
Computational Studies of Epidermal Growth Factor Receptor: Docking Reliability,
Three-Dimensional Quantitative Structure-Activity Relationship Analysis, and Virtual
Screening Studies

Concettina La Motta, Stefania Sartini, Tiziano Tuccinardi,* Erika Nerini, Federico Da Settimo, and Adriano Martinelli

Dipartimento di Scienze Farmaceutiche, UniVersità di Pisa, Via Bonanno 6, 56126 Pisa, Italy
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An aberrant activity of the epidermal growth factor receptor (EGFR) has been shown to be related to many
human cancers, such as breast and liver cancers, thus making EGFR an attractive target for antitumor drug
discovery. In this study we evaluated the reliability of various kinds of docking software and procedures to
predict the binding disposition of EGFR inhibitors. By application of the best procedure and use of more
than 200 compounds, a receptor-based 3D-QSAR model for EGFR inhibition was developed. On the basis
of the results obtained, the possibility of developing virtual screening studies was also evaluated. The VS
procedure that proved to be the most reliable from a computational point of view was then used to filter the
Maybridge database in order to identify new EGFR inhibitors. Enzymatic assays revealed that among the
eight top-scoring compounds, seven proved to inhibit EGFR activity at a concentration of 100 µM, two of
them exhibiting IC50 values in the low micromolar range and one in the nanomolar range. These results
demonstrate the validity of the methodologies followed. Furthermore, the two low micromolar compounds
may be considered as very interesting leads for the development of new EGFR inhibitors.

Introduction

Protein tyrosine kinases (PTKsa) represent a wide family of
homologous enzymes, both transmembranous and cytoplasmic,
that catalyze the transfer of the γ-phosphate group from ATP
to a hydroxy group of selected tyrosine residues in target protein
substrates. Under physiological conditions, tyrosine phospho-
rylation represents a fundamental signal transduction mechanism
that proceeds in a hierarchically ordered sequence of protein-
protein interactions, ensuring cross-talk between cells and
regulating key aspects of cell life such as proliferation, dif-
ferentiation, metabolism, and apoptosis.

Thus, an aberrant tyrosine kinase (TK) activity, leading
to malfunctioning signal transduction pathways, gives rise
to the development of numerous proliferative diseases, both
malignant and nonmalignant, like cancers, atherosclerosis,
psoriasis, and restenosis, as well as to the progression of a
large number of inflammatory and autoimmune disorders.
Actually, under specific conditions such as overexpression,
activating point mutations, and loss of both inhibitory
domains and negative regulators, PTKs can assume a
hyperactive status, thus causing uncontrolled cell prolifera-
tion. That is why this class of proteins, with the signal
pathways that they regulate, represents a highly attractive
and widely explored target for drug development.1-6

Among the known PTKs, the most exhaustively discussed
is undoubtedly the family of the epidermal growth factor
receptor (EGFR or ErbB), which consists of four closely
related members: EGFR (ErbB1 or HER1), ErbB2 (HER-2

or Neu), ErbB3 (HER-3), and ErbB4 (HER-4). They all share
a common architecture, being made up of an extracellular
domain, responsible for growth factor recognition and
binding, a helical transmembrane segment, and an intracel-
lular domain, where the tyrosine kinase activity resides.
Different degrees of homology, regarding both the extracel-
lular and the tyrosine kinase domains, accomplish signal
specificity within the whole family. Different from the other
ErbB members, the ErbB3 subtype lacks an intrinsic protein
tyrosine kinase activity. Actually, crucial amino acid residues
highly conserved throughout the protein kinases are altered
in the catalytic domain of this receptor. Therefore, it works
as a signaling entity only after heterodimerization with
another ErbB receptor.7

Upon binding of peculiar growth factors, mainly epidermal
growth factor, transforming growth factor-R (TGFR), amphi-
regulin (AR), epiregulin (EPR), neuregulins (NRG), and cy-
tokines, to the extracellular domain of the inactive receptor, a
dimerization of the ligand-receptor complex occurs. Through
formation of either a homodimer or a heterodimer, with another
member of the HER family, the receptor assumes an active form,
thus triggering the autophosphorylation of the intracellular
tyrosine domain. Phosphotyrosine residues become, in turn,
attachment sites for downstream signaling proteins that, through
additional phosphorylations, allow signal transduction from the
cell surface to the nucleus, where it results in the intended effect.

ErbB receptors are expressed in a variety of tissues of
epithelial, mesenchymal, and neuronal origin, where they play
pivotal roles in development, proliferation, and differentiation.

A deregulated activity of these kinds of receptors is the
leading cause of a variety of solid human cancers, including
non-small-cell lung, breast, bladder, ovarian, and head and neck
carcinomas. Furthermore, as the ErbB family is involved not
only in cell proliferation but also in a number of side processes
regulating tumor progression, such as cell motility, cell adhesion,
and angiogenesis, overexpression or deregulation of its activity
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is generally associated with the malignancy of the disease and
a poor prognosis.8-10

These receptors thus represent an excellent drug target, and
the development of specific inhibitors has proved to be a
promising therapeutic concept. Actually, patients with cancer
can significantly profit from the development of this targeted
therapy, especially when the activated ErbB pathway is shown
to be the underlying cause of a given malignancy. Consequently,
the search for specific inhibitors of the ErbB family is increas-
ingly becoming a major pharmaceutical challenge. Today, most
of the inhibitors under development are ATP-site directed com-
pounds targeting mainly the EGFR and the ErbB-2 subtypes.
Many structurally different small molecules have been described
aspotent reversibleor irreversible inhibitorsof theseenzymes,11-13

all showing various degrees of efficacy and selectivity against
small panels of tyrosine kinases. Several of them, like (E)-N-
{4-[3-chloro-4-(2-pyridinylmethoxy)anilino]-3-cyano-7-ethox-
yquinolin-6-yl}-4-(dimethylamino)-2-butenamide14 (HKI 272,
Wyeth) and N-[4-(3-chloro-4-fluorophenyl)amino]-7-[[(3S)-tet-
rahydro-3-furanyl]oxy]-6-quinazolinyl]-4-(dimethylamino)-2-bu-
tenamide15,16 (BIBW 2992, Boehringer Ingelheim), are being
used in clinical studies and show encouraging anticancer activity.
A few examples, like gefitinib,17 erlotinib18 and lapatinib19 are
currently marketed for the treatment of certain types of solid
tumors sustained by mutant or overexpressed ErbB1 or ErbB2,
such as breast, lung, and colon-rectal cancer (Chart 1).

However, the number of effective EGFR inhibitors is con-
stantly expanding. Different methods are followed to obtain
novel compounds, but the most fruitful one is undoubtedly
computer screening.

Many docking,20-23 QSAR,24-26 and 3D-QSAR studies27-33

of EGFR ligands have been widely published over the past 10
years, and by use of the docking approach, successful virtual
screening (VS) studies have been developed.20-23 From these
studies came out that the utilization of a docking procedure able
to predict with a low degree of error the binding pose of newly
designed inhibitors, together with the possibility of in silico
predicting their EGFR inhibition activity, should indeed favor
the design of new compounds. As shown in Figure 1, in the
present study, we evaluated the reliability of various kind of
docking software and procedures to predict the binding disposi-

tion of EGFR inhibitors, and after using more than 200
compounds, a receptor- and a ligand-based 3D-QSAR model
of EGFR was developed. Finally, we evaluated the possibility
of using a mixed ligand/receptor-based approach for developing
a VS method capable of finding new EGFR inhibitors.

Results and Discussion

The first step of the study concerned the evaluation of the
reliability of various kind of docking software and procedures
for the prediction of the binding disposition of EGFR inhibitors
into the crystal structure of the protein (see the second point of
Figure 1). At present, 7 wild-type and 8 mutated EGFR
complexed with inhibitors are deposited in the Protein Data
Bank for a total of 15 EGFR TK complexes. In order to extend
the analysis to a larger number of TK-inhibitor complexes,
using the Blastp server, a sequence similarity search was carried
out so that the docking analysis was also performed on the 27
TK-inhibitor complexes with the highest percentage of se-
quence homology with respect to the EGFR catalytic domain.

Therefore, a total of 42 kinase inhibitors (15 of them were
EGFR inhibitors) were docked into their crystal structures
through Autodock 3.0,34 Autodock 4.0,34,35 Gold 3.0.1,36 Dock
6.0,37 and Fred 2.138 software after an extensive conformational
search (CS) and using a total of 14 procedures. The docking
results were evaluated through a comparison of the found docked
positions of the ligand and the experimental ones: as a measure
of docking reliability, the root-mean-square deviation (rmsd)
between the positions of heavy atoms of the ligand in the
calculated and experimental structures was taken into account.

As reported in Figure 2, using the average rmsd obtained for
each docking procedure as a measure of the reliability of the
methods applied, the Gold software seemed to be the most
suitable, since it showed the lowest average rmsd value. In
particular, the use of ChemScore fitness function modified by
the kinase scoring function (KCS) gave the best results (rmsd
) 2.7 Å) and was the only method that gave an average rmsd
lower than 3.0 Å.

Automated Docking and 3D-QSAR Analysis. The above-
described results indicated that among all the procedures, the
use of ChemScore fitness function modified by the kinase
scoring function of the Gold software was the one that showed
the most reliable ligand disposition inside the used TKs.

By use of this procedure, 206 EGFR inhibitors39-49 (see Table
1 in the Supporting Information) were docked into the binding
site of EGFR (1XKK50 PDB code). These compounds were
tested for EGFR inhibitory activity in substrate phosphorylation

Chart 1. EGFR Inhibitors

Figure 1. Schematic diagram of the computational workflow.
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assays, and their inhibitory activities spanned about 5 orders of
magnitude (the inhibition data ranged from 0.1 nM to 10 µM,
expressed as IC50). As shown in Figure 3, they were character-
ized by six different central scaffolds.

The docking results were then scored by means of the Gold-
Score, ChemScore, and ChemScore fitness function modified by
the kinase scoring function, but the correlation between the
calculated free energy of binding and the experimental one was
not good, since the quadratic correlation (R2) showed low values
(R2 < 0.4). Therefore, with the aim of obtaining quantitative results,
the docking poses were used as a receptor-based alignment for a
3D-QSAR study (see point 4 of Figure 1).

The reliability of the 3D-QSAR model was characterized by
its correlation coefficient (r2), predictive correlation coefficient
(q2), and cross-validated standard deviation of errors of predic-
tion (SDEPCV).

Compounds of the original set were divided into a training
set and a test set in accordance with the usual guidelines. In

detail, both the training and the test sets should contain
compounds in such a way as to maximize their structural
diversity (that is, compounds belonging to the training set and
to the test set should be representative of the molecular diversity
of all the compounds under study) and uniformly span over the
whole range of activity. As a result, the training set was made
up of 142 compounds, while an external validation set (test set)
of 64 molecules was selected to test the predictive power of
the model.

Table 1 presents the main data of the 3D-QSAR analysis.
The second PLS component accounted for 81% of variance and
was predictive (q2 ) 0.71, SDEP of the external test set ) 0.67).
The third PLS component improved both the fitting and the
predictive ability of the model (r2) 0.87, q2 ) 0.76, and the
SDEP of the test set ) 0.59), whereas the fourth PLS component
did not offer any further predictivity improvement. Thus, the
model’s optimal dimensionality was given by three components
(see Figure 4).

One important feature of 3D-QSAR analysis is the graphic
representation of the model, usually used to make its interpreta-
tion easier. In the Golpe program51 there are several options
for displaying the final model. Among these, the PLS pseudoco-
efficient and the activity contribution plots are very useful. The
PLS coefficient plot makes it possible to visualize favorable
and unfavorable interactions between the probes and the
molecules under study, while the activity contribution plot is

Figure 2. Matrix of rmsds obtained by the docking studies. The second column indicates the score of sequence similarity between the corresponding
TK and human EGFR.

Figure 3. General structures of the EGFR inhibitors used for the
development of the 3D-QSAR models.

Table 1. Statistical Results of the 3D-QSAR Model

Vars PC r2 q2 SDEPCV SDEPTS

1576 2 0.81 0.71 0.56 0.67
1576 3 0.87 0.76 0.51 0.59
1576 4 0.91 0.76 0.51 0.63
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different for each molecule within the training set, displaying
spatial regions that are individually important for the selected
molecule.

Figure 5 illustrates the PLS coefficient plots of the model
for the C3 and N2 probes. A high affinity 4-anilinopyrido[3,4-
d]pyrimidine (compound 107 of Table 1 in the Supporting
Information, IC50 ) 0.17 nM) is also reported.

For the C3 probe, there are three regions (A-C) with positive
values (green polyhedrons) in which a favorable interaction
between a substituent and the probe results in an increase in
activity, whereas an unfavorable interaction between a substitu-
ent and the probe results in a decrease in activity. There are
also four negative regions (A′-D′, cyan polyhedrons) in which
a favorable interaction between a substituent and the probe
results in a decrease in activity, whereas an unfavorable
interaction between a substituent and the probe results in an
increase in activity. As shown in Figure 6, regarding the N2
probe, there are four principal regions (a′-d′) with negative
values (cyan polyhedrons) in which a favorable interaction
between a substituent and the probe results in an increase in
activity, whereas an unfavorable interaction between a substitu-
ent and the probe results in a decrease in activity, and there are
three positive regions (green polyhedrons) where a favorable
interaction between a substituent and the probe determines a
decrease in activity.

It is also interesting to note that some of the positive and
negative PLS regions for the N2 probe corresponded to those

of C3. In particular two positive regions (a, b) for the N2 probe
corresponded to the positive regions B and C for the C3 probe
and three negative regions (a′, b ′, and d′) corresponded to the
A′, D ′, and B′ negative regions for the C3 probe.

As the alignment of the ligands was performed using the
structures docked into the X-ray EGFR structure, it would be
useful to check for matching between the EGFR protein and
the 3D-QSAR maps. In Figure 6, the binding site of the EGFR
overlaps with the positive 3D PLS coefficient maps of the C3
probe and negative maps of the N2 probe. For the C3 probe,
regions A, B, and C are in the proximity to M1002, L718, and
L844, respectively, thus suggesting an important role for these
residues. For the N2 probe, the electrostatic surface a′ corre-
sponds to T790, region b′ is situated between T854 and D855,
and region c′ corresponds to the carbonyl oxygen of R841, while
region d′ corresponds to the backbone nitrogen of M793.

Ligand-Based 3D-QSAR Analysis. The results obtained for
the receptor-based 3D-QSAR study were then compared with
a ligand-based model (see point 5 of Figure 1). The alignment
of the molecules was developed using ROCS.52 This software,
starting from a reference structure, compares the shape of the
molecules using a smooth Gaussian function. The alignment
was developed using Lapatinib50 as a reference structure.

The 3D-QSAR model was developed using the C3 and N2
probes, and as displayed in Table 2 and Figure 7, the third
component of the ligand-based model showed a very similar
correlation coefficient (r2 ) 0.86) and predictive correlation
coefficient (q2 ) 0.74) with respect to the receptor-based 3D-
QSAR model (r2 ) 0.87 and q2 ) 0.76, respectively); however,
the ligand-based 3D-QSAR model possessed a worse ability
for the prediction of the activity of the external test set, as it
showed a higher value of the SDEP for the external test (SDEPTS

) 0.75, whereas SDEPTS ) 0.59 for the receptor-based 3D-
QSAR model).

Virtual Screening Studies. The Maybridge database53 was
enriched with 48 known high affinity and 30 low affinity EGFR
inhibitors that were not included in the 3D-QSAR studies (see
Tables 2 and 3 in the Supporting Information). Conformational
ensemble generations were developed using Omega 2.1.0,54 and
the database thus obtained was submitted to a shape-similarity
filtering using ROCS 2.252 (see point 7 of Figure 1). Lapatinib
was used as the reference compound for the shape-similarity
search. This compound had already been used for the alignment

Figure 4. Plot of the receptor-based 3D-QSAR model. Experimental/
predicted pIC50 is reported. The training set is represented as 9 and
the test set as O.

Figure 5. Negative (cyan) and positive (green) regions of the PLS
coefficient plot obtained with the C3 and N2 probes.

Figure 6. Negative (cyan) and positive (green) regions of the PLS
coefficient plot obtained with the C3 and N2 probes superimposed on
the human EGFR binding site.

Table 2. Statistical Results of the 3D-QSAR Model

Vars PC r2 q2 SDEPCV SDEPTS

1427 2 0.82 0.68 0.59 0.75
1427 3 0.86 0.74 0.53 0.75
1427 4 0.89 0.74 0.53 0.76
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of molecules for building the ligand-based 3D-QSAR model.
As already reported by Wood and co-workers lapatinib is bound
to an inactive-like conformation of EGFR that is different from
the active-like structure bound by the other common EGFR
inhibitors.50 However, lapatinib has a very slow off-rate from
the purified intracellular domains of EGFR that correlates with
a prolonged down-regulation of receptor tyrosine phosphorilation
in tumor cells. Therefore, the development of new compounds
showing a behavior similar to lapatininb could be very interest-
ing. Furthermore, lapatininb also seems to be suitable for a
shape-based virtual screening analysis, since it is characterized
by large dimensions, occupies most of the binding site, and
shows the main key interactions with the protein.

As shown in the Table 4 reported in the Supporting
Information, this first step eliminated a very high percentage
of the original 79 526 compounds, since only 0.3% of them
passed to the next step.

Of the compounds with known EGFR inhibitory activity, all
the high affinity ones were accepted and only one low affinity
compound was eliminated. Hence, this step made a very
important contribution to reduce the number of compounds to
be studied, but it did not discriminate among compounds that
possessed an activity that differed by at least 3 orders of
magnitude.

The filtered database was then subjected to docking studies.
This step could be carried out by means of the GOLD software
using the kinase scoring function, as it showed the best results;
however, for a wide analysis and a further test of the reliability
of the applied procedure, all the tested docking procedure,
carried out using Autodock 3.0,34 Autodock 4.0,34,35 Gold
3.0.1,36 Dock 6.0,37 and Fred 2.138 software, was applied on
the filtered database as a qualitative filter term. It is well-known
from the analysis of X-ray complexes between kinases and
inhibitors interacting in the ATP binding site55-58 and from
pharmacophoric59,60 and docking studies61 that the backbone
nitrogen of residue 793, which corresponds to a methionine in
the EGFR, plays a role in inhibitor binding, as it forms a

hydrogen bond with N-1 of the ATP adenine and also with the
most high affinity kinase inhibitors. As a result, in the docking
step all the compounds that did not form an H-bond with the
backbone nitrogen of M793 were rejected.

The docking results were evaluated in terms of enrichment
factor (EF) and Precision ·Recall (PR) (see the Experimental
Section for a brief description of these measurements). As
shown in Table 4 of the Supporting Information, from
analysis of the EF results, the Dock procedure showed the
best value (1035) and therefore seemed to be the best docking
program for developing the VS study. With this software,
only 15 of the 48 high affinity compounds were selected,
though one low affinity compound was selected and only
eight compounds of the Maybridge database were proposed
as high affinity compounds.

For the PR term, the Gold software using the KCS fitness
function was the best screening docking software (PR ) 0.9).
By this method, 47 of the 48 EGFR high affinity inhibitors were
selected, and 7 low affinity compounds and 54 compounds of
the Maybridge database were proposed as high affinity
compounds.

In conclusion, for the VS applications, Dock (EF ) 1035,
PR ) 0.3) and Gold using the KCS fitness function (EF ) 721,
PR ) 0.9) seemed to be the two best approaches.

As reported above, we constructed a receptor-based 3D-
QSAR model using as an alignment tool the docking poses
obtained by means of the KCS method of the Gold software.
The docking results of the VS study obtained using the KCS
procedure were thus filtered using the 3D-QSAR model; in
particular, this filter was applied considering as high affinity
compounds the ligands that the 3D-QSAR model predicted with
an IC50 better than 20 nM. As shown in Table 3, 43 of the 48
known high affinity EGFR inhibitors were selected, 4 low
affinity ligands were selected, and 26 compounds of the
Maybridge database were proposed as high affinity compounds.
These results determined an increase in the EF value (EF )
976) similar to that obtained with the Dock software, with the
maintenance of a good PR value (PR ) 0.8). This analysis
indicated that the best VS procedure consisted of the use of
Gold with the KCS fitness function followed by the rescoring
of the results through the receptor-based 3D-QSAR model.

As a further analysis, we also used Dock software as an
alignment tool for the generation of receptor-based 3D-QSAR
study; however, as shown in Table 5 in the Supporting
Information section, the best 3D-QSAR model did not show
good statistical results, as it showed a q2 of 0.48 and an SDEP
for the external test set of 1.08.

In this case the 3D-QSAR was used as a filter for the docking
results. Then, in order to provide a comparison between the
VS results from the docking and 3D-QSAR approaches inde-

Figure 7. Plot of the ligand-based 3D-QSAR model. Experimental/
predicted pIC50 is reported. The training set is represented as 9 and
the test set as O.

Table 3. Summary of the Receptor-Based 3D-QSAR Rescoring of the
Docking Results Obtained by Means of the Gold Software Using the
Chemscore Fitness Function Modified by the Kinase Scoring Functiona

MayBridge database high affinity inhibitors low affinity inhibitors

GOLD KCS

54 47 7

3DQSAR

26 43 4
EF 976
REC 0.9
PRC 0.9
PR 0.8

a EF ) Enrichment Factor. REC ) Recall. PRC ) Precision. PR )
Precision ·Recall.

968 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 4 La Motta et al.



pendent from one another, the enriched filtered database
resulting from the ROCS analysis was subjected to the ligand-
based 3D-QSAR model activity prediction.

Figure 8 shows the statistical results. The best EF was
obtained taking into account only those compounds with a
predicted IC50 better than 2.5 nM; however, this threshold
resulted in a PR value of 0.1. From the analysis of Figure 8,
the best results in terms of EF and PR were obtained taking
into account all the compounds with a predicted IC50 better than
10 nM (see the red line in Figure 8) that resulted in an EF of
828 and a PR value of 0.6.

These statistical results highlighted that the reliability of
docking-based VS studies were comparable with the ligand-
based protocol; however, the combination of the two approaches
gave the best results.

In order to test from an experimental point of view the
reliability of the best VS protocol obtained using the combina-
tion of Gold with the KCS fitness function followed by the
rescoring of the results through the receptor-based 3D-QSAR
model, the 26 compounds of the Maybridge database that were
predicted as high affinity compounds by the 3D-QSAR model
were visually checked, and among them 10 compounds were
purchased from Maybridge (see point 11 of Figure 1). Two of
them were discarded, as their NMR spectra clearly showed
impurities. The remaining eight were subjected to an EGFR
inhibition assay (see the Experimental Section for details). As
indicated in Table 4, all the compounds tested except one
showed EGFR inhibitory activity at a concentration of 100 µM,
yielding an experimental hit ratio of 87.5%. Interestingly, the
VS protocol succeeded in filtering a compound that showed an
IC50 of 4.6 nM (compound 8, GK0347453). However, it was
not a surprising result because this compound was very similar
to other already published kinase inhibitors.62

As shown in Figure 9A, the quinazoline ring of compound
8 formed an H-bond with M793, the two methoxy groups
were directed toward the solvent accessible region of the
binding site, and the 4-m-tolylamino substituent mainly
interacted with L788 and T790, thus overlapping with the
N-aryl substituent of lapatinib. Among the other compounds
tested, two of them proved to be very interesting, as they
showed a low micromolar activity and belong to two
completely new chemical classes of kinase inhibitors.
Compound 7 (HTS0274153) possessed an IC50 of 11.1 µM.
As shown in Figure 9B, the 4-morpholino group formed an
H-bond with M793, the ethylbenzoate central nucleus mimed

the substituted furan ring of lapatinib, and the 3-(4-bromo-
5-chlorothiophene-2-sulfonamido) group was directed toward
the core of the binding site, overlapping with the binding
disposition of the N-aryl substituent of lapatinib. Finally, the
triazole group of compound 6 (HTS0021353), which possessed
an IC50 of 6.3 µM, formed an H-bond with M793, and the
p-trifluoromethylphenyl group was directed toward the
solvent accessible region of the EGFR binding site partially
overlapping the furanic ring of lapatinib. The oxadiazole ring
formed an H-bond with K745 and T854 and allowed the
insertion of the (2,6-dichlorophenoxy)methyl group into the
pocket mainly delimited by M766, C775, L777, T854, F856,

Figure 8. Statistical results of the ligand-based 3D-QSAR virtual
screening. The red line indicates the activity threshold that resulted in
the best EF and PR values.

Table 4. Structure and EGFR Activity of the Compounds Tested

a Percent inhibition observed at 100 µM concentration of the test
compounds. Values are the average from at least two independent
dose-response curves. Variations were generally within (15%. b IC50 (95%
CL) values represent the concentration required to produce 50% enzyme
inhibition. Values are the average from at least two independent
dose-response curves. c Not active. No inhibition was observed up to 100
µM of the test compound.
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and L858, in which the 3-chlorobenzyloxy group of lapatinib
also interacted.

A similarity search for compounds 6 and 7 against the already
published kinase ligands revealed that there are no kinase
compounds with a similarity score greater than 65 (score ) 100
means that the two compounds are identical), and this fact
encouraged us to investigate both compounds further.

Conclusions

In this study, with EGFR as a case study, we tested the
possibility of developing TK receptor-based 3D-QSAR
models. First of all we analyzed the ability of the docking
software to predict the binding disposition of known ligands.
Then the best procedure was used to dock 206 inhibitors and
the best poses were used as an alignment tool for the
development of a 3D-QSAR model. The results obtained
allowed us to extract both qualitative and quantitative
information about the ligand-receptor interactions. 3D-
QSAR analysis and in particular superimposition of the PLS
coefficient surfaces and the EGFR structure revealed that
residues L718, L844, and M1002 showed important lipophilic
functions while T790, M793, R841, T854, and D855 might
be very important for their electrostatic interactions. Finally,
the analysis performed suggested to us the possibility of
combining the different methods used in this study in order
to develop a VS approach capable of extracting new EGFR
inhibitors from ligand databases. To test the VS approaches,
we used an enriched Maybridge database, to which 78 known
EGFR inhibitors with an IC50 lower than 10 nM or up to 5
µM were added. The VS protocol based on molecular shape
comparison was carried out by means of the ROCS program,
which allows a fast matching of the molecular volumes. The
screening results were then subjected to docking studies using
various methods and software, applying a qualitative filter
term. The best docking programs for developing the VS study
seemed to be the Gold software using the KCS scoring
function and applying the receptor-based 3D-QSAR model.
The reliability of this VS protocol was supported by good
values of EF and PR. Furthermore, in order to verify the
reliability of the procedure experimentally, eight compounds
of the Maybridge database predicted as high affinity com-
pounds by the VS study were tested for their inhibitory
activity against EGFR. All the compounds tested except one
showed EGFR inhibitory activity at a concentration of 100
µM, with two compounds showing a low micromolar activity
and one showing a nanomolar activity.

The two low micromolar compounds may be considered as
very interesting leads for the development of new high affinity
EGFR inhibitors, and further studies will be carried out. Taken
together, these findings suggest that the techniques thus

optimized may be suitable for the design of new EGFR
inhibitors, and the results obtained encourage us to also apply
this method to other TKs, including the systems for which X-ray
data are not available.

Experimental Section

Kinase-Inhibitor Complex Structures and Docking. A total
of 15 wild and mutated EGFR structures, available from the Protein
Data Bank,63 were used in this work (see Figure 2). Moreover, in
order to enhance the number of kinase complexes used for testing
the docking procedures, the primary sequence of the catalytic
domain of human EGFR, obtained from the SWISS-PROT protein
sequence database,64 was subjected to a sequence similarity search
carried out by means of Blastp.65 All the kinase proteins with an
alignment score greater than 74 were taken into account; as a result,
the 27 kinase-inhibitor X-ray structures possessing the highest
sequence similarity with respect to the catalytic domain of human
EGFR were included in the docking set (see Figure 2).

Hydrogen atoms were added by means of Maestro 7.5.66 The
ligands were extracted from the X-ray complexes and were then
subjected to a CS of 1000 steps in a water environment (using the
generalized Born/surface-area model) by means of Macromodel.67

The algorithm used was the Monte Carlo method with the MMFFs
force field and a distance-dependent dielectric constant of 1.0. The
ligands were then minimized using the conjugated gradient method
until a convergence value of 0.05 kcal/(Å ·mol), using the same
force field and parameters as for the conformational search. The
ligands minimized in this way were docked into their corresponding
proteins by means of Autodock 3.0,34 Autodock 4.0,34,35 Gold
3.0.1,36 Dock 6.0,37 and Fred 2.138 software.

The docking results were evaluated through a comparison
between the found docked positions of the ligand and the
experimental ones. As a measure of docking reliability, the rmsd
between the positions of heavy atoms of the ligand in the calculated
and experimental structures was taken into account.

As already reported by Shewchuk and co-workers,68 also for
the 4-anilinoquinazoline EGFR inhibitors, X-ray stuctures high-
lighted the presence of an ordered water that bridged the N3 position
of the anilinoquinazoline ring to Thr766. However, since we also
take into account compounds with different central scaffolds, we
did not take into account the presence of this water molecule.

Docking Procedures. Autodock 3.0 and 4.0. Autodock Tools69

was used in order to identify the torsion angles in the ligands, add
the solvent model, and assign the Kollman atomic charges to the
protein. The ligand charge was calculated using the AM1-BCC and
Gasteiger method, as implemented in the Antechamber suite of
Amber 9.70 The regions of interest used by Autodock were defined
by considering lapatinib (PDB code 1XKK50) as the central group;
in particular, a grid of 50, 46, and 58 points in the x, y, and z
directions was constructed centered on the center of the mass of
this inhibitor. A grid spacing of 0.375 Å and a distance-dependent
function of the dielectric constant were used for the energetic map
calculations.

Figure 9. Docking of compounds 8 (A), 7 (B), and 6 (C) into the human EGFR binding site. Lapatinib (cyan) is reported.
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By use of the Lamarckian genetic algorithm, the docked com-
pounds were subjected to 100 runs of the Autodock search, using
500 000 steps of energy evaluation and the default values of
the other parameters. Cluster analysis was performed on the
results using an rms tolerance of 1.0 Å.

The docking pose analysis was carried out for the first pose of
the first cluster and the first pose of the most populated cluster.

Gold 3.0.1. The region of interest used by Gold was defined in
such a manner that it contained the residues that stayed within 10
Å from the ligand in the X-ray structures; the “allow early
termination” command was deactivated, while the possibility for
the ligand to flip ring corners was activated. For all the other
parameters, the Gold default ones were used, and the ligands were
submitted to 30 genetic algorithm runs.

Three docking analyses were carried out. In the first two cases,
the two fitness functions implemented in Gold, i.e., GoldScore and
ChemScore, were used. In the third one, we used the kinase scoring
function implemented in Gold (applicable using ChemScore as
fitness function), which calculates a contribution for weak CH · · ·O
interactions.

Dock 6.0. The molecular surface of the binding site was
calculated by means of the MS program,37 generating the Connolly
surface with a probe with a radius of 1.4 Å; the points of the surface
and the vectors normal to it were used by the Sphgen program37 to
build a set of spheres, with radii varying from 1.4 to 4 Å that
describe, from a stereoelectronic point of view, the negative image
of the site. The first set of spheres automatically generated and
clustered by the program was used to represent the site. For each
ligand, Dock 6.0 calculated 500 orientations; of these, the best grid
scored was taken into consideration.

Fred 2.15. Fred requires a set of input conformers for each
ligand. The conformers were generated by Omega 2.1.054 (Open
Eye Scientific Software). We applied the following modifications
to the default setting of Omega: the maximum number of output
conformers was set to 10 000, and the rmsd value below which
two conformations were considered to be similar was set at 0.5 Å.
Fred docking roughly consists of two steps: shape fitting and
optimization. During shape fitting, the ligand is placed into a 0.5
Å resolution grid box encompassing all active-site atoms (including
hydrogens) using a smooth Gaussian potential. A series of three
optimization filters are then processed, which consist of refinement
of the positions of hydroxyl hydrogen atoms of the ligand, rigid
body optimization, and optimization of the ligand pose in the
dihedral angle space. In the last optimization step, the Chemgauss2
scoring function was used. After the docking calculation the poses
returned were scored independently by the five available scoring
functions (Chemgauss2, Chemscore, Plp, Screenscore, Shapegauss)
and by a combination of them.

Receptor-Based 3D-QSAR Model. Alignment of the Molecules.
The 206 compounds were docked inside the 1XKK50 EGFR
binding site using the KCS scoring function of Gold and also using
Dock software. For each ligand, the best docked structure was
chosen, and this receptor-based alignment was used for further
studies.

Data Set. The Golpe program51 was used to define a 3D-QSAR
model, using GRID interaction fields71 as descriptors (see below).
The training set was composed of 142 compounds, characterized
by affinity values spanning about 5 orders of magnitude. Similarly,
the 64 compounds belonging to the test set showed a pIC50 affinity
value ranging from 5.0 to 10 and were uniformly distributed along
the activity range. The generation of the training and test sets was
automatically developed using an in-house program. Using a shape-
based algorithm, the program is able to select a series of compounds
with a broad activity range, limiting the number of compounds that
are similarly active and structurally similar.

Probe Selection. The Grid program71 was used to describe the
previously superimposed molecular structure. Interaction energies
between the selected probes and each molecule were calculated
using a grid spacing of 1 Å. Initially, many probes were tested and
the preliminary PLS analyses suggested that the use of a combina-

tion of C3 (corresponding to a methyl group) and N2 (corresponding
to neutral flat NH2) probes best described the system.

Variable Selection. The MIFs of the training set were imported
into the Golpe program; it is well-known that many of the variables
derived from Grid analysis may be considered as noise, which
decreases the quality of the model. For this reason, variable selection
was operated by zeroing absolute values smaller than 0.06 kcal/
mol and removing variables with a standard deviation below 0.1.
Furthermore, variables that exhibited only two values and had a
skewed distribution were also removed.

The smart region definition (SRD) algorithm72 was applied with
10% of the active variables as the number of seed (selected in the
PLS weights space), a critical distance cutoff of 2.5 Å, and a
collapsing distance cutoff of 4.0 Å. The groups were then used in
the fractional factorial design (FFD) procedure. FFD selection was
applied twice, until the r2 and q2 values did not increase signifi-
cantly, using the cross-validation routine with five random sets of
compounds.

Ligand-Based 3D-QSAR Model. The alignment of the com-
pounds was developed using the ROCS 2.2 software,52 which is a
shape-similarity method based on the Tanimoto-like overlap of
volumes. The alignment was developed using the combo score,
which combines the Tanimoto shape score with the color score for
the appropriate overlap of groups with similar properties (donor,
acceptor, hydrophobe, cation, anion, and ring). All the other
parameters were used as ROCS default values. The maximum
number of conformations per molecule was ∼1000, generated using
Omega 2.1.0.54 Default parameters were used with the following
exception: the rms parameter (which sets the minimum root mean
square Cartesian distance below which two conformers are dupli-
cates) was set to 0.5 (default ) 0.8).

Lapatinib was extracted from the X-ray complex with EGFR
(1XKK50 PDB code) and was used as the reference structure for
the alignment. For the data set, probe, and variable selection, the
same approach and parameters applied for the receptor-based 3D-
QSAR study were used.

Virtual Screening Protocol. The Maybridge database,53 consist-
ing of 79 448 compounds, was enriched with 48 known EGFR
inhibitors with an IC50 better than 10 nM 73-80 and 30 compounds
with an IC50 EGFR inhibitor activity worse than 5 µM.81-85 These
compounds were not included in the previous docking and 3D-
QSAR studies, and their activity was tested by using various
methods.

The conformation ensemble was generated using Omega 2.1.0.54

Default parameters were used with the following exception: the
maxconfs parameter (which sets the maximum number of confor-
mations to be generated) was set to 10 000 (default ) 20000).

The resulting enriched database generated by Omega was
processed with ROCS 2.2 software.52 Our studies showed that this
software could be used as a ligand-based alignment tool for
developing EGFR 3D-QSAR models; furthermore, ROCS is capable
of processing 600-800 comparisons per second, making it possible
to search multiconformer representations of corporate collections
with a low time-consuming profile.

As a reference structure for shape comparison, the quinazoline
derivative lapatinib extracted from the 1XKK X-ray structure50 was
chosen. It had already been used for the ligand-based 3D-QSAR
study. All the compounds that showed a combo score higher than
0.50 were selected. The analysis of the ROCS alignment for building
the ligand-based 3D-QSAR model revealed that all the EGFR
inhibitors showed a combo score value higher than 0.5 with respect
to lapatinib.

The filtered database was then subjected to docking studies. All
the previously analyzed kinds of docking software (Autodock 3.0
and 4.0, Dock 6.0, Gold 3.0.1, and Fred 2.15) were used, applying
the procedures described in the “Docking Procedures” section. In
order to reduce the database further, at this step a qualitative filter
term was applied; in the docking step, all the compounds that did
not form an H-bond with the backbone nitrogen of M793 were
rejected.
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The results obtained using Gold with the KCS scoring function
were further filtered using the receptor-based 3D-QSAR model
developed.

The VS results were evaluated using four different performance
measures: Recall, Precision, Enrichment, and the product of Recall
and Precision.86,87

The Recall value for positives describes the ratio of correctly
classified members of a data set. It is defined by

Recall) tp ⁄ (tp + fn)

where tp is the number of high affinity compounds not rejected
(true positives) and fn is the number of high affinity compounds
rejected during the VS filtering (false negatives).

Precision measures the percentage of known high affinity
compounds among all the compounds with known activity:

Precision) tp ⁄ (tp + fp)

where fp is the number of low affinity compounds selected by the
VS protocol (false positives).

Enrichment factor (EF) measures the enrichment of the method
compared with random selection:

EF) [tp ⁄ (tp + fn)](NCtot ⁄ NC)

where NCtot is the total number of molecules of the database (NCtot

) 79448 + 48 + 30) and NC is the total number of compounds
obtained at the end of the VS protocol.

The Precision term does not tell us anything about the absolute
number of predicted high affinity compounds taken into account
using the Recall term. In order to take both terms into consideration,
the product of precision and recall (PR) was used.

PR) (Precision)(Recall)

Biology. Materials and Methods. Ten compounds selected by
VS were purchased from Maybridge.53 All compounds were
subjected to NMR analysis prior to testing for their inhibitory
activity, to verify their correspondence to the chemical structures
shown in Table 4. Two compounds out of 10 were discarded
because of their impurity. Gefitinib was synthesized by our
laboratory following a previously reported procedure.88 Human
recombinant protein tyrosine kinase EGFR (ErbB1) and protein
tyrosine kinase assay kit, Omnia Tyr human recombinant kit 7,
were from Invitrogen.89 All solvents were from Sigma-Aldrich.

Tyrosine Kinase Assays. EGFR enzyme assays were performed
in 96-well microtiter plates using the Omnia Tyr human recombi-
nant kit 7 (Biosource), in accordance with the manufacturer’s
protocol.

The kinase activity was determined fluorimetrically by mon-
itoring for 30 min the increase in fluorescence resulting from
phosphorylation of a peptide substrate, carrying the fluorophore
8-hydroxy-5-(N,N-dimethylsulfonamido)-2-methylquinoline,90 cata-
lyzed by EGFR in the presence of ATP. EGFR was assayed at
30 °C in a reaction mixture containing 5 µL of tyrosine kinase
reaction buffer (composed of 20 mM HEPES, pH 7.4, 10 mM
MgCl2, and 0.3 mM CaCl2), 5 µL of tyrosine kinase substrate,
5 µL of 1 mM ATP, 5 µL of 1 mM DTT, 25 µL of ultrapure
water, and 5 µL of 3 mU/µL EGFR in a total volume of 50 µL.
All the above reagents, except EGFR, were incubated at 30 °C
for 5 min. EGFR was then added to start the reaction, which
was monitored with the fluorescence meter Victor3 PerkinElmer
at 360 nm (excitation filter) and 485 nm (emission filter). Kinase
activity was calculated from a linear least-squares fit of the data
for fluorescence intensity versus time.

Enzymatic Inhibition. The inhibitory activity of the selected
compounds against EGFR was assayed by adding 5 µL of the
inhibitor solution to the reaction mixture described above. All the
products were dissolved in 100% DMSO and diluted to the
appropriate concentrations with tyrosine kinase reaction buffer,
provided by the kit. The final concentration of DMSO in assay
solutions never exceeded 1% and proved to have no effects on

EGFR activity. The inhibitory effect of the products was routinely
estimated at a concentration of 10-4 M. Those compounds found
to be active were then tested at additional concentrations between
10-5 and 10-10 M. For a proper comparison gefitinib (IC50 ) 0.023
µM 17) and lapatinib (IC50 ) 0.0108 µM 19) were employed as the
reference standards. The determination of the IC50 values was
performed by linear regression analysis of the log-dose response
curve, which was generated using at least four concentrations of
the inhibitor causing an inhibition between 20% and 80%, with
two replicates at each concentration. The 95% confidence limits
(95% CL) were calculated from t values for n - 2, where n is the
total number of determinations (see Table 4).

Similarity Search. The test compounds 6 and 7 were compared
with published kinase ligands. This comparison was made by using
the Similarity Search task of SciFinder scholar.91 Similarity search
locates structures that are similar to the query, based on a two-
dimensional small molecule comparison using a Tanimoto similarity
metric. The Tanimoto metric assigns a score based on structure
descriptors, as follows:

score) (100 × C) ⁄ [(QS+ FS)-C]

where C is the number of descriptors that the query and answer
set structures have in common, QS is the number of descriptors
in the query structure, and FS is the number of descriptors in
the answer set structure. A score of 100 means that two structures
are identical.
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