR.383 is also expected to be of
help in designing other pyridine derivates with IKK-2 in-
hibitory activity. Finally, the ADDRR.383 model and its
associated pharmacophore is available upon request.
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Table 4. Prediction of the pIC50 of pyridine derivates of unknown activity by means of the ADDRR.383 3D-QSAR model. The 3D-
QSAR model ADDRR.383 has been used to predict the pIC50 value for other pyridine derivates of unknown activity (see molecules
in Figure D, Appendix). The chirality of each molecule is indicated besides its name. For molecules with more than one chiral carbon,
see Figure D, Appendix, to see where they are located in the molecular structure; and how they are correlated with the label that de-
scribes the chirality of the molecule.

Molecule
name

Esti-
mated
activity

Molecule
name

Esti-
mated
activity

Molecule
name

Esti-
mated
activity

Molecule
name

Esti-
mated
activity

Molecule
name

Esti-
mated
activity

Molecule
name

Esti-
mated
activity

3q (R) [8] 7.5 5e (RS) [7] 6.8 3c (S) [8] 6.5 1-12 (R) [4] 6.2 3-02 (R) [4] 6.0 32 (R) [6] 5.8
3p (R) [8] 7.5 3h (S) [8] 6.8 5e (RR) [7] 6.5 31 (R) [6] 6.2 4-16 (RRS) [4] 6.0 4-38 (R) [4] 5.8
3p (S) [8] 7.5 3e (R) [8] 6.8 38 (S) [6] 6.5 3-16 (RS) [4] 6.2 4-37 (S) [4] 6.0 39 (R) [6] 5.8
3n (R) [8] 7.5 3c (R) [8] 6.8 3d (R) [7] 6.5 3-11 (RS) [4] 6.2 4-15 (SRR) [4] 6.0 4-16 (SSR) [4] 5.8
3k (S) [8] 7.5 38 (R) [6] 6.8 4b (R) [7] 6.5 3a (S) [7] 6.2 25 (R) [6] 6.0 33 (R) [6] 5.8
3k (R) [8] 7.5 3d (R) [8] 6.8 5c (S) [7] 6.5 3-11 (SS) [4] 6.2 24 (R) [6] 6.0 33 (S) [6] 5.8
3r (R) [8] 7.5 3g (S) [8] 6.8 5h (S) [7] 6.5 3-16 (RR) [4] 6.2 4-29 (RR) [4] 6.0 4-16 (RSS) [4] 5.7
3j (R) [8] 7.4 5f (S) [7] 6.7 3f (S) [8] 6.4 5i (R) [7] 6.2 34 (S) [6] 6.0 3-14 (S) [4] 5.7
3o (R) [8] 7.4 3e (S) [8] 6.7 3d (S) [7] 6.4 3-12 (R) [4] 6.2 35 (S) [6] 6.0 4-16 (RRR) [4] 5.7
3q (S) [8] 7.3 5c (R) [7] 6.7 3b (S) [7] 6.4 3-17 (S) [4] 6.2 1-20 (S) [4] 6.0 3-11 (SR) [4] 5.7
3r (S) [8] 7.2 5f (R) [7] 6.7 1-15 (S) [4] 6.4 3-16 (SR) [4] 6.2 24 (S) [6] 6.0 4-16 (SRS) [4] 5.7
3m (R) [8] 7.2 5h (R) [7] 6.7 1-15 (R) [4] 6.4 3-15 (S) [4] 6.2 3-14 (R) [4] 6.0 4-15 (RSR) [4] 5.6
3n (S) [8] 7.2 4c (R) [7] 6.7 34 (R) [6] 6.3 3-11 (RR) [4] 6.2 4-15 (RRR) [4] 6.0 4-15 (SSR) [4] 5.6
3l (S) [8] 7.2 5i (S) [7] 6.7 3-17 (R) [4] 6.3 4-15 (RSS) [4] 6.2 1-12 (S) [4] 6.0 2-11 (S) [4] 5.6
3j (S) [8] 7.1 3g (R) [7] 6.7 25 (S) [6] 6.3 1-22 (S) [4] 6.2 4-27 (RS) [4] 5.9 4-16 (SRR) [4] 5.6
3i (R) [8] 7.1 3a (S) [8] 6.6 6 (R) [6] 6.3 4b (S) [7] 6.1 4-27 (RR) [4] 5.9 1 (R) [6] 5.6
3i (S) [8] 7.1 5g (R) [7] 6.6 1-22 (R) [4] 6.3 3-15 (R) [4] 6.1 6 (S) [6] 5.9 35 (R) [6] 5.6
3m (S) [8] 7.0 3b (R) [8] 6.6 1-05 (S) [4] 6.3 3-12 (S) [4] 6.1 4-29 (SS) [4] 5.9 1 (S) [6] 5.6
3o (S) [8] 7.0 3a (R) [8] 6.6 36 (R) [6] 6.3 4-37 (R) [4] 6.1 4-27 (SR) [4] 5.9 4-16 (SSS) [4] 5.6
3h (R) [8] 6.9 4c (S) [7] 6.6 1-05 (R) [4] 6.3 2-11 (R) [4] 6.1 18 [6] 5.9 4-27 (SS) [4] 5.5
3b (R) [7] 6.9 3b (S) [8] 6.6 1-11 (S) [4] 6.3 37 (S) [6] 6.1 4-15 (SRS) [4] 5.9 39 (S) [6] 5.3
3f (R) [8] 6.9 5e (SS) [7] 6.6 3f (S) [7] 6.3 3-16 (SS) [4] 6.1 36 (S) [6] 5.9 4-15 (SSS) [4] 5.3
3g (R) [8] 6.9 3d (S) [8] 6.6 4-16 (RSR) [4] 6.3 3-02 (S) [4] 6.1 32 (S) [6] 5.9 4-29 (RS) [4] 5.2
3c (R) [7] 6.9 5e (SR) [7] 6.6 3g (S) [7] 6.3 4-29 (SR) [4] 6.1 4-15 (RRS) [4] 5.9
3a (R) [7] 6.9 5g (S) [7] 6.6 37 (R) [6] 6.3 4-38 (S) [4] 6.1 1-20 (R) [4] 5.8
3l (R) [8] 6.9 3f (R) [7] 6.5 3c (S) [7] 6.3 1-11 (R) [4] 6.0 31 (S) [6] 5.8

Full Papers E. Sala et al.

UNIVERSITAT ROVIRA I VIRGILI 
IN SILICO METHODOLOGIES FOR THE DESIGN OF FUNCTIONAL FOODS THAT CAN PREVENT CARDIOVASCULAR DISEASES 
Esther Sala Argüello 
ISBN:/DL:T. 1030-2011 

www.qcs.wiley-vch.de
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Appendix

Figure A. Training set. Molecules from S_patent [9] to 4d [8] were used to generate the pharmacophore. Molecules from 17 [6] to 3
[6] were used to score hypotheses based on inactive compounds.
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Figure B. Test set.
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Figure C. Extended test set.
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Figure C. Extended test set (continued).
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Figure C. Extended test set (continued).
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Figure D. Molecules of unknown IC50.
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Figure D. Molecules of unknown IC50 (continued).
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Figure D. Molecules of unknown IC50 (continued).
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Abstract 

 

Glucocorticoids are ubiquitous hormones that play a key role in modulating immune and 

inflammatory responses and regulating energy metabolism, cardiovascular homeostasis and the 

body’s responses to stress. The principal glucocorticoid is cortisol, which has a concentration in 

target tissues that is modulated by 11β-HSD1 (which reduces cortisone to cortisol) and by 11β-

HSD2 (which converts cortisol to cortisone). A growing body of evidence suggests that increased 

11β-HSD1 activity within target tissues may promote insulin resistance, obesity, hypertension and 

dyslipidemia. Therefore, the search for 11β-HSD1 inhibitors has been an active area of study 

during recent years. Unfortunately, there are many examples of 11β-HSD1 inhibitors that cause 

side effects, such as sodium retention and hypertension, because they also inhibit 11β-HSD2. 

Thus, one important task to consider when finding new 11β-HSD1 inhibitors consists of 

evaluating, by means of in vitro assays, their lack of activity on 11β-HSD2. Thus, we have 

developed a robust, easy-to-use and accurate in silico approach that is able to discriminate between 

molecules that inhibit 11β-HSD2 and those that do not inhibit that target in a molecular database. 

This virtual screening filter can be of use either to significantly reduce the expenses needed to find 

potent and selective 11β-HSD1 inhibitors (because it could lower the number of molecules that are 

experimentally tested and increase the chance of finding molecules that inhibit 11β-HSD1 but not 

11β-HSD2) or to find 11β-HSD2 inhibitors (of current interest, for instance, as anti-cancer drugs). 

 

 

Keywords 

Metabolic syndrome, homology model, protein-ligand docking, similarity search, 11beta-

hydroxysteroid dehydrogenase type 1, 11beta-hydroxysteroid dehydrogenase type 2. 

 

 

Abbreviations 

11β-HSD: 11β-hydroxysteroid dehydrogenase; 11β-HSD1: 11β-hydroxysteroid dehydrogenase 

type 1; 11β-HSD2: 11β-hydroxysteroid dehydrogenase type 2; ET_combo: the sum of ET_pb and 

ST; ET_pb: electrostatic Tanimoto using full Poisson-Boltzmannn electrostatics; GA: 

glycyrrhetinic acid; GCs: glucocorticoids; IFD: Induced Fit Docking; PDB: Protein Data Bank; 

SDR: short-chain dehydrogenase/reductase; ST: shape Tanimoto; VS: virtual screening. 
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Introduction 

 

Glucocorticoids (GCs) are well-known ubiquitous hormones that play a key role in modulating 

immune and inflammatory responses and regulating energy metabolism, cardiovascular 

homeostasis and the body’s responses to stress [1]. In fact, GCs are thought to modulate the 

expression of up to 20% of the genes in the mammalian genome [2]. Normalization of GC levels 

can reverse metabolic syndrome by improving obesity, insulin resistance, hypertension and lipid 

and lipoprotein profiles [3]. The principal GC is cortisol, whose concentration in target tissues —

together with the activation of GC receptors— is tightly regulated by tissue-specific enzymes 

called 11β-hydroxysteroid dehydrogenases (11β-HSDs). 11β-hydroxysteroid dehydrogenase type 1 

(11β-HSD1) is a NADPH-dependent enzyme that is predominantly expressed in liver, adipose 

tissue and skeletal muscles, where it increases intracellular GC action by catalyzing the reduction 

of inactive 11-ketoglucocorticoids (i.e., cortisone in humans) to active 11β-hydroxyglucocorticoids 

(i.e., cortisol in humans). On the other hand, corticosteroid 11β-hydroxysteroid dehydrogenase 

type 2 (11β-HSD2) is a NAD+-dependent enzyme that is highly expressed in classical aldosterone-

selective target tissues (such as the distal nephron, colon, sweat glands and placenta), where it 

catalyzes the reaction opposite to that of 11β-HSD1 and thus prevents the binding of cortisol to the 

mineralocorticoid receptor and subsequently protects it from GCs [4]. 

 

A growing body of evidence suggests that increased 11β-HSD1 activity within target tissues may 

promote insulin resistance, obesity, hypertension and dyslipidemia. Therefore, the search for 11β-

HSD1 inhibitors has been an active area of study during recent years [1,5-16]. Unfortunately, there 

are many examples of 11β-HSD1 inhibitors that cause side effects, such as sodium retention and 

hypertension, because they also inhibit 11β-HSD2 [1,17-20]. Thus, one important task to consider 

when finding new 11β-HSD1 inhibitors consists of evaluating, by means of in vitro assays, their 

lack of activity on 11β-HSD2 [10,21-25]. 

 

The increasing interest in detecting specific 11β-HSD1 inhibitors for the therapeutic treatment of 

GC-dependent diseases has encouraged us to develop a structure-based in silico methodology that 

can be used to discriminate between molecules that inhibit 11β-HSD2 and those that do not inhibit 

that target in a molecular database. To achieve this goal, we have: (a) developed a homology 

model of 11β-HSD2, (b) docked into this model a set of actives (i.e., molecules that are known to 

inhibit 11β-HSD2 irrespective of their activity on 11β-HSD1) and a set of non-actives (i.e., 

molecules that are known to not inhibit 11β-HSD2 molecules), (c) used each active pose as the 

query molecule in an electrostatic potential and shape comparison with the poses of the rest of the 

active and non-active molecules and quantified the corresponding similarities with different 
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Tanimoto similarity scores, (d) evaluated the performance of each active pose to discern between 

actives and non-actives, and (e) identified which combination of query molecule, docking 

methodology and Tanimoto similarity score is best for discerning between actives and non-actives. 

 

Finally, all of the tools developed in the current study (i.e., the homology model for 11β-HSD2 

and the query pose that best discerns between active and non-active molecules) are available to 

interested readers upon request. 

 

Materials and computational methods 

 

Homology model building 

 

11β-HSD2 belongs to the classical short-chain dehydrogenase/reductase (SDR) family [26], has a 

sequence length of 405 residues and has no experimental 3D structure available from the Protein 

Data Bank (http://www.pdb.org; PDB) [27]. To build a homology model for the human protein, its 

sequence was retrieved from the UniProt database (http://www.uniprot.org), where its accession 

number is P80365. 

 

Suitable templates were searched from the PDB with the Sequence Search tool available at the 

PDB website. Thus, four templates from different SDR families were selected: (a) 17β-HSD1 

(PDB code: 1A27; resolution: 1.90 Å; and R-value: 0.210) with 28% sequence identity and 41% 

positive residues in the pairwise alignment (according to the similarity matrix BLOSUM62); (b) 

clavulanic acid dehydrogenase (PDB code: 2JAP; resolution: 2.10 Å; and R-value: 0.186) with 

27% and 45% identity and positive residues in the pairwise alignment, respectively; (c) 

actinorhodin ketordeuctase (PDB code: 2RHC; resolution: 2.10 Å; and R-value: 0.186) with 27% 

and 36% identity and positive residues in the pairwise alignment, respectively; and (d) β-keto acyl 

carrier protein reductase (PDB code: 1EDO; resolution: 2.30 Å; and R-value: 0.190) with 23% and 

42% identity and positive residues in the pairwise alignment, respectively. 

 

Then, a homology model was built for the 11β-HSD2 segment between Val80 and Ile350 with 

Prime v2.1 (Schrödinger LLC., Portland, USA; http://www.schrodinger.com) in a five-step 

workflow. Thus, in the first step, a sequence multi-alignment was built with the sequences of the 

human 11β-HSD2 and the sequences of four templates (i.e., 1A27, 2JAP, 2RHC and 1EDO) by 

using —with default parameter values— the multi sequence viewer tool available from the 

Schrödinger suite 2009. During the second step, the multi-alignment was exported to the Prime’s 

align structures window, and structural alignment was performed by superimposing the binding 

UNIVERSITAT ROVIRA I VIRGILI 
IN SILICO METHODOLOGIES FOR THE DESIGN OF FUNCTIONAL FOODS THAT CAN PREVENT CARDIOVASCULAR DISEASES 
Esther Sala Argüello 
ISBN:/DL:T. 1030-2011 



III. Results 
 

 115

sites of the four templates. In the third step, different regions from each template were 

predominantly used to build the initial homology model for 11β-HSD2: (a) 2JAP was mainly used 

to model the N-terminal region (where the NAD+ cofactor is located); (b) 1A27 was mainly used 

to model the C-terminal region; and (c) 2RHC was mainly used to model the ligand region because 

2RHC’s ligand —i.e., 3-methyl-1,6,8-trihydroxyanthraquinone— binds in a manner similar to that 

expected for the 11β-HSD2 substrate and therefore gave us an idea of the possible position of 

cortisol on the substrate binding site. Once the initial model was finished, cortisol was introduced 

in its substrate binding site (replacing the former 2RHC ligand), and the model was submitted to 

an Induced Fit Docking protocol (IFD; Schrödinger LLC., Portland, USA; 

http://www.schrodinger.com) [28]. During this IFD run, the side chains of the 11β-HSD2 catalytic 

triad (i.e., Ser219, Tyr232 and Lys236) were made flexible during the Initial Glide Docking step, 

and extra precision docking (XP) was used during the Glide Redocking step (the rest of the 

running conditions were by default). In the fourth step, the homology model was submitted to a 

loop refinement with Prime’s Refinement window. Thus, the parameters used in that refinement 

were different sampling methods that were chosen depending on the loop length (i.e., the default 

recommended a parameter for loops of 5 or fewer residues and an extended low parameter for 

loops within 6 to 11 residues). The minimum distance between atoms as a fraction of their van der 

Waals radii was the default value (i.e., 0.70; meaning that the distance between atoms must be at 

least 70% of their ideal van der Waals separation). After the refinement, an energy minimization 

was performed with the help of the Protein Preparation Wizard from Schrödinger suite 2009 with 

default conditions. Finally, in the fifth step, the quality of the resulting homology model was 

evaluated by analyzing the: (a) outliers in the Ramachandran plot and (b) interactions between 

cortisol and the homology model binding site and comparing them with information described in 

the literature [22,29-33]. 

 

Ligand set up 

 

Experimental data (i.e., IC50 or % of inhibition) were collected from the literature for 258 11β-

HSD1 inhibitors [7,22,23,29,34-42]. Then, these molecules were further split into three sets (i.e., 

active, non-active and other sets) by considering their experimental activity on 11β-HSD2. Hence, 

molecules were included in the active set only if they had either a percentage of inhibition ≥ 80% 

or IC50 ≤ 20 nM; molecules were included in the non-active set only if they had either a percentage 

of inhibition ≤ 30% or IC50 ≥ 100 nM; the remaining molecules were included in the other set and 

were not further considered for training purposes. At this point, it is important to remember that 

the goal of the present work was to develop an in silico methodology that can be used for 

removing putative 11β-HSD1 inhibitors that also have a good chance of inhibiting 11β-HSD2. 
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Thus, this justifies choosing the decision criterion used to select a molecule as a member of the 

active set to be based, exclusively, on its capacity as a potent 11β-HSD2 inhibitor (irrespective of 

its activity as an 11β-HSD1 inhibitor). Consequently, a molecule was classified as a member of the 

non-active set based, exclusively, on its low capacity for inhibiting 11β-HSD2 (irrespective of its 

activity as an 11β-HSD1 inhibitor). As a result of this classification, 29 and 177 molecules were 

assigned to the active and non-active sets, respectively. 

 

The 3D-structure for all active and non-active molecules was built using ChemDraw Ultra v11.0 

(CambridgeSoft Corporation, Cambridge, MA, USA; http://www.cambridgesoft.com/). Then, the 

structures were cleaned and minimized with LigPrep v2.3 (Schrödinger LLC., Portland, USA; 

http://www.schrodinger.com). During this cleaning process, the running conditions were as 

follows: (a) use the OPLS_2005 force field, (b) generate with Ionizer all possible states at pH 7.00, 

(c) do not generate tautomers, and (d) determine the chiralities from the 3D structure. 

 

To avoid any bias of the enrichment metrics calculations by the existence of very similar structures 

inside each ligand set, Extended Connected Fingerprints (ECFP4) were calculated for all of the 

molecules in the active set, followed by a Diversity Analysis (where the soergel distance was taken 

as a metric and the diversity selection method was the sphere exclusion method with a value of 0.5 

for the exclusion sphere size). These calculations were done with Canvas v1.2.211 (Schrödinger 

LLC., Portland, USA; http://www.schrodinger.com) and were also performed for the non-active 

set. Thus, the numbers of molecules in the representative active and non-active sets were 20 and 

140, respectively (see supplementary tables S1 and S2). The molecules in these two sets were used 

for subsequent calculations. 

 

Poses for ligands in the representative active and non-active sets were obtained by docking all of 

them in the ligand-binding site of the 11β-HSD2 homology model (by using this model as a rigid 

body and only allowing rotation around the ligand’s single bonds). Two types of docking runs 

were performed with Glide v5.5 (Schrödinger LLC., Portland, USA; http://www.schrodinger.com) 

[43]: (a) SP (Standard Precision) and (b) XP (Extra Precision). All conditions used during the 

docking calculations were by default, with the exception of the maximum number of poses per 

ligand, which was set up to 32.  

 

Pose similarity analysis 

 

Comparisons between poses were performed with EON v2.0.1 (OpenEye Scientific Software, Inc., 

Santa Fe, New Mexico, USA; http://www.eyesopen.com) [44]. During such comparisons, each 
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pose from the active set was used as a query and compared with all of the poses from: (a) the rest 

of the active set members (i.e., the remaining poses of the query molecule were not included in this 

calculation) and (b) the molecules in the non-active set. The similarity between poses was 

quantified by EON with different kinds of Tanimoto similarity scores: (a) the electrostatic 

Tanimoto using full Poisson-Boltzmannn electrostatics with an outer dielectric of 80 (i.e., ET_pb), 

which compares the electrostatic potential of two small molecules (where 1 corresponds to 

identical potentials and negative values correspond to an overlap of positive and negative charges) 

[45]; (b) the Tanimoto shape (i.e., ST), which is a quantitative measure of three-dimensional 

overlap [where 1 corresponds to a perfect overlap (i.e., the same shape)] [46]; and (c) the sum of 

ST and ET_pb (i.e., ET_combo). When comparing the query pose with all of the poses of any other 

molecule (either from the active or non-active set), only the highest Tanimoto similarity scores 

(i.e., ET_pb, ST and ET_combo) were kept. 

 

Selection of the conditions that best discriminate between active and non-active molecules 

 

The running conditions that best discriminate between active and non-active molecules were 

identified with the help of the python script enrichment.py (Schrödinger LLC., Portland, USA; 

http://www.schrodinger.com), which allows for the calculation of different enrichment metrics 

[47], including: (a) the BEDROC (Boltzmann-Enhanced Discrimination of Receiver-Operating 

Characteristic) area under the curve, (b) the ROC (Receiver Operator Characteristic) area under 

the curve, (c) the AUC (Area Under the receiver-operating Characteristic curve), (d) the RIE 

(Robust Initial Enhancement), (e) different kinds of enrichment factors and (f) the percentage of 

actives at 1%, 2%, 5%, 10% and 20% of the database. 

 

 

Results and Discussion 

 

Homology model description 

 

Figures 1A and 1B show the homology model derived for 11β-HSD2 with bound cortisol and 

NAD+. Although the model does not include the first 79 residues of the enzyme, which are not 

conserved among SDR family members, this had no influence on the subsequent protein-ligand 

docking results that used this model because this sequence segment is not part of the ligand-

binding site [30]. The multi-aligment that was used to guide the homology modeling process is 

shown in Figure 1C, where it can be seen that 11β-HSD2 is well aligned with 17β-HSD1 (although 

17β-HSD1 has some loops that are longer than their equivalent in 11β-HSD2). It is also well 
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known that members of the SDR family share a Ser-Tyr-Lys triad in the catalytic center (see 

Figures 1B and 1C) [48], and this information was taken into account while building the homology 

model. Figure 2 shows that only 2% of the non-glycine residues (i.e., Arg131, Thr159, Glu268, 

Arg271 and Phe349) are at disallowed regions of the Ramachandran plot. Remarkably, none of 

these residues are located on the substrate- or cofactor-binding sites, and therefore, their 

conformations did not have any influence on subsequent protein-ligand docking calculations that 

used our 11β-HSD2 homology model. 

11β-HSD2 is a NAD+-dependent enzyme, and this cofactor is one of the main promoters in the 

beginning of proton movement between key residues of the catalytic site and the substrate. Thus, 

NAD+ accepts the hydrogen liberated from the cortisol’s hydroxyl onto position 4 of the 

nicotinamide ring. Accordingly, Figure 1B shows that our model is coherent with previous studies 

that have shown that NAD+ is hydrogen-bonded to Ser92, Phe94 and Lys236 (which, through a 

hydrogen bond with the 2'-hydroxyl group of the ribose, stabilizes the position of the nicotinamide 

moiety) [30]. Interestingly, the positively charged side chain of Lys236 also induces an unusually 

low pKa for Tyr232, which deprotonates its phenolic group, and allows this latter residue to act as 

a catalytic base that extracts the hydrogen from the cortisol’s hydroxyl group and oxidizes it to 

become the cortisone’s ketone [26,49,50]. In agreement with other 11β-HSD2 homology models 

[30,51], Figure 1B shows that, in our model, Tyr232 is also able to form the above-mentioned 

intermolecular interaction with the cortisol’s hydroxyl group. In contrast with other studies that 

propose a role in the stabilization of the cortisol’s hydroxyl group [26,50,52] for Ser219’s 

hydroxyl group, our model shows that Ser219 can use its hydroxyl to stabilize the location of the 

Tyr232 side chain (see Figure 1B). Nevertheless, it is also remarkable that the structure of the 

cofactor- and the substrate-binding sites of our 11β-HSD2 homology model are well defined and 

agree with most of the proposed mechanisms that have been described in the literature [26,30,49-

53]. 

 

Identification of the active pose that best discerns between active and non-active molecules 

 

The 20 and 140 molecules that were assigned to the active and non-active sets (see supplementary 

tables S1 and S2) according to their capacity to inhibit 11β-HSD2 were docked on the ligand-

binding site of the 11β-HSD2 homology model with the SP and XP running modes of Glide v5.5 

[43,54]. During these calculations, Glide used a hierarchical series of filters to search for possible 

locations of the ligands in the active-site region of 11β-HSD2. During that search, the shape and 

properties of 11β-HSD2 were represented on a grid by several different sets of fields that provide 

progressively more accurate scoring of the ligand poses. Consequently, plausible bioactive poses 

were obtained for each molecule in the active and non-active sets by the two Glide modes. Then, 
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all poses for each active molecule were used as a query in a systematic shape and electrostatic-

potential map comparison that was performed with EON v2.0.1 [44]. Thus, during such 

comparisons, each pose from the active set was used as a query and compared with all of the poses 

from: (a) the rest of the active set members (i.e., the remaining poses of the query molecule were 

not included in this calculation) and (b) the molecules in the non-active set. At this point, it is 

worth mentioning that EON results only make sense when pre-aligned molecules are compared, 

and in that sense, poses derived from docking active and non-active molecules on the 11β-HSD2 

homology model fulfill such a requirement. Although the similarity between each pair of poses 

was evaluated with three different Tanimoto similarity scores (i.e., ET_pb, ST and ET_combo), a 

further analysis of the characteristics of active molecules (see supplementary table S1) suggested 

to use ET_combo (the sum of ST and ET_pb) to measure the similarity between poses rather than 

using only ET_pb or ST.  

 

The key requirement for success for any virtual screening (VS) filter is that it must be able to 

discern between active and non-active molecules. From a practical point of view, this means that 

when active and non-active molecules are merged in the same set and the filter is applied, active 

molecules must be ranked very early. In the present work, we searched for the combination of 

query pose and Glide’s running condition that, with the ET_combo results from EON as the 

similarity score between poses, was able to remove from a list of predicted 11β-HSD1 inhibitors 

those molecules that are also able to inhibit 11β-HSD2. The analysis of the different enrichment 

metrics that were obtained from the EON results revealed that the percent of active molecules at 

the top 20% of the list was useful for that aim. Table 1 shows which combinations of query pose 

and Glide’s running conditions were able to concentrate at the top 20% at least 90% of all of the 

actives. Moreover, the data in Table 1 also show the corresponding ROC values for these five 

combinations. Thus, considering that (a) the ROC gives the probability that a randomly chosen 

known active will rank higher than a randomly chosen non-active and (b) a ROC value of 1 

corresponds to an ideal screen performance while 0.5 reflects random behavior, it can be 

concluded that the five combinations shown in Table 1 reflect a high VS yield. At this point, it is 

worth mentioning that, although the proportion of non-active molecules per active compound is 

not very high (i.e., 6.7 instead of 36 for DUD [55]), which could bring into question the validity of 

the enrichment metric values obtained with our results, it must be considered that, as opposed to 

DUD, our non-active molecules have been selected according to experimental data. Therefore, this 

supports the correctness of our query choice. 

 

It has recently been suggested that 11β-HSD2 inhibitors bind to the 11β-HSD2-binding site in a 

flipped way relative to their preferred binding to 11β-HSD1, and thus, their 11-keto-oxygen points 
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away from the catalytic triad in 11β-HSD2 [48]. Accordingly, when the five poses shown in Table 

1 are analyzed in the context of the 11β-HSD2-binding site, all of them are in this flipped 

orientation (see Figure 3). A further comparison of the spatial location of these five poses showed 

that the one that is more coherent with the position that is expected according to the results from 

Kratschmar et al. [48] is the fourth pose from STX351 (STX351/4 hereafter; see Figure 3B). 

Therefore, the combinations of query pose and Glide’s running conditions that were selected for 

building a VS filter that is able to remove from a set of 11β-HSD1 inhibitors those that are 

predicted to have a good chance of inhibiting 11β-HSD2 are the ones formed by STX351/4 and 

Glide SP (see Table 1 and Figure 3B). Moreover, further analysis of the characteristics of the 

query pose (see section below) confirmed the validity of this selection. 

 

Description of Glide SP’s STX351/4 

 

STX351 is a non-selective 11β-HSD inhibitor that, at a concentration of 10 µM, produces 

percentages of inhibition in 11β-HSD1 and 11β-HSD2 of 70% and 94.4%, respectively [41]. Its 

scaffold was derived from 18β-glycyrrhetinic acid (GA), a natural molecule that is well known to 

be the principal active ingredient of glycyrrhizin, which is contained in the roots and rhizomes of 

licorice (Glycyrrhiza spp.) and which is a non-selective inhibitor of 11β-HSD activity. Different 

studies have suggested that GA and sterols may serve as the lead compound for synthesizing new 

and selective 11β-HSD1 blockers [23,34,48,56-59]. 

 

When STX351/4 is analyzed, it can be seen that it is able to adopt the correct orientation on the 

11β-HSD2 substrate binding site [48], collapsing the cortisol entrance and making hydrophobic 

contacts on the 11β-HSD2 steroid binding site (see Figure 4). Figures 4B and 4C show that this 

pose does not form hydrogen bonds with any binding site residue (a situation that is common for 

most of the active poses that were obtained by Glide; results not shown). 

 

Figure 5 shows the results of the best EON comparison between the Glide SP’s STX351/4 (Figure 

5A) and three different non-active molecules that were docked in the 11β-HSD2 ligand-binding 

site in the same conditions as the query molecule. These three molecules were selected among the 

non-actives that gave the highest ET_combo values when compared with STX351/4 (while also 

considering the greatest chemical structure variability possible). Thus, Figures 5B, 5C and 5D 

show the pose with the highest ET_combo value for comparison of the query pose with Cpd04 

[34], 10j2 [40] and 1 [38], respectively. Remarkably, these poses (all from molecules belonging to 

different chemical families) show different electrostatic potential maps but quite similar shapes 

relative to STX351/4, which translates into low ET_combo values (see Figure 5) and that confirms 
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the validity of using this parameter to measure the similarity between pose pairs. A further analysis 

of Figure 5 gives the following results: 

• Cpd04 is a known selective 11β-HSD1 inhibitor [34]. According to its chemical structure, 

it is a pentacyclic triterpene of the ursan type (a family of molecules that are widespread in 

the plant kingdom). Remarkably, bioactivity has been described for many molecules from 

this family [34,60,61]. Thus, different studies have reported clinical interest in triterpenes, 

either from the ursan (e.g., Cpd04) or from the oleanan (e.g., STX351) types, because 

they show anti-inflammatory, hypoglycemic, anti-viral and apoptosis-inducing properties 

[8,34,62]. As mentioned before, our study shows that Cpd04/8 and STX351/4 have very 

different electrostatic potential maps (see Figures 5A and 5B), and this could be the reason 

for their different inhibition patterns (i.e., Cpd04 is a selective 11β-HSD1 inhibitor 

whereas STX351 is a non-selective 11β-HSD inhibitor with a high percentage of 

inhibition for 11β-HSD1 and 11β-HSD2). One possible explanation for the different 

inhibition patterns for Cpd04 and STX351 could be the lack of a substituent on position 

20 of the tripertene Cpd04’s scaffold (which is associated with 11β-HSD2 inhibitors 

[48]). In parallel, the shape component of this ET_combo is quite high, as would be 

expected from the similarity between their triterpene-derived scaffolds. Summarizing, 

Cpd04 and STX351 present a clear example of two molecules with a common scaffold 

but different bioactivity. 

• 10j2 is a potent and selective in vitro inhibitor of 11β-HSD1 that was synthesized after a 

rationale-guided molecular model that took advantage of the two large hydrophobic 

pockets that are present in the ligand-binding site of 11β-HSD1 [40]. The ET_combo for 

the comparison between 10j2/20 and STX351/4 has a negative value (i.e., -0.021; see 

Figure 5C) for the electrostatic potential contribution, which could be attributed to the 

large negative electrostatic potentials that the carboxyl and ureylene groups give to 10j2 

(where the negative electrostatic potential for the latter group has no counterpart in 

STX351/4; see Figures 5A and 5C) and could explain the differences in the inhibition 

patterns for Cpd04 and STX351 (i.e., potent and selective 11β-HSD1 inhibitor versus 

non-selective 11β-HSD inhibitor). In contrast, the shape Tanimoto contribution to 

ET_combo is significantly high (even slightly higher than the one obtained for the 

comparison between Cpd04 and STX351, which share the triterpene scaffold; see Figure 

5B). 

• 1 is an admantyl amide derivate that is a potent and selective 11β-HSD1 inhibitor [38] that 

belongs to a class of well-known inhibitors of this enzyme [18,29,38,58,63]. The 
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ET_combo for the comparison between 1/11 and STX351/4 has a modest value for the 

electrostatic potential contribution (i.e., 0.125; see Figure 5D) that, nevertheless, is higher 

than those obtained for Cpd04/8 and 10j2/20 (i.e., 0.005 and -0.021, respectively; see 

Figures 5B and 5C). In contrast, the shape Tanimoto contribution to ET_combo is lower 

(i.e., 0.435; see Figure 5D) than that obtained for Cpd04/8 and 10j2/20 (i.e., 0.557 and 

0.582, respectively; see Figures 5B and 5C), which can be attributed to the scaffold 

differences and/or to the higher flexibility of the 1 structure when compared with the more 

rigid structures of STX351, Cpd04 and 10j2. 

 

Conclusions 

 

We have developed a robust, easy-to-use and accurate in silico approach that is able to 

discriminate between molecules that inhibit 11β-HSD2 and those that do not inhibit that target in a 

molecular database. Thus, this VS filter can be of use either to significantly reduce the expenses 

needed to find potent and selective 11β-HSD1 inhibitors (because it could decrease the number of 

molecules that are experimentally tested and increase the chance of finding molecules that inhibit 

11β-HSD1 but not 11β-HSD2) or to find 11β-HSD2 inhibitors (of current interest as anti-cancer 

drugs [19,48,64], to promote potassium excretion and hyperkalemia prevention in chronic 

hemodialysis patients [65] or for the treatment of chronic inflammation of the colon [66]). Thus, 

our data suggest that if: (1) Glide SP and our 11β-HSD2 homology model are applied to a 

molecular database to generate probable poses at the steroid binding site, (2) the resulting poses 

are used by EON in a shape and electrostatic potential map comparison with STX351/4, (3) one 

pose per molecule is selected (i.e., the one with the highest ET_combo value for the query), (4) 

molecules are sorted according to descending ET_combo values, and (5) the ET_combo values for 

the top 20% molecules are in the range [1.463, 0.562], then the chance that a molecule in the top 

20% is a 11β-HSD2 inhibitor is 94.4% (and 5.6% if the molecule is selected from the remaining 

80%). 

 

Obviously, this is a knowledge-based approach that would greatly benefit from the following: (a) 

delivery to the PDB of the experimental model for 11β-HSD2 and (b) publication of activity data 

and structures for new families of specific and non-specific 11β-HSD inhibitors. Nevertheless, 

although we assume that such new data could help to find an even better query pose, our results 

demonstrate that a very high predictive power can be achieved with the current data and workflow. 

At this point, we would like to emphasize the importance of using EON during the calculation of 

the similarity between two poses because this program has been shown to be very effective in 
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using known bioactive molecules for finding new lead-hopping candidates in molecular databases 

by smoothing differences in chemical structures and translating them into criteria that are 

important for their intermolecular interactions with the ligand-binding site [67]. 

 

Finally, it is worth to mention that a VS study for predicting 11β-HSD1 inhibitors that do not 

inhibit 11β-HSD2 (and that uses the in silico approach developed in the current work) is under 

way and its results will be published elsewhere. 
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Figure 1. The homology model for human 11β-HSD2. Figure 1A shows the folding predicted for 

11β-HSD2 with a bound substrate (i.e., cortisol) and cofactor (i.e., NAD+). In this panel, the 

protein is shown as a ribbon model (with α-helices and β-strands colored in red and cyan, 

respectively) and cortisol (predominantly in green) and NAD+ (predominantly in brown) as a ball 

and stick model. Figure 1B shows a close view of the ligand- and cofactor-binding sites. Here, 

hydrogen bonds are shown as dashed lines, and the labels that identify the 11β-HSD2 catalytic 

triad (i.e., Ser219, Tyr232 and Lys236) are shown in red. Figure 1C shows the multiple sequence 

alignment that was used to guide the modeling. In the multi-alignment, most significant SDR 

motifs are highlighted by means of boxes (i.e., the TGxxx[AG]xG that corresponds to the cofactor-

binding pattern is highlighted by a blue box, and the residues that form the catalytic triad are 

highlighted by a green box). 
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Figure 2. The Ramachandran plot of our 11β-HSD2 homology model. Residues different from 

Gly in disallowed regions of the Ramachandran plot are shown. 
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Figure 3. Relative location of cortisol and the best query poses in the context of the 11β-HSD2 

binding site. All panels have the same orientation to allow for an easier comparison between the 

different pose locations. The location of the 11β-HSD2 catalytic triad (i.e., Ser219, Tyr232 and 

Lys236) is shown as a reference. All panels in this figure were obtained with RasMol 

(http://rasmol.org/). 
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Figure 4. Intermolecular interactions between Glide SP’s STX351/4 and 11β-HSD2. Figure 4A 

shows how STX351/4 (in a spacefill model) fits at the 11β-HSD2 binding site (schematically 

shown by its surface). Figure 4B shows the location of the hydrophobic sites that characterize the 

structure-derived pharmacophore resulting from the complex between 11β-HSD2 and STX351/4. 

Figure 4C shows the intermolecular interactions for this complex. In panels 4A and 4B, the 

location of the 11β-HSD2 catalytic triad (i.e., Ser219, Tyr232 and Lys236) is shown as a 

reference. All panels in this figure were obtained with LigandScout v3.0 

(http://www.inteligand.com/ligandscout3/). 
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Figure 5. Results of the best EON comparison between Glide SP’s STX351/4 and three different 

non-active molecules. All molecules shown in this figure were docked into the 11β-HSD2 ligand-

binding site under the same conditions. Non-active molecules were selected among the ones that 

gave the highest ET_combo value when compared with STX351/4 (while also considering the 

greatest chemical structure variability possible). For clarity, the electrostatic potential fields and 

molecular shapes are displayed separately. All panels have the same orientation to allow for an 

easier comparison and were obtained with VIDA v4.0.3 (http://www.eyesopen.com/vida). 
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Table 1. Top five predictive query poses for active molecules during EON comparisons. 

 

 

% 11β-HSD 

inhibition 

Query 

molecule/pose 

number 

Reference 

Glide’s 

running 

mode Type 1 Type 2 

% 

Actives 

20% 

% Non-

actives 

20% 

ROC 

        STX351/4 [41] Glide-SP 70.02 94.41 94.4 8.8 0.95 

BLE99005/31 [41] Glide-SP 86.90 100.0 90.0 9.5 0.93 

STX348/16 [41] Glide-SP 63.39 94.77 94.7 8.8 0.95 

3/24 [36] Glide-SP 90.00 103.0 94.4 8.8 0.94 

STX348/15 [41] Glide-SP 63.39 94.77 94,7 8.8 0.95 
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Table S1. Molecules in the active set. 

 

11β-HSD inhibition* 
2D structure Name 

Type 1 Type 2 

 

STX124 [1] 100 92.6 

 

STX195a [1] 53 90.3 

 

STX195 [1] 85.4 105.2 

 

STX196a [1] 55 93.9 

 

STX196 [1] 80.6 97.5 

 

STX347 [1] 89.3 102.2 

 

STX348 [1] 63.3 94.7 
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STX349 [1] 89.6 100 

 

STX351 [1] 70 94.4 

 

STX352 [1] 85.1 101 

 

STX353 [1] 89 100.4 

 

STX370 [1] 89.6 102.5 

 

STX371 [1] 57.1 92.9 

 

BLE99005 [1] 86.9 100 
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DG322B [1] 32.6 83.8 

 

DG381A [1] 92.6 109 

 

3 [2] 90 103 

 

5 [2] 36 92 

 

6 [2] 88 98 

 

Cpd01 [3] 12 8 

 
* The inhibitory activity is expressed either as a percent of inhibition [1,2] (by using a ligand 

concentration of 10 µM) or IC50 (in nM) [3]. 
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Table S2. Molecules in the non-active set. 

 
11β-HSD inhibition* 2D structure Name Type 1 Type 2 

 

1 [4] 7.8 >3*103 

 

2 [4] 37 >4*103 

 

3 [4] 1.3 >4*103 

 

4 [4] 1.7 >4*103 

 

5 [4] 0.34 >4*103 

 

7 [4] 1 >4*103 

 

8 [4] 13 >4*103 

 

9 [4] 2.3 >4*103 
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10 [4] 2.2 >4*103 

 

11 [4] 2.7 >4*103 

 

12 [4] 0.28 >4*103 

 

13 [4] 1 >4*103 

 

17 [4] 9.3 >4*103 

 

18 [4] 2 >4*103 

 

19 [4] 3.8 >4*103 

 

20 [4] 5 >4*103 

 

21 [4] 2.7 >4*103 
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22 [4] 1 >4*103 

 

23 [4] 2 >4*103 

 

24 [4] 3 >4*103 

 

25 [4] 10 >4*103 

 

26 [4] 11 >4*103 

 

27 [4] 4.3 >4*103 

 

29 [4] 68 >4*103 

 

31 [4] 26 >4*103 

 

32 [4] 3.5 >4*103 
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33 [4] 3 >4*103 

 

34 [4] 44 >4*103 

 

36 [4] 1 >4*103 

 

37 [4] 1 >4*103 

 

38 [4] 1 >4*103 

 

39 [4] 1 >4*103 

 

40 [4] 2.6 >4*103 

 

41 [4] 6.9 >4*103 

 

42 [4] 9.8 >4*103 
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43 [4] 0.98 >4*103 

 

44 [4] 3.9 >4*103 

 

45 [4] 14 >4*103 

 

46 [4] 12 >4*103 

 

47 [4] 2.1 >4*103 

 

48 [4] 11 >4*103 

 

49 [4] 0.98 >4*103 

 

50 [4] 0.98 >4*103 

 

11D [5] 17.3*102 >2*105 
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11E [5] 48*103 >2*105 

 

11F [5] 23*103 >2*105 

 

11G [5] 9*103 >2*105 

 

11H [5] 2.3*102 >2*105 

 

12 [5] 1*105 >2*105 

 

BVT-14225 [5] 1500 >2*105 

 

1 [6] 32 >1*105 

 

7 [6] 146 >1*105 

 

9 [6] 10 >11*103 
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10 [6] 105 >15*103 

 

11 [6] 39 >1*105 

 

14 [6] 41 >1*105 

 

23 [6] 28 >1*105 

 

24 [6] 44 >1*105 

 

26 [6] 5 >1*105 

 

27 [6] 14 >1*105 

 

28 [6] 47 >1*105 

 

29 [6] 29 >1*105 
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5 [7] 39 17*103 

 

7 [7] 8 1800 

 

8 [7] 15 3500 

 

10 [7] 6 12*103 

 

16 [7] 15 >2*104 

 

20 [7] 27 13*103 

 

21 [7] 25 5300 

 

22 [7] 12 2*104 

 

23 [7] 13 12*103 
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25 [7] 110 >1*105 

 

26 [7] 11 550 

 

27 [7] 96 580 

 

2a [8] 187 >2*105 

 

2b [8] 102 >2*105 

 

2c [8] 75 >2*105 

 

2d [8] 90 >2*105 

 

2f [8] 60 >2*105 

 

412 [9] 27 3 
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413 [9] 53 0.2 

 

421 [9] 60 0.9 

 

424 [9] 24 0.7 

 

425 [9] 40 0 

 

469 [9] 63 29 

 

470 [9] 39 30 

 

519 [9] 48 8 

 

521 [9] 0.5 5 

 

522 [9] 37 6 
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523 [9] 21 8 

 

552 [9] 18 24 

 

553 [9] 0.7 18 

 

575 [9] 62 1.6 

 

580 [9] 75 1.4 

 

582 [9] 40 0.7 

 

583 [9] 29 0.4 

 

584 [9] 48 10 

 

585 [9] 48 1.6 
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703 [9] 35 4 

 

704 [9] 38 4 

 

705 [9] 6 6 

 

706 [9] 29 7 

 

707 [9] 21 11 

 

708 [9] 39 11 

 

709 [9] 10 13 

 

710 [9] 55 10 

 

712 [9] 24 3 
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713 [9] 26 3 

 

730 [9] 32 9 

 

731 [9] 45 12 

 

750 [9] 4 10 

 

751 [9] 10 5 

 

752 [9] 5 1 

 

753 [9] 8 2 

 

Cpd04 [3] 244 12*103 

 

Cpd05 [3] 149 16*103 
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Cpd06 [3] 122 25*103 

 

Cpd07 [3] 124 16*103 

 

Cpd08 [3] 119 >2*105 

 

Cpd09 [3] 141 >2*105 

 

Cpd10 [3] 39 >2*105 

 

Cpd11 [3] 37 >2*105 

 

Deoxycholic acid [1] 27.6 -1.1 

 

STX185 [1] 16.1 18.9 

 

STX298 [1] 50.5 22.5 
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STX299 [1] 20.2 19.5 

 

STX354 [1] -1.1 13.6 

 

STX359 [1] 17.8 17.0 

 

STX367 [1] 36.1 27.2 

 

9 [10] 0.8 >1*104 

 

10 [10] 1.3 >1*104 

 

12 [10] 0.7 >1*104 

 

13 [10] 1.4 >1*104 

 

14 [10] 0.7 >1*104 
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15 [10] 6.6 >1*104 

 

7 [2] 71 25 

 

9 [2] 34 20 

 

26i [11] 2.7 21.4 

 

10j2 [12] 1.1 >1*104 

 
 
* The inhibitory activity is expressed either as IC50 [3-8,10,12] (in nM) or a percent of inhibition 

[1,2,9,11] [by using a ligand concentration of 10 µM (except for 26i [11], for which 1 µM was used)]. 
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Abstract 

 
Glucocorticoids are ubiquitous hormones that play a key role in modulating immune and 

inflammatory responses and in regulating energy metabolism, cardiovascular homeostasis and the 

body’s responses to stress. The principal glucocorticoid is cortisol, which has a concentration in 

target tissues that is modulated by 11β-HSD1 (which reduces cortisone to cortisol) and by 11β-

HSD2 (which converts cortisol to cortisone). A growing body of evidence suggests that increased 

11β-HSD1 activity within target tissues may promote insulin resistance, obesity, hypertension and 

dyslipidemia. Therefore, the search for 11β-HSD1 inhibitors has been an active area of study in 

recent years. Unfortunately, there are many examples of 11β-HSD1 inhibitors that cause side 

effects, such as sodium retention and hypertension, because they also inhibit 11β-HSD2. 

Consequently, the increasing interest in detecting selective 11β-HSD1 inhibitors for the 

therapeutic treatment of glucocorticoid-dependent diseases has encouraged us to develop a virtual 

screening protocol for finding such inhibitors in natural products databases. Our study was able to 

predict that 11 of the 89,165 compounds in the starting database have a good chance of being 

selective 11β-HSD1 inhibitors. Interestingly, these compounds correspond to 5 different chemical 

scaffolds, and only one of them, which is shared by 7 out of 11 virtual screening hits, has been 

reported in the development of selective 11β-HSD1 inhibitors by structure-activity relationship 

studies. Therefore, the remaining 4 hits (each from a different scaffold) can provide new lead 

compounds for deriving new 11β-HSD1 inhibitors through structure-activity studies. 

 
 
Keywords 
Metabolic syndrome, structure-based pharmacophore search, protein-ligand docking, 11beta-

hydroxysteroid dehydrogenase type 1, 11beta-hydroxysteroid dehydrogenase type 2.  

 
 

Abbreviations 

11β-HSD1: 11β-hydroxysteroid dehydrogenase type 1; 11β-HSD2: 11β-hydroxysteroid 

dehydrogenase type 2; GCs: glucocorticoids; NPs: Natural products; PDB: Protein Data Bank; 

SDR: short-chain dehydrogenase/reductase; VS: virtual screening. 
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Introduction 

 

Natural products (NPs) are ideal starting points for drug design and development because of their 

large scaffold diversity and properties, such as structural complexity and drug similarity claims [1-

4]. In fact, over 60% of the current anticancer drugs are natural product related molecules (i.e., 

either NPs or derivatives/analogues that have been inspired by a natural compound) [1]. Despite 

these clear advantages, it is estimated that only 5 to 15% of the approximately 250,000 described 

higher plant species have been tested for some type of biological activity [5], and the use of other 

organisms, such as micro-organisms, insects, fungi or marine species, for this goal is just 

beginning [6,7]. It has recently been suggested that bioinformatics/chemoinformatics tools could 

be used to screen large NP databases and to identify new bioactive molecules for specific targets 

[3,5,8]. 

 

One target of interest for NPs is the 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1), a 

NADPH-dependent enzyme that is predominantly expressed in liver, adipose tissue and skeletal 

muscles, where it increases the intracellular glucocorticoid (GC) action by catalyzing the reduction 

of inactive 11-ketoglucocorticoids (i.e., cortisone in humans) to active 11β-hydroxyglucocorticoids 

(i.e., cortisol in humans) [9-12]. The opposite reaction is catalyzed by 11β-hydroxysteroid 

dehydrogenase type 2 (11β-HSD2), which is a NAD+-dependent enzyme that is highly expressed 

in classical aldosterone selective target tissues, like distal nephron, colon, sweat glands and the 

placenta, where it protects the mineralocorticoid receptor from active 11β-hydroxyglucocorticoids 

excess [13,14]. GCs modulate the expression of up to 20% of the genes in the mammalian genome 

[15], and their concentration in target tissues is tightly regulated by 11β-HSD1, 11β-HSD2 and GC 

receptors [16]. The normalization of GC levels can reverse metabolic syndrome by improving 

obesity, insulin resistance, hypertension and the lipid and lipoprotein profiles [17,18]. 

 

A growing body of evidence suggests that increased 11β-HSD1 activity within target tissues may 

promote insulin resistance, obesity, hypertension and dyslipidemia. Therefore, looking for potent 

and selective 11β-HSD1 inhibitors has been an active area of study in recent years in both 

academia and in the pharmaceutical industry [9,10,18-42]. Unfortunately, there are many of 

examples of 11β-HSD1 inhibitors that cause side effects like sodium retention and hypertension 

because these inhibitors also inhibit 11β-HSD2 [19,38,39,43,44]. Thus, one important task when 

finding new 11β-HSD1 inhibitors is the evaluation of their activity on 11β-HSD2 [13,23,29,40-

42,45]. 
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The human 11β-HSD1 is a protein that belongs to the classical short dehydrogenase/reductase 

family (SDR) [46-50] and possesses a sequence length of 291 residues. It is an endoplasmic 

reticulum-membrane protein with lumenal orientation that contains an N-terminal membrane 

anchor that is part of a single transmembrane helix (residues 8 to 24). The rest of the C-terminal 

segment (residues 25 to 291) corresponds to the catalytic domain, containing the relevant sequence 

signature and active site motifs of the SDR superfamily and protruding into the endoplasmic 

reticulum lumen [51,52]. At present, there are 16 different entries at the Protein Data Bank (PDB; 

http://www.pdb.org)[53] that correspond to complexes between the 11β-HSD1 catalytic domain 

and synthetic inhibitors (see Table 1). 

 

The increasing interest in detecting specific 11β-HSD1 inhibitors for the therapeutic treatment of 

GC-dependent diseases has encouraged us to develop a virtual screening (VS) protocol for finding 

such inhibitors in a NP database. To achieve this goal, we have (a) used the corresponding electron 

density maps to assess the reliability of ligand and binding-site coordinates in the PDB complexes 

between 11β-HSD1 and 11β-HSD1 inhibitors; (b) used the reliable complexes to derive structure-

based common pharmacophores that contain the key intermolecular interactions between 11β-

HSD1 and different inhibitor scaffolds; (c) added to each pharmacophore a shell of excluded 

volumes that schematically represents the locations of the residues forming the ligand-binding site; 

(d) used these structure-based common pharmacophores as part of a VS protocol that has been 

applied to a NP database and that also includes an ADME/Tox filter, ligand-pose generation 

through protein-ligand docking, a shape and electrostatic comparison with experimental poses of 

11β-HSD1 inhibitors and a filter to discard 11β-HSD2 inhibitors. The results of our study show 

that the VS protocol is able to predict new selective 11β-HSD1 inhibitors that belong to chemical 

families that are different from the known 11β-HSD1 inhibitors (including those used to build the 

structure-based pharmacophores). These VS hits suggest new lead compounds for deriving more 

potent and selective 11β-HSD1 inhibitors through structure-activity studies. 

 

 

Materials and computational methods 

 

Validation of the reliability of the intermolecular interactions between 11β-HSD1 and co-

crystallized inhibitors 

The reliability of the intermolecular interactions between 11β-HSD1 and co-crystallized inhibitors 

in PDB files was assessed by a visual inspection of the fit of the inhibitors and their surrounding 

residues (only residues with at least one atom at a distance ≤ 4.0 Å were considered) with the 

corresponding section of the electron density map at a contour level of 1.00 σ. This comparison 
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was performed with the help of the resources at the Electron Density Server 

(http://eds.bmc.uu.se/eds/) [54]. Moreover, special care was taken to ensure that all of the residues 

that are reported to interact with these inhibitors at the LigPlot diagrams [55] of the PDBsum 

webserver (http://www.ebi.ac.uk/pdbsum/) [56] were included in this task. 

 

Common structure-based pharmacophore generation 

Those complexes with no ambiguities in the coordinates of the set formed by the inhibitor and its 

ligand-binding site (see Table 1) were superimposed using DeepView v4.0 (http://spdbv.vital-

it.ch/) [57]. Then, each superimposed complex was used by LigandScout v2.00 [58] (Inte:Ligand 

Softwareentwicklungs- und Consulting GmbH, Vienna, Austria; 

http://www.inteligand.com/ligandscout/) to derive its structure-based pharmacophore. The 

resulting structure-based pharmacophores were further analyzed to find common patterns of 

intermolecular interactions that could show the minimum functional-group requirements that are 

needed to inhibit 11β-HSD1. Moreover, this analysis provided the framework to (a) consider sites 

either as mandatory or optional (i.e., a site was considered as mandatory when it was common to 

most of the ligands that contribute to the same common pharmacophore); and (b) set up the 

tolerance of the different sites’ locations (see Table 2). The resulting common structure-based 

pharmacophores were completed with excluded volumes calculated with the Receptor-Based 

Excluded Volumes graphic front-end from Phase v3.1 (Schrödinger LLC., Portland, USA; 

http://www.schrodinger.com) and by setting the Sphere filters parameter values to (a) ignore 

receptor atoms whose surfaces were within 0.25 Å of ligand surface; and (b) limit the excluded 

volume shell thickness to 10 Å. The rest of parameter values used in that front-end were the default 

settings. 

 

Virtual-screening workflow description 

Initially, the 3D structures of the ligands used in this work were downloaded from the ZINC 

Natural Products Database (http://wiki.compbio.ucsf.edu/wiki/index.php/Natural_ 

products_database) [59]. Then, all of these molecules were submitted to an ADME/Tox filter with 

the FAF-Drugs2 tool [60], which aimed to discard molecules that either had poor ADME 

properties or were potentially toxic. Thus, the drug-like properties of a compound were evaluated 

using the Lipinski rule [61], and only one violation of this rule was allowed. This rule is based on 

a set of property values (i.e., the number of hydrogen-bond donors and acceptors, the molecular 

weight and the logP) that were derived from drugs with good ADME characteristics [61]. 

Therefore, molecules that pass the Lipinski rule are expected to be active in humans after oral 

admission. Moreover, molecules containing toxic groups were filtered using the 204 substructures 
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for “warhead” chelators, frequent hitters, promiscuous inhibitors and other undesirable functional 

groups available in the FAF-Drugs2 tool [60]. 

Molecules with appropriate ADME/Tox properties were then set up with LigPrep v2.3 

(Schrödinger LLC., Portland, USA; http://www.schrodinger.com) and were improved by cleaning. 

The cleaning process was carried out with the following parameters: (a) the force field used was 

OPLS 2005; (b) all possible ionization states at pH 7.0±2.0 were generated with Ionizer; (c) the 

desalt option was activated; (d) tautomers were generated for all ionization states at pH 7.0±2.0; 

(e) chiralities, when present, were determined from the 3D structure; and (f) one low-energy ring 

conformation per ligand was generated. Conformations and sites for the resulting ligand structures 

were determined during the generation of the corresponding Phase databases with the Generate 

Phase Database graphic front-end. The parameter values used during this in vacuo conformer 

generation were the default settings, with the exception of the maximum number of conformers per 

structure, which was increased from 100 (the default value) to 200. The conformer sites were 

generated with definitions made by adding the ability to consider aromatic rings as hydrophobic 

groups to the default built-in Phase definitions. Next, this database was filtered with Phase v3.1 

(Schrödinger LLC., Portland, USA; http://www.schrodinger.com) [62] through each common 

pharmacophore/environment combination by using the following running conditions: (a) search in 

the conformers database, (b) do not score in place the conformers into the pharmacophore (i.e., 

allow reorientation of the conformers to determine if they match the pharmacophore or not), (c) 

match at least 3 out of the 4 sites of the corresponding common pharmacophore according to 

conditions specified in Table 2, (d) do not prefer partial matches involving more sites and (e) use 

the excluded volumes from the corresponding binding-site environment (see Table 2). The rest of 

options and parameter values used during that search were the default values. 

 

Then, those ligands with at least one pharmacophore hit in the Phase search were docked to the 

binding site of the same PDB file that was used to derive the pharmacophore’s excluded volumes 

(see Table 2). This protein-ligand docking was performed with eHiTS v2009 [63,64] by 

considering the receptor as a rigid body and the ligands as flexible (i.e., free rotation was allowed 

around ligands’ single bonds). Docking conditions were by default, except for the size of the sides 

of the cubic box that encompassed the steroid binding pocket, which was increased to 15 Å 

(default value is 10 Å). Then, the resulting ligand poses were again filtered with Phase through the 

same pharmacophore and using the identical filtering conditions as in the first Phase run, with the 

exception that no reorientation of the poses was allowed during the search (i.e., the score in place 

option was used) to find docking poses that were compatible with the pharmacophore. Finally, the 

poses that were hits in this second pharmacophore screening were submitted to a shape and 

electrostatic-potential comparison with the experimental poses of the 11β-HSD1 inhibitors that 
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belong to the PDB files from which the common pharmacophore was derived. This comparison 

was performed with EON v2.0.1 (OpenEye Scientific Software, Inc., Santa Fe, New Mexico, 

USA; http://www.eyesopen.com) using the three different scores provided by EON. Thus, only VS 

hits that simultaneously accomplished the ET_pb (the Poisson-Boltzmann Electrostatic Tanimoto 

that compares the electrostatic potential of two small molecules) [65], the Shape Tanimoto (which 

is a quantitative measure of three-dimensional overlap) [66] and the ET_coul (the Coulombic part 

of the Poisson-Boltzmann Electrostatic Tanimoto) values that were equal or higher than 0.3, 0.5 

and 0.3, respectively, toward one of the experimental poses were predicted to inhibit 11β-HSD1. 

All of these processes (from the first Phase search to the EON similarity analysis) were repeated 

for the Phase’s hits of each pharmacophore. 

 

Finally, the last step of the VS workflow consisted of applying a filter whose aim was to remove 

those molecules that have a large chance of also inhibiting 11β-HSD2 from the sample [67]. In 

essence, the filter consisted of (1) using Glide v5.5 (Schrödinger LLC., Portland, USA; 

http://www.schrodinger.com) [68] in Standard Precision (SP) mode to generate the probable poses 

for all VS hits identified by EON at the steroid binding site of our 11β-HSD2 homology model 

[67], (2) using the resulting poses in a shape and electrostatic potential map comparison performed 

by EON that used the fourth Glide SP pose for STX351 [69] at the steroid binding site of our 11β-

HSD2 homology model as the query molecule, (3) selecting one pose per molecule (i.e., the one 

with the highest ET_combo value for the query), (4) sorting molecules according to descending 

ET_combo values, and (5) considering those molecules with an ET_combo lower than 0.562 as 

selective 11β-HSD1 inhibitors. 

 

Similarity analysis with known 11β-HSD1 inhibitors 

To determine whether the VS hits obtained with our VS workflow can be scaffold-hopping 

candidates for 11β-HSD1 inhibition, (1) all hits were merged with all the known 11β-HSD1 

inhibitors available at the BindingDB database (i.e., 1054 molecules; http://www.bindingdb.org) 

[70] and (2) the resulting set was clustered using Canvas v1.2 (Schrödinger LLC., Portland, USA; 

http://www.schrodinger.com). MOLPRINT2D fingerprints [71], using a fingerprint precision of 32 

bits, were calculated for each molecule, and then a hierarchical clustering based on Tanimoto 

similarities was obtained. The number of clusters was defined using the Kelley criterion [72]. 

Clusters that did not contain any known 11β-HSD1 inhibitors were defined as clusters with new 

scaffolds for 11β-HSD1 inhibitors. 
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Results and discussion 

 

Structure-based pharmacophore generation for 11β-HSD1 inhibition 

Currently, there are 18 human 11β-HSD1 complexes at the PDB that correspond to its catalytic 

domain (see Table 1). Two of these (i.e., 1XU7 [73] and 1XU9 [73]) correspond to complexes 

with the steroidal detergent CHAPS and, therefore, were not further considered in our study. 

Another complex (i.e., 2BEL) corresponds with carbenoxolone—a very potent 11β-HSD2 

inhibitor—and, therefore, was not further considered. The remaining 15 structures [32-

38,40,41,74-76] correspond to complexes with 11β-HSD1 inhibitors, but 5 of them (i.e., 3BZU 

[74], 3D3E [41], 3D4N [41,77], 3D5Q [77] and 3EY4) have no electron density map available at 

the Electron Density Server [54], and therefore, the reliability of the intermolecular interactions at 

the ligand-binding site could not be checked. Thus, the fit of the inhibitors and their surrounding 

residues with the electron density map was examined for 10 complexes, and this analysis showed 

that only 8 of these complexes (i.e., 2ILT [32], 2IRW [33], 2RBE [34], 3BYZ [35], 3CH6 [38], 

3CZR [37], 3FRJ [36] and 3HFG [40]) were suitable for deriving reliable structure-based 

pharmacophores with LigandScout (see Table 1). 

 

According to the LigandScout results (see Figure 1), the intermolecular interactions at the 11β-

HSD1 ligand-binding site allowed us to group the 8 structure-based pharmacophores into two 

different common pharmacophores (see Figures 2A and 2B). Thus, the first one (i.e., ph4-1) was 

built as a result of the consensus of the pharmacophores for 10 (from 2ILT; hereafter 10-2ILT) 

[32], 15 (from 2IRW; hereafter 15-2IRW) [33], 3 (from 2RBE; hereafter 3-2RBE) [34], 30 (from 

3CH6; hereafter 30-3CH6) [38] and 15 (from 3FRJ; hereafter 15-3FRJ) [36] and, as may be seen 

in Table 2 and Figure 2A, is formed by three hydrophobic sites (i.e., H1.1, H2.1 and H3.1) and 

one acceptor/donor site (i.e., A1/D1). Interestingly, this pharmacophore is built from inhibitors that 

belong to very different chemical families (i.e., 10-2ILT and 15-2IRW share the same scaffold but 

the rest of ligands have very different structures; see Table 1) and have very different sizes. 

However, the inhibitors share essentially the same binding pattern to 11β-HSD1 (see Figure 1). At 

this point, it is worth mentioning that although 10-2ILT, 15-2IRW, 30-3CH6 and 15-3FRJ use 

their oxygen carbonyl as an acceptor in a hydrogen bond with Ser170 and Tyr183 (see Figures 1 

and 2A), an equivalent interaction with the hydroxyl groups of these two residues would be also 

possible if a hydrogen bond donor were present in a location equivalent to the mentioned carbonyl 

oxygen (as is the case for 3-2RBE). Therefore, this possibility has led us to consider a dual 

acceptor/donor behavior for this pharmacophore site. The second common pharmacophore (i.e., 

ph4-2) has been built as the result of the consensus of the pharmacophores for 6d (from 3BYZ; 

hereafter 6d-3BYZ) [35], 45 (from 3CZR; hereafter 45-3CZR) [37] and 20 (from 3HFG; hereafter 
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20-3HFG) [40] and, as may be seen in Table 2 and Figure 2B, is also formed by three hydrophobic 

sites (i.e., H1.2, H2.2 and H3.2) and one acceptor site (i.e., A2). Interestingly, although the 

number and characteristics of ph4-1 and ph4-2 are the same (with the exception that the duality 

acceptor/donor is not allowed for ph4-2), the spatial location of their sites is very different (see 

Figures 2A and 2B). For instance, the key hydrogen bonding interactions of these inhibitors are 

made with Ala172 and not with Ser170 and Tyr183 (see Figure 1). It is also noteworthy that while 

45-3CZR and 20-3HFG share the same scaffold, their structure and size is very different from the 

third 11β-HSD1 experimental pose that contributes to this second common pharmacophore (i.e., 

6d-3BYZ; see Table 1). 

 

Moreover, to increase the discriminating power of the two common pharmacophores, a shell of 

excluded volumes that schematically represents the locations of the residues forming the steroid-

binding site was added. Thus, for ph4-1 and ph4-2, where more than one complex contributes to 

the same common pharmacophore, the steroid-binding sites were compared, and the results were 

as follows: 

 

• The five structures that contribute to ph4-1 have three different protein environments at 

the steroid-binding site: (a) the first corresponding to 2ILT, 2IRW and 3CH6 (i.e., ev1.1; 

see Table 2); (b) the second corresponding to 2RBE (i.e., ev1.2; see Table 2); and (c) the 

third corresponding to 3FRJ (i.e., ev1.3; see Table 2). The main differences between these 

three environments were the conformations of Thr124 and Tyr177 (see Figure 2C) that, 

upon ligand-binding, changed in order to adapt the binding-site conformation to the 

inhibitor’s size. Thus, for instance, 3-2RBE (in orange in Figure 2C) could produce steric 

hindrance with Tyr177 if this residue remained at its 3FRJ location (in green in Figure 

2C). Therefore, this justifies completing ph4-1 with three different excluded-volume 

environments. From a practical point of view, this means that three different 

pharmacophores were derived from ph4-1 (i.e., ph4-1_ev1.1, ph4-1_ev1.2 and ph4-

1_ev1.3). 

 

• The three structures that contributed to ph4-2 have three different protein environments at 

the steroid-binding site (i.e., ev2.1, ev2.2 and ev2.3; see Table 2) because there are two 

residues (i.e., Val231 and Met233) that have a different conformation at this location in 

3BYZ, 3CZR and 3HFG (see Figure 2D). Accordingly, three different excluded-volume 

environments were built for ph4-2, which results in three different pharmacophores (i.e., 

ph4-2_ev2.1 for 3BYZ, ph4-2_ev2.2 for 3CZR and ph4-2_ev2.3 for 3HFG). 
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As a summary, when the excluded volumes that schematize the ligand-binding site at 11β-HSD1 

were added to the ph4-1 and ph4-2, this resulted in six different common pharmacophores (i.e., 

ph4-1_ev1.1, ph4-1_ev1.2 and ph4-1_ev1.3 derived from ph4-1; and ph4-2_ev2.1, ph4-2_ev2.2 

and ph4-2_ev2.3 derived from ph4-2). Therefore, all of these pharmacophores were subsequently 

used in the VS workflow (and all the different environments were considered during the VS step 

that involves protein-ligand docking). 

 

Prediction of new NP scaffolds for the development of selective 11β-HSD1 inhibitors. 

The VS workflow designed for 11β-HSD1 (see Figure 3) was applied to the NP subset of the 

ZINC database [59] that is formed by 89,165 compounds, and it was predicted that 11 molecules 

(see Table 3) are selective 11β-HSD1 inhibitors (i.e., they do not inhibit 11β-HSD2). When these 

11 VS hits were merged with the 1054 known 11β-HSD1 inhibitors and when the resulting set was 

classified in clusters, the following results were obtained: (1) the 1065 molecules were classified in 

106 different clusters; (2) the 11 VS hits were classified in 5 clusters (i.e., one hit at clusters 11, 

19, 78 and 84 and seven hits at cluster 85; see Tables 3 and 4); and (3) the 1054 known 11β-HSD1 

inhibitors downloaded from the BindingDB database [70] were classified in the remaining 101 

clusters. Therefore, it can be concluded that our VS workflow is able to predict 11β-HSD1 

inhibitory activities for 5 scaffolds that were not yet reported at the BindingDB. Remarkably, a 

SciFinder search (Chemical Abstracts Service, Columbus, Ohio, USA; 

http://www.cas.org/products/sfacad) of the literature in which the 11 hits are cited revealed that 

three of these hits (i.e., ZINC00020259, ZINC00074836 and ZINC00074840; see Table 4) have 

been recently used to derive 11β-HSD1 inhibitors (although they have not been yet included at the 

BindingDB) [78]. Therefore, this finding strongly supports that our VS workflow is able to discern 

between molecules that inhibit 11β-HSD1 and those that do not in a molecular database. 

 

Interestingly, the results in Table 3 justify the independent use of both ph4-1 and ph4-2 during the 

VS workflow because their results can be seen as complementary. Ph4-1 is able to identify the 

single hit at cluster 19 and 6 out of 7 hits at cluster 85, whereas ph4-2 identifies the single hits 

from clusters 11, 78 and 84 and hit in cluster 85 that was not identified by ph4-1. 

 

Figure 4 displays the EON results for the comparison between the poses for the VS hits that have 

the highest ET_combo values relative to 15-3FRJ, which contributes to ph4-1, and to 6d-3BYZ, 

which contributes to ph4-2 (see Table 3). Thus, the comparison between 15-3FRJ and 

ZINC03643826 (Figure 4A) shows that both poses have a similar surface distribution of positive 

charges (in blue) whereas the common negative contribution (in red) is located at the hydroxyl 

group of ZINC03643826 and at the amide oxygen of 15-3FRJ, where it allows both ligands to 
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make hydrogen bonds interactions with Ser170 and Tyr183 (see Figure 5). The shape comparison 

between 15-3FRJ and ZINC03643826 clearly reflects the volume difference between both poses 

(see Figure 4A). The comparison between 6d-3BYZ and ZINC03851930 in Figure 4B shows that 

there is a good agreement between the electrostatic potential and the shape of both poses that 

translates in the highest ET_combo value for the 11 VS hits (i.e., 1.201; see Table 3). Moreover, 

the common negative contribution allows 6d-3BYZ and ZINC03851930 to accept the amide 

backbone hydrogen from Ala172 (see Figure 5). Therefore, the results in Figures 4 and 5 support 

the ability of the electrostatic-potential and shape comparison performed by EON to smooth 

differences in chemical structures and to translate them into criteria important for their 

intermolecular interactions with the ligand-binding site. 

 

Conclusions 

 

The challenge of any VS protocol consists of using in silico tools to predict the molecules in a 

database that have the required activity against a specific target. Thus, the results of the present 

study demonstrate that our VS protocol successfully identified selective 11β-HSD1 inhibitors with 

no chemical structure similarities to known active compound, and therefore, it is suitable for 

scaffold hopping on this target. In that sense—and considering our previous experience with 

similar VS workflows on other targets [79]—the hits with the highest ET_combo value (i.e., 

ZINC03851930, ZINC00099956 and ZINC01774351; see Table 3) as compared with known 

actives would be optimal starting points for the rational drug design of potent and selective 11β-

HSD1 inhibitors with new chemical scaffolds. Thus, the ET_combo values of these hits are higher 

than those from the three VS hits that have been reported to be used to derive 11β-HSD1 inhibitors 

(i.e., ZINC00020259, ZINC00074836 and ZINC00074840; see Table 3) [78]. 

 

Obviously, the current VS protocol could be used to predict other 11β-HSD1 inhibitors from larger 

molecular databases irrespective of their natural or synthetic nature. In that sense, its application to 

the complete ZINC database [59] is developing, and the most significant results of this VS will be 

published elsewhere. 

 

Finally, we would like to remark that all of the tools developed in the current study (i.e., the 

common structure-based derived pharmacophores—with the corresponding excluded volumes—

and the filter to remove VS hits that also inhibit 11β-HSD2 [67]) are available to interested readers 

upon request.  
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Figure 1. Intermolecular interactions between 11β-HSD1 and 11β-HSD1’s inhibitors at reliable 

complexes. The results for the PDB complexes that contribute to ph4-1 and ph4-2 are grouped. 
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Figure 2. Structure-based pharmacophores derived from reliable 11β-HSD1-inhibitor complexes. 

Figures 2A and 2B show the sites that characterize ph4-1 and ph4-2 (where hydrophobic and 

acceptor/donor sites are colored in green and pink, respectively) in the context of 2ILT and 3BYZ 

ligand-binding sites. Tolerances and mandatory/optional character for all of these sites during 

pharmacophore-based searches are shown in Table 2. Figures 2C and 2D show the main 

differences in the protein environments that surround each pharmacophore (that translate in three 

different excluded volume sets for ph4-1 and for ph4-2). Residues with different conformations at 

the binding site of ph4-1 are shown in grey, orange and green for 2ILT, 2RBE and 3FRJ, 

respectively. Residues with different conformations at the binding site of ph4-2 are shown in grey, 

blue and pink for 3BYZ, 3CZR and 3HFG, respectively. 
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Figure 3. The VS workflow used in the present work. The flow chart outlines the process and the 

progress of the VS used by this study. The data, aside from that for each VS step, show the number 

of molecules that survived it.  
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Figure 4. The EON results for the highest ET_combo values between poses for VS hits and 15-

3FRJ (ph4-1) and 6d-3BYZ (ph4-2). The chemical structure, the Poisson-Boltzmann electrostatic-

potential and the shape for both query and VS hits are located side-by-side to allow for an easier 

comparison between them. Figures 4A and 4B compare 15-3FRJ with ZINC03643826 and 6d-

3BYZ with ZINC03851930. This figure was drawn with VIDA v4.03 (OpenEye Scientific 

Software, Inc., Santa Fe, New Mexico, USA; http://www.eyesopen.com). 
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Figure 5. Intermolecular interactions for ZINC03643826/15-3FRJ and ZINC03851930/6d-3BYZ 

at the steroid-binding site of 3FRJ and 3BYZ. The intermolecular interactions of the poses that are 

compared at Figure 4 are shown here. Figures 5A and 5B show results for ZINC03643826/15-

3FRJ and ZINC03851930/6d-3BYZ, respectively. This figure was derived with LigandScout 

v2.00 from the analysis of the corresponding docked or experimental poses. 
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Table 1. Current PDB structures for human 11β-HSD1 catalytic domain 

 

Ligand information 
PDB 
code Chemical structure Name 

Is an 
inhibitor? 

11β-
HSD1 

inhibition 

11β-
HSD2 

inhibition 

Bibliographic 
reference 

Reliable 
coordinates 

        

        

1XU7 

 

CHAPS No - - [73] a 

1XU9 

 

CHAPS No - - [73] a 

2BEL 

 

carbenoxolone Yes 52.2% 100% - Yes 

2ILT 

 

10 Yes 7 26,000 [32] Yes 

2IRW 

 

15 Yes 6 18,000 [33] Yes 

2RBE 

 

3 Yes 15 n.a. [34] Yes 

3BYZ 

 

6d Yes 28 (Ki) 

No 
significant 
inhibition 
detected 

[35] Yes 

3BZU 

 

2922 Yes 14 

No 
significant 
inhibition 
detected 

[74] b 

3CH6 

 

30 Yes 0.1 

No 
significant 
inhibition 
detected 

[38] Yes 
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3CZR 

 

45 Yes 3 n.a. [37] Yes 

3D3E 

 

13 Yes 1.4 >10,000 [41] b 

3D4N 

 

20 Yes 1.2 

No 
significant 
inhibition 
detected 

[41, 77] b 

3D5Q 

 

2 Yes 1.6 

No 
significant 
inhibition 
detected 

[77] b 

3EY4 

 

352 Yes 34 n.a. - b 

3FCO 

 

23 Yes 14 n.a. [76] No 

3FRJ 

 

15 Yes 14 n.a. [36] Yes 

3H6K 

 

1 Yes 10 

No 
significant 
inhibition 
detected 

[40] No 

3HFG 

 

20 Yes 26 

No 
significant 
inhibition 
detected 

[40] Yes 
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a The structural factors of these structures were not deposited at the PDB 
b The scripts at the Electron Density Server (http://eds.bmc.uu.se) were not able to generate the 

corresponding electron density maps from the structural factors deposited at the PDB 

 

The inhibitory activity is expressed as IC50 (in nM) for all of the molecules with the exception of 

6d-3BYZ (whose inhibitory activity on 11β-HSD1 is expressed as Ki) and carbenoxolone [whose 

inhibitory activity on 11β-HSD1 and 11β-HSD2 is expressed as a percent of inhibition (by using a 

ligand concentration of 10 µM; Patent WO 02/072084)]. 

 

 

 

 

 

Table 2. Relevant features of 11β-HSD1 structure-based pharmacophores 

 

 

 

 

a The PDB files that were used either to generate the different pharmacophore environments (see 

Figure 2) or to dock NPs during the protein-ligand docking step of the VS workflow (see Figure 3) 

are shown in bold. 

 

 

 

 

 

Pharmacophore 
label 

Site type 
Site 

tolerance 
(in Å) 

Site condition during 
pharmacophore-based 

searches 

PDB code (label of the 
derived environment) a 

     

A1/D1 1.5 mandatory 

H1.1 2.0 mandatory 

H2.1 2.5 optional 
ph4-1 

H3.1 3.0 optional 

2ILT (ev1.1) 
2IRW (ev1.1) 
3CH6 (ev1.1) 
2RBE (ev1.2) 
3FRJ (ev1.3) 

     

A2 1.5 optional 

H1.2 2.5 mandatory 

H2.2 2.0 mandatory 
ph4-2 

H3.2 3.0 optional 

3BYZ (ev2.1) 
3CZR (ev2.2) 
3HFG (ev2.3) 
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Table 3. ET_combo values for selective 11β-HSD1 inhibitors predicted by our VS workflow 

 

 

 

 

 

 

 

 

 

 

 

Highest ET_combo values for selective 11β-HSD1 inhibitors predicted by our VS workflow when 

compared with (1) experimental poses for selective 11β-HSD1 inhibitors (where the corresponding 

query pose is shown inside brackets) and (2) the fourth Glide SP pose for STX351 at the steroid 

binding site of our 11β-HSD2 homology model. Data are organized according to the common 

pharmacophore that retrieved the corresponding VS hits. The cluster where each VS hit was 

classified is also shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ph4-1 ph4-2

ET_combo ET_combo
 11β-HSD1  11β-HSD2  11β-HSD1  11β-HSD2

ZINC03643826 (85) 1.068 (15-3FRJ) 0.432 ZINC03851930 (78) 1.201 (6d-3BYZ) 0.483 

ZINC00000491 (85) 1.066 (15-3FRJ) 0.500 ZINC00099956 (84) 1.166 (6d-3BYZ) 0.496 

ZINC00074836 (85) 1.027 (15-3FRJ) 0.461 ZINC01774351 (11) 1.079 (6d-3BYZ) 0.252 

ZINC00074840 (85) 0.962 (15-3FRJ) 0.463 ZINC00056652 (85) 0.922 (6d-3BYZ) 0.507 

ZINC00020259 (85) 0.954 (15-3FRJ) 0.396 

ZINC00056653 (85) 0.910 (15-3FRJ) 0.516 

ZINC03850491 (19) 0.864 (3-2RBE) 0.353 

ET_comboVS hit (cluster) VS hit (cluster) ET_combo
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Table 4. Cluster classification of VS hits  

 

Cluster 11 Cluster 19 Cluster 78 

 
ZINC01774351 

 
ZINC03850491 

 
ZINC03851930 

 

Cluster 84 Cluster 85 

 
ZINC00099956 

 
ZINC00000491 

 
ZINC00020259 a 

 

 
ZINC00056652 

 
ZINC00056653 

 

 
ZINC00074836 a 

 
ZINC00074840 a 

 

 
ZINC03643826 

 

 

 
a These molecules are not currently classified at the BindingDB database as 11β-HSD1 inhibitors, 

but it has been recently reported that they can be used to derive molecules with such bioactivity 

[78]. 
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Finding new drugs are undoubtedly one of the most challenging and exciting tasks in science 

today
1-3

. Fortunately, during the last two decades, virtual screening workflows have emerged that 

increase the chance of finding small molecules that show the desired bioactivity against a 

therapeutic target, thus significantly decreasing the cost associated with bringing a new drug to the 

market
4
. In the present thesis, the same in silico tools that are routinely used by the pharmaceutical 

industry to develop new drugs
4-7

 have been used to screen natural product databases in order to 

search for molecules that inhibit IKK-2 and 11β-HSD1 and that, therefore, can be used as a 

bioactive ingredients to design functional foods for the prevention of metabolic syndrome and its 

related pathologies (such as cardiovascular disease). 

 

A fundamental step for the development of both IKK-2 and 11β-HSD1 structure-based virtual 

screenings shown in this report was building homology models for IKK-2 and 11β-HSD2. This 

task was not trivial, because of the low sequence similarity between these two proteins and the 

templates that are available at the Protein Data Bank (http://www.pdb.org). In spite of these 

difficulties, the homology models derived for both enzymes have successfully allowed the 

generation of bioactive ligand conformations by protein-ligand docking on the corresponding 

protein binding sites that, subsequently, were used to either derive one structure-based 

pharmacophore (for IKK-2) or to find the query pose that better distinguished between active and 

non-active molecules for 11β-HSD1. Obviously, the performance of the virtual screening 

workflows shown in the present PhD thesis would greatly benefit from the publication of IKK-2 

and 11β-HSD2 experimental structures in the PDB, but unfortunately, this is out of our control.  

 

The suitability of the virtual screening methodology developed in this thesis in the functional-food 

design field (but also for drug discovery purposes) is especially well reflected in the work 

performed with IKK-2. Thus, it has been demonstrated that a stricter version of the original IKK-2 

workflow is able to find hits that are present in a relatively large number of natural extracts with 

proven anti-inflammatory properties. Moreover, the same strict protocol predicts that there are 414 

other extracts with undescribed anti-inflammatory activities that contain at least one IKK-2 

inhibitor. Consequently, this work allows the discovery of new anti-inflammatory extracts of 

natural origin that could be of use, for example, in the design of functional foods aimed at 

preventing diseases that are the result of chronic inflammation. In this context, the characterization 

of such extracts merits further attention, and current work in this regard is underway in our 

research group. In the case of drug discovery, the results show that the workflow is able to identify 

IKK-2 inhibitors in very challenging conditions (i.e., not structurally related to any known 

synthetic molecule that inhibits hIKK-2 and never reported to have anti-inflammatory activity), 
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and therefore, it is suitable to find new chemical scaffolds for further the development of potent 

and specific IKK-2 inhibitors. 

 

The second part of this thesis was focused on the 11β-HSD1 target. Thus, initially, we created an 

innovative, robust, easy-to-use and accurate in silico approach that is able to discern in a molecular 

database between molecules that inhibit 11β-HSD2 and those that do not. This discriminatory 

filter, used as the last virtual screening step when looking for 11β-HSD1 inhibitors, will allow for 

an increased chance of finding 11β-HSD1 selective inhibitors and, consequently, is expected to 

significantly reduce the budget required to experimentally prove 11β-HSD1 selectivity. However, 

in spite of these findings, it is advisable to experimentally test the performance of the methodology 

(that is currently only tested by in silico methods). 

 

The results of this thesis also show that the combination of computational techniques (i.e., protein-

ligand docking, pharmacophore modeling, electrostatic and similarity searches) during the same 

virtual screening based on different approaches have a very positive impact on the performance of 

such screenings. At this point, it is important to emphasize the fundamental contribution made by 

the EON program during the screening workflow because it is very effective in using known 

bioactive molecules to find new lead-hopping candidates in molecular databases by smoothing 

differences in chemical structures and translating them into criteria important for their 

intermolecular interactions with the ligand-binding site
8
. 

 

Last but not least, I would like to remark that the different tools developed during this PhD thesis 

are available upon request, and therefore, it is expected that they could contribute to the 

development of cheaper and better anti-inflammatory drugs, hopefully returning the funds spent in 

my training and education to society. 
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1. The ATP-binding site of the homology model for human IKK-2 (hIKK-2) has been 

correctly modeled. Protein-ligand docking calculations with known IKK-2 inhibitors are 

able to reproduce docked poses with the interactions described in the literature as 

important for kinase inhibitors. These knowledge-based coherent poses can be used to 

derive a structure-based pharmacophore for hIKK-2. 

 

2. The success rate of the predictions done by the hIKK-2 virtual screening workflow has 

been proven in very challenging conditions. Thus, it has been experimentally shown that 

this virtual-screening protocol is able to identify hIKK-2 inhibitors that (a) are not 

structurally related to any known synthetic molecule that inhibits hIKK-2 and (b) have 

never been reported to have anti-inflammatory activity. 

 

3. When a stricter version of the hIKK-2 virtual screening workflow is applied to an in-house 

database of 29,779 natural products that are annotated with their natural source, the screen 

predicted that 274 molecules (isolated from 453 different natural extracts) inhibit hIKK-2. 

An exhaustive bibliographic search reveals that anti-inflammatory activity has been 

described for (a) 36 out of these 453 extracts and (b) 17 out of 30 virtual screening hits 

present in these 36 extracts. Only one of the remaining 13 hit molecules in these extracts 

shows chemical similarity with known synthetic hIKK-2 inhibitors. Therefore, it is 

reasonable to suspect that a significant portion of the remaining 12 hit molecules are lead 

candidates of natural origin that can be used to develop new hIKK-2 inhibitors. 

 

4. The 3D-QSAR model developed for IKK-2 inhibition allows one to predict the activity of 

molecules with a pyridine scaffold. 

 

5. The virtual screening protocol of 11β-HSD1 successfully identifies the selective inhibitors 

of natural origin with no chemical-structure similarities to synthetic 11β-HSD1 inhibitors, 

and therefore, it is suitable for scaffold hopping on this target.  

 

6. The 11β-HSD2 homology model demonstrated its ability to bind known inhibitors in a 

flipped orientation on the steroid-binding site, which, in turn, allows the use of these poses 

in performing structure-based approaches. 

 

7. We have developed a robust, easy-to-use and accurate in silico approach that is able to 

discern in a molecular database between molecules that inhibit 11β-HSD2 and those that 

do not inhibit this target. 
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8. The results of this thesis emphasize the importance of using EON during the calculation of 

the similarity between two poses because this program has been shown to be very 

effective in using known bioactive molecules for finding new lead-hopping candidates in 

molecular databases by smoothing differences in chemical structures and translating them 

into criteria important for their intermolecular interactions with the ligand-binding site. 

 

9. Our work also opens the door to the discovery of new anti-inflammatory natural 

compounds and/or extracts that can be of use, for instance, in the design of functional 

foods focused toward the prevention of diseases that are the result of chronic 

inflammation.  
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