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Abstract We have employed the Local Intersection Vol-
ume (LIV), a three-dimensional (3D) local shape de-
scriptor, to study quantitative structure—activity relation-
ships (QSAR) of 2-arylbenzothiophene analogs of ralox-
ifene (1), a selective estrogen-receptor modulator (SERM),
using the raloxifene bound conformation (PDB code:
1ERR) to build the structures of all ligands. The best LIV-
3D-QSAR model obtained by a combined GA-PLS opti-
mization, Model 1, was derived from RMS three-atom
alignment using a training set of 44 compounds. The fit of
the pICsy values, expressed by the squared correlation
coefficient, R2, was 0.78. After LOO-cv, a predictive
squared correlation coefficient, Q2, of 0.63 was obtained.
Model 1 has three LIVs (1091, 1554, and 1654) with
positive coefficients and three LIVs (597, 1463, and 1655)
with negative coefficients. Four descriptors (LIVs) show
excellent correspondence with pharmacophoric groups of
the raloxifene series of compounds in accordance with
SAR studies. Most interesting is the result of the predic-
tion for 14 compounds (test set) used for external valida-
tion. The results provide the tools for predicting the pICs,
values of related compounds and for the design and syn-
thesis of new ER ligands.
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Introduction

Raloxifene (1) (Fig. 1) acts as an estrogen-receptor (ER)
antagonist in mammary tissue and the uterus, but also
mimics the agonist effects of estrogen on bone and in the
cardiovascular system. [1, 2] Because of its unique profile
of tissue specificity, raloxifene (1) is considered to be a
selective estrogen receptor modulator (SERM), [3] a class
of compounds that can act as ER antagonists in some
tissues while acting as ER agonists in others. SERMs are
being evaluated and used to treat and prevent such dis-
eases as breast cancer, osteoporosis, and cardiovascular
disease. [4] The US Food and Drug Administration (FDA)
recently approved raloxifene (1), under the trade name
Evista, for the treatment and prevention of osteoporosis in
postmenopausal women. [5]

The raloxifene (1) molecular structure has four im-
portant characteristics, labeled as I-IV, responsible for its
activity, as shown in Fig. 1. The two phenolic hydroxy
groups are labeled Ia and Ib; the basic aliphatic amine
chain, II; the benzothiophene aromatic ring, III; and the
carbonyl “hinge” between the side chain containing the
basic aliphatic amine and the benzothiophene aromatic
ring, IV. [2] These structural elements give raloxifene (1)
a distinct molecular conformation, which may affect the
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Fig. 1 Structure of raloxifene (1) and definition of the pharma-
cophoric groups (Ia, Ib, II, III, and IV) according SAR studies. [2,
0]
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Fig. 2 Schematic representation of the interactions made by
raloxifene (1) within the binding cavity from the crystallographic
data. [7] Residues that make direct hydrogen bonds are depicted in
ball-and-stick style. The observed hydrogen bonds are between
nitrogen and oxygen atoms of raloxifene and the following ami-
noacid residues: Asp351 (2.66 A) Glu353 (2.41 A) Arg394
(2.97 A), and His524 (2.71 A)

conformation of the raloxifene-ER complex, making it
responsible for the unique tissue selectivity shown by this
ER modulator. [6]

Brzozowski and co-workers [7] described the crystal
structures of the ligand-binding domain (LBD) of ERc in
complex with 17f-estradiol (the endogenous estrogen)
and raloxifene (1). The crystal structures show that
raloxifene binds at the same site as estradiol within the
LBD, with the two phenolic hydroxy groups (Ia and Ib)
of the benzothiophene moiety (Fig. 2) mimicking the
hydroxyl groups of the endogenous estrogen. [7]

Raloxifene (1) is anchored to the protein by direct hy-
drogen bonds between: (i) the piperidine nitrogen atom and
Asp351 (N...O distance of 2.71 A); (i) the phenolic hy-
droxy group (Ia) of the benzothiophene ring and Glu353
(0...0 distance of 2.38 A) and Arg394 (O...N distance of
2.93 A); and (iii) the phenolic hydroxy group (Ib) and the
imidazole ring of His524 (O...N distance of 2.62 A). 7]
Moreover, the side chain of raloxifene makes extensive
hydrophobic interactions, but it is too long (at over 11 A in
length) to be contained within the confines of the binding
cavity. Therefore, one of its ends displaces helix H12 and
protrudes from the pocket between helices H3 and H11. [7]
Brzozowski and co-workers argue that the antagonistic
response of raloxifene is based on its ability to prevent the
formation of a raloxifene-ERa complex active conforma-
tion, which is dependent on H12. [7]

Asp351 in the LBD of ERa plays a pivotal role in
regulating the estrogen-like activity of SERM-ERa com-
plexes. Raloxifene acts as a full antagonist in MDA-MB-
231 human breast cancer cells stably transfected with the
wild-type ERa (Asp351). [8] However, the agonist activ-
ity of the raloxifene-ERa complex is enhanced with
Glu351 and Tyr351, but lost with Phe351. [8] In addition,

a raloxifene derivative in which the piperidine ring is re-
placed by a cyclohexane ring is a potent agonist with the
wild-type ERa. [8] According to these results, it is pos-
tulated that the side chain of raloxifene (basic piperidine
ring) shields and neutralizes Asp351 to produce an anti-
estrogenic ERa complex (inactive conformation), and the
distance between the piperidine nitrogen of raloxifene and
the negative charge of amino-acid-351 is critical for es-
trogen-like action. [8]

Based on the raloxifene (1) structure, Grese and co-
workers [9] synthesized and evaluated a series of 2-aryl-
benzothiophene raloxifene analogs as ligands of the es-
trogen receptor (ER) and inhibitors of the MCF-7 breast
cancer cell proliferation in vitro. In order to develop
three-dimensional quantitative structure—activity relation-
ship (3D-QSAR) models for estrogen receptor ligands, we
have selected this series of 2-arylbenzothiophene ralox-
ifene analogs as a case study.

Quantitative structure—activity relationships (QSAR)
are a mathematical methodology, statistically validated,
and mostly used to correlate experimental or calculated
properties derived from chemical structures with biological
activities. QSAR also may be applied to predict the activity
values of non-synthesized compounds structurally related
to training sets. With the advent of molecular modeling,
three-dimensional (3D) descriptors have replaced the di-
dactical physicochemical (experimental or calculated) and
bi-dimensional (calculated) descriptors. [10]

Recently, we developed a new descriptor for 3D-
QSAR named the local intersection volume (LIV), which
can be classified as a local shape descriptor. [11, 12] The
LIV is the intersection volume between molecule atoms
and a set of carbon-atom sized spheres, composing a
virtual three-dimensional box. [11, 12] The molecules are,
then, after a previous alignment derived from the best
steric-electrostatic fit according Good and co-workers’
method, [13, 14] inserted in this box.

There is a strong analogy between the concept behind
the LIV descriptor and the INVOL descriptor, the latter
developed by Sulea and co-workers in 1997, [15] where
the authors describe the van der Waals envelopes’ inter-
section volumes as a steric potential field in a 3D-QSAR
CoMFA study, and termed this intersection volumes field
INVOL. [15]

In our work, we have developed a LIV-3D-QSAR
model for estrogen-receptor ligands using a series of 2-
arylbenzothiophene raloxifene analogs [9] as a case study.
The compounds were modeled using the raloxifene (1)
crystal structure complex with the LBD of ERa [7] as a
template. The LIV-3D-QSAR model may be used to de-
sign new ER ligands.

Methods

Biological data

A data set of 55 raloxifene derivatives was taken from published
results [9] and the 3D-QSAR model was developed using a training



Table 1 Structures and experimental ICsy (nM)" values for estro-
gen receptor antagonists in the data set (55 compounds) [9]

N| @M |4 | 5 6- 7- | 2- | 3 4- 5-
1] 02 OH oH

2| 03 OH F oH

3| 07 oH Me

4] 08 OH C=CH
5 1.0 OH Me | OH

6| 1.0 OH cl

7| 20 OH Me OH

8 | 20 oH OMe OH

9| 23 OH Cl OH
10] 23 OH F

11] 25 OH

12| 25 OH F

13| 3.0 F OH OH
14| 50 OH Et

15] 7.0 OH CH=CH,
16 | 10.0 OH OH

17| 10.0 OH n-Bu
18 | 20.0 OH CONMe,
19 | 20.0 C=CH OH
20| 300 OH i-Pr
21| 300 CO,Me oH
22| 320 OH COMe
23| 35.0 OH
24| 400 OH CONHMe
25| 500 OH Me
26 | 50.0 OH CO,Me
27| 50.0 oH CO,Et
28| 60.0 COMe OH
29 | 100.0 Me | OH OH
30 | 100.0 | Me OH | Me OH
31 100.0 OMe |
32 | 100.0 OH ol
33| 100.0 OH Ph
34| 100.0 OH CH,SEt
35| 100.0 OH Me| OH Me
36| 190.0 | OH OH
37 | 200.0 OH CONH,
38| 250.0 OMe OH
39 | 300.0

40 | 300.0 OMe OMe
41 | 300.0 Me OH
42 | 300.0 OH OH
43 [ 325.0 OH CO,Et
44 | 325.0 OMe | OMec | OMe OMe
45 | 350.0 | OH OH OH
46 | 400.0 OH | OH OH
47 | 500.0 OH NO,
48[ 5000 | -C|H,- OH OH
49 | 500.0 OMe “OCH,0-
50 | 500.0 Me | OH | Me OH
51 | 600.0 OMe CH,OH
52 [ 1000.0 OH OMe
53 [ 1000.0 CONH, OH
54 | 1000.0 cl OH
55 | 1000.0 OH CF;

# The potency was defined as log(1/C)(pICsg), where C is the ef-
fective inhibitory concentration of the compound required to
achieve 50% (ICsp) inhibition of MCF-7 cell proliferation. [9]
Underlined numbers correspond to the 14 compounds of the test set
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data set of 41 compounds (1-7, 9-13, 15, 16, 19, 21-25, 27, 28, 30,
31, 33, 35-40, 43-46, 48, 50, 51, and 53-55), randomly selected
from the original 55 compounds. The model also was externally

original 55 compounds. These compounds are structurally similar
to the compounds in the training set. Table 1 reports the 55 com-
pounds’ structures (training set and test set) and the related potency,
which is defined as ICsy (nM), where C is the effective inhibitory
concentration of compound required to achieve 50% (ICsg) inhi-
bition of MCEF-7 cell proliferation. [9] In addition, all pharmaco-
logical data were obtained from the same laboratory, eliminating all
potential noise by the pooling of data sets from different sources.

Compounds model building

Three-dimensional (3D) structures of each of the 54 compounds
(Table 1) were based on the structure of the compound 1 (ralox-
ifene) co-crystallized with ER retrieved from the Protein Data Bank
[16] (PDB code: 1ERR). [7] This structure is the conformation
bound to the receptor-binding site or the active conformation of the
compound 1. The 3D models for each compound in their neutral
forms were constructed using the PC Spartan Pro v.1.0.5 software
[17] based on the conformation of the bound structure of compound
1. Each structure, including raloxifene (1), was geometry-optimized
using the PC Spartan Pro PM3 semiempirical method without any
restriction in vacuum, and the partial atomic charges were assigned
by the same method available on the AMPAC/MOPAC module
from the Insightll software. [18]

Grid matrix assembling and volumes calculation

We constructed a grid matrix composed by 2,197 cubic unitary
cells, where the vertices correspond to the Cartesian coordinates of
the eight carbon atoms or hard spheres, and the vertices arrest
lengths are 1.50 A. [12] The volume for each sphere was calculated
using the carbon van der Waals radii length of 1.54 Ax0.65, where
0.65 is the scale factor used to avoid a large overlap among the
spheres, and, consequently, a minimal loss of volume among the
hard spheres. [12] The volumes were calculated using the Search-
Compare module of the InsightIl program. [18]

Alignment rules

The overall alignment step was performed using the standard tools
available in the Search-Compare module of the InsightIl program.
[18] The most active compound (1), the reference compound, was
inserted in the grid matrix considering both centers of mass. All the
other 40 compounds were superimposed to the reference compound
by two different alignment procedures, using three atoms according
to the raloxifene numbering as shown in Fig. 1: C6 (E-ring), C1 (D-
ring) and C4 (B-ring). The three selected atoms are from the rigid
framework (aromatic rings) and they are common for all com-
pounds. The first alignment procedure was done by root mean
squares (RMS) deviation using the three selected atoms. The sec-
ond alignment procedure was done in two steps: a pre-alignment by
RMS deviation (using the same three selected atoms) was used,
followed by a subsequent alignment by steric (50%) and electro-
static (50%) fit. The similarity index of the steric and electrostatic
fit is in accordance with the method proposed by Good and co-
workers. [13, 14]

Molecular volume and LIV calculations

The molecular volumes for each compound were calculated using
the van der Waals radii without scale factors. After the alignment
step, the intersection volumes were calculated using the molecular
volume of each compound and the volume of each hard sphere that
composes the grid matrix. These intersection volumes were labeled
local intersection volumes (LIV), and they represent the indepen-
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dent variables (volume descriptors) of the database. The molecular
volume and the LIV calculations were performed using the tools
available in the Search-Compare module of the Insightll program.
[18]

Data reduction

In order to exclude data noise from both databases, generated by the
RMS alignment and the combined RMS/steric-electrostatic fit
alignment, named alignment-1 and alignment-2, respectively, we
have done two types of data reduction (A and B) generating four
databases, named DB-1A, DB-1B, DB-2A, and DB-2B. Databases
A were constructed excluding the variables where LIV is equal to
zero for all molecules, and databases B were constructed excluding
the variables where LIV is different from zero in three or less than
three molecules. In DBs-A, we excluded useless variables and, in
DBs-B, we harmonized the data, removing variables that were not
properly represented in the data set. That meant we took into ac-
count the structural peculiarities of a few compounds. [11, 12]

LIV-3D-QSAR models calculation

The QSAR analysis relates chemical descriptors (x) to a response
variable (y) by a mathematical equation, most often in the form of
Eq. (1):

y=f(x) =c+ > ayBx;) (1)

where c is a constant, a is the (regression) coefficient, i ranges over
the set of descriptors, and the jth basis function type varies de-
pending on the ith descriptor. The function (operator) B may be, for
example, an algorithmic or quadratic transform, a half-space spline,
or unity. [19]

The models were calculated using a combined Genetic Algo-
rithm (GA) and Partial Least Square (PLS) [20, 21] approach,
implemented in the Wolf 6.2 program. [22] The GA-PLS opti-
mizations were applied for the four databases (DB-1A, DB-1B,
DB-2A, and DB-2B) using 300 randomly generated models
(functions or equations), each model depending initially on four
basis functions, where each is composed by one independent
variable. Only linear basis functions were used. Mutation proba-
bility over the crossover optimization was set to a rate of 100% at
each ten-crossover operation. Since the training set is composed of
41 compounds, in order to have no more than eight descriptors in
each equation to avoid data over-fitting, the smoothing factor (the
variable that controls the number of independent variables in the
models) was set to 0.1. The maximal number of components for the
PLS regression analysis was four, and 40,000-crossover operations
were used. All other options were left in their default values.

The models were scored using Friedman’s lack-of-fit

(LOF) measure, [23] which is given by Eq. (2):
LOF = LSE/{1 — (¢ +d - p)/m}’ (2)

where LSE is the least-squares error (calculated from the difference
between actual and calculated values for the activity index over the
data set), ¢ is the number of basis functions in the model, d is the
smoothing factor, p is the total number of variables contained in all
basis functions, and m is the number of samples (compounds) in the
training set. The LOF measure penalizes appropriately for the ad-
dition of terms to the equation (and consequent loss of degrees of
freedom) in such a way to resist over-fitting.

Model validation

(a) Cross-validation (internal validation): the ten best 3D-QSAR
models, as scored by the LOF measure from the GA-PLS
analysis, were evaluated by the leave-one-out cross-validation
(LOO-cv) procedure using the Wolf 6.2 program. [21]

(b) External validation: the best model was applied to the test data
set of 14 compounds that where not included in developing the
LIV-3D-QSAR models. This step was performed only for the
best model.

Results

The GA-PLS analysis for DB-1A, DB-1B, DB-2A, and
DB-2B generated several models or equations. However,
DB-1B was the only one that gave a model with a squared
coefficient of linear correlation after cross-validation (Qz)
higher than 0.5. According to these results, we will only
present the analysis of the best model derived from DB-
1B, Model 1 (Eq. 3). It is interesting to note that the best
model was derived from alignment-1 (the RMS alignment
without the steric—electrostatic fit) using data reduction
procedure B. This suggests that the RMS alignment, in
this particular case, is superior to alignment-2 (the RMS/
steric-electrostatic fit alignment), probably because there
are specific interactions governing the ligand-receptor
binding that might change after the steric-electrostatic fit
alignment.

In fact, the crystallographic structure of the raloxifene—
ERoa complex [7] shows at least four hydrogen bonds
(Fig. 2). However, we need to be careful with this hy-
pothesis because the visual observation of the superim-
position after both alignment procedures gives similar
results. In addition, we may conclude, as was to be ex-
pected, that data reduction B is superior to data reduction
A because data reduction A excludes useless variables
and, data reduction B harmonizes the data, removing
variables that were not properly represented in the data
set.

According Eq. (3), the best model, Model 1, is com-
posed by six LIV descriptors (independent variables),
with both positive and negative contributions to the ac-
tivity.

Model 1
pICsy = 16.242 — 4.130(LIV_597) + 10.504(LIV_1091)

—2.234(LIV_1463) 4+ +0.347(LIV_1554)
+9.277(LIV_1654) — 15.646(LIV_1655)
(N=41 R=076 @*=0.68 SD=061) (3)

Model 1 represents the best LIV-3D-QSAR equation
derived from 41 compounds of the training set. The
conventional squared linear correlation coefficient, R?, of
Model 1 is equal to 0.76. This means that the analyzed
results have a small fitness compared to the biological in
vitro test results. Table 2 shows the calculated pICs
values for the training set. The statistical significance of
the relationship between the biological response and the
chemical structure descriptors was further demonstrated
by a cross-validation analysis. Leave-one-out cross-vali-
dation (LOO-cv) analysis of Model 1 had a Q2 value of
0.68 with standard error of 0.61. This means that Model 1
has a predictive capacity of 68%. LOO-cv correlation
coefficient values over 0.5 reveals that the model is a
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N# pICso exp pICs calc Residue N# pICso exp pICs calc Residue
1 9.69 8.30 -1.39 29 7.00 7.60 0.60
2 9.52 9.36 -0.16 30 7.00 6.92 -0.08
3 9.15 9.55 0.40 31 7.00 6.93 -0.07
4 9.09 8.05 -1.04 32 7.00 7.53 0.53
5 9.00 8.65 -0.35 33 7.00 7.04 0.04
6 9.00 9.42 0.42 34 7.00 7.80 0.80
7 8.69 8.57 -0.12 35 7.00 7.56 0.56

8 8.69 8.80 0.11 36 6.72 6.75 0.03
9 8.63 8.68 0.05 37 6.69 7.27 0.58

10 8.63 8.85 0.22 38 6.60 6.41 -0.19

11 8.60 7.55 -1.05 39 6.52 6.22 -0.30

12 8.60 8.00 -0.60 40 6.52 6.73 0.21

13 8.52 7.60 -0.92 41 6.52 7.42 0.90

14 8.30 8.03 -0.27 42 6.52 6.79 0.27

15 8.15 7.26 -0.89 43 6.48 7.44 0.96

16 8.00 7.96 -0.04 44 6.45 6.50 0.05

17 8.00 4.68 -3.32 45 6.45 6.52 0.07

18 7.69 8.40 0.71 46 6.39 6.94 0.55

19 7.69 7.73 0.04 47 6.30 7.25 0.95

20 7.52 7.78 0.26 48 6.30 6.29 -0.01

21 7.52 7.11 -0.41 49 6.30 5.41 -0.88

22 7.49 8.22 0.73 50 6.30 6.80 0.50

23 7.45 8.24 0.79 51 6.22 5.91 -0.31

24 7.39 7.97 0.58 52 6.00 7.42 1.42

25 7.30 7.10 -0.20 53 6.00 6.04 0.04

26 7.30 6.39 -0.91 54 6.00 6.38 0.38

27 7.30 7.43 0.13 55 6.00 6.40 0.40

28 7.22 7.58 0.36

* Underlined compounds’ numbers correspond to the test set and residue values in bold correspond to outlier compound
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Fig. 3 Plot of the experimental [9] versus calculated pICs, values
of the training set (41 compounds). The line represents the perfect
correlation

useful tool for predicting affinities for new compounds in
this set. Therefore, an external validation was performed
with the test set compounds. Table 2 shows the predicted
pICso values for the test set compounds.

Figure 3 shows the experimental versus the calculated
pICsq values for the training data set (41 compounds). The
standard deviation (SD) of the residual values is 0.53, and
there are not outlier compounds.

Graphical representation of Model 1
The graphic representation of LIVs from Model 1 is show

in Fig. 4, using the most active compound (1, raloxifene)
as a template. LIVs are represented in their maximum

LIV_1655 (-
o LIV_1654 (+)

Fig. 4 Graphic representation of Model 1, the best LIV-3D-QSAR
pharmacophoric model for ligands of the estrogen receptor pro-
posed in this work, using compound 1 (raloxifene) as reference.
LIVs with positive contribution (red): 1091, 1554, and 1654. LIVs
with negative contribution (blue): 597, 1463, and 1655. LIVs de-
scriptors are represented in their maximum size



302

size; therefore, Fig. 4 is not the representation of the LIV
values for compound 1.

LIVs 1091, 1554, and 1654, with positive coefficients,
correspond to favorable interactions between the mole-
cule structure and an amino-acid residue in the estrogen
receptor. Therefore, substituents in these positions lead to
increase potency. LIVs 597, 1463 and 1655, with negative
coefficients, correspond to unfavorable interactions be-
tween the molecule structure and an amino-acid residue in
the estrogen receptor. Therefore, substituents in these
positions lead to a decrease in potency. In Fig. 4, red solid
volumes represent LIVs with a positive contribution and
blue solid volumes, LIVs with a negative contribution.

Taking into account the pharmacophoric groups re-
sponsible for raloxifene (1) and related compounds ac-
tivities from structure-activity relationship (SAR) studies,
[2, 6] we found correlations between four LIVs (Fig. 4) of
Model 1 and the following pharmacophoric groups
(Fig. 1): the phenol group (Ia) is related to LIV-597; the
hinge (carbonyl group) (IV) is related to LIV-1463; and
the amine group (II) is related to LIV-1654 and LIV-
1655.

LIV-597 is located near the C6 position of the ben-
zothiophene (E-ring) (Figs. 1 and 4), indicating that the
hydroxyl substituent is preferred in this position, since
bulky substituents reduce the potency. This is consistent
with our LIV calculation in which we have greater LIV-
597 values for compounds 38, 40, 48, 50, and 51 corre-
sponding to methoxyl, methyl or phenyl group in the 5, 6
or 7 positions of the benzothiophene (E-ring). These
compounds were well calculated and all of them have
lower potency, in accordance with Model 1. This indi-
cates that this area represents a specific hydrogen bond
with the receptor, as revealed by the co-crystallized
raloxifene-ERa structure, [7] corresponding specifically
to the interaction with Glu353 residue [7] and the occu-
pation will be detrimental to the activity.

LIV-1091 is located close to the C5 position of the
benzothiophene (E-ring) (Figs. 1 and 4), but in front of the
C5-H bond. Small substituents as hydrogen and fluorine
at the C5 position are preferred. However larger sub-
stituents such as methoxyl and methyl reduce the poten-
cy, but they are not directly related to LIV-1091, which
has a positive coefficient. This means that LIV-1091 is
not directly correlated to any substituent, but it represents
an intersection volume with benzothiophene (E-ring)
(Fig. 1). The crystallographic structure of the raloxifene-
ERa complex [7] shows that the C6-hydroxy group (Ia,
Fig. 1) of the benzothiophene ring makes two hydrogen
bonds, one with Glu353 and another with Arg394 (Fig. 2).
There are also two amino-acid residues 4.5 A around
raloxifene C5-atom making hydrophobic interactions:
Leu387, 3.94 A distant from C5 and located above the
E-ring, and Phe404, 4.32 A distant from C5 and located
under E-ring. Additionally, the carbonyl group of Phe404
backbone also makes a hydrogen bond with Arg394
(2.62 A).

Therefore, the relative orientation of the benzothio-
phene, which is correlated to LIV-1091, is crucial for the

hydrogen-bonding network around the C6-hydroxy group.
An incorrect alignment can promote different orientations
of benzothiophene inside the binding pocket, disrupting
hydrogen bonds with C6-hydroxy group. This effect may
be clearly observed by comparing the activity among the
compounds 44, 46, 48 and 50 (large substituents and low
potency) and 13 (small substituent and high potency).
This decrease in the potency caused by bulky substituents
is probably due the steric hindrance of the hydroxyl group
in the C6 position (E-ring). In fact, making a visual in-
spection of the superposition of the compounds that have
higher LIV-1091 values, such as compounds 5 and 6, we
concluded that this effect is caused by the overall RMS
alignment.

LIV-1463, located near the B-ring, is influenced in-
directly by the substituents in position C4 of the ben-
zothiophene (E-ring) and in position C2 of the D-ring
(Figs. 1 and 4). Substituents in position C4 (E-ring) are
detrimental to the activity because all compounds that
have a substituent in this position have a greater LIV
value. LIV-1463 was found for compounds 30, 36, 45 and
48, which have lower potency. On the other hand, sub-
stituents at position C2 (D-ring) are favorable to the ac-
tivity, because all compounds that have a substituent in
this position do not have an intersection volume for LIV-
1463, found for compounds 3, 7 and 16, which have
higher potency.

LIV-1554, located near the C3 position of the D-ring
(Figs. 1 and 4), indicates that substituents in this position
are favorable to the activity, because compounds 2, 5, 9,
12 and 35 have a greater LIV value in this position. In
fact, compounds 2, 5, 9, and 12 have a different substit-
uent just in the C3 position (D-ring), as do the hydro-
phobic substituents fluorine, chlorine, and methyl. On the
other hand, compound 35, which has methyl groups at
both C3 and C5 positions of the same ring, is 100 times
less potent than these compounds, probably due to an-
other effect.

LIV-1654 and LIV-1655 are located around the
piperidine group (A-ring) (Figs. 1 and 4), indicating that
the relative orientation of the amine group is important for
the increase and decrease of potency, respectively, since
LIV-1654 has a positive coefficient and LIV-1655 has a
negative one. This region of the compounds is constant
but has great conformational freedom, being modified
mostly according to the alignment step. On the co-crys-
tallized raloxifene-ERa structure, [7] the piperidine group
interacts with Asp351 by hydrogen bond or ionic inter-
action (Fig. 2). However, the raloxifene (1) optimized
conformation is different from the co-crystallized struc-
ture, mostly in this region, where the piperidine group is
orientated to the receptor outside.

Actually, in the raloxifene-ERa complex, [7] the
piperidine group is close to the borderline of the receptor-
site entrance, composed of the Asp351, Leu539, Pro535,
and Tyr526 residues (Fig. 5a and b). The N...O distances
of piperidine/Asp351 and piperidine/Tyr526 are 2.66 A
and 8.05 A, respectively, and there is a “vacant” space
between the piperidine group and Tyr526 residue. There-



Fig. 5a-b Molecular electrostatic surface of ligand binding domain
of ER in complex with raloxifene (1) showing the receptor site
entrance, delimited by Asp351, Leu539, Pro535, and Tyr526 (PDB
code 1ERR). [7] a Distances between piperidine nitrogen atom of
raloxifene and Asp351 (2 66 A) and Tyr526 (8.05 A) are shown as
green lines. b Close up view of the receptor entrance looking by the
axis of line connecting Tyr526-N-Asp351. In this view, Leu539 is
located behind Pro535

fore, the piperidine group can make an ionic interaction
with Asp351, as in the IERR complex, [7] or it can have
an alternative interaction with the phenol group of Tyr526
(cation-m or hydrogen bonding) if the amine-chain of
raloxifene moves from the original position to closer
Tyr526 (as in the minimized conformation). Of course,
since the ionic interaction is stronger, the original con-
formation will be the preferential one.

Fig. 6 Graphical representation
of LIV 3D-QSAR Model 1 for
compounds 14 and 17. LIVs
with positive contribution (red):
1091, 1454, and 1654. LIVs
with negative contribution
(blue): 1463 and 1655

LIV_1091 (+)
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External validation

The test set was used in order to test the predictive ability
of our best model, Model 1, since the 14 compounds
where not included in developing the LIV-3D-QSAR
models. It was interesting to see how well the experi-
mentally observed activity agrees with the predicted one.

Table 2 shows the actual activity values for the entire
data set (training and test set), the calculated and pre-
dicted activity values for the training set (41 compounds)
and the test set (14 compounds), respectively, according
to Model 1, where the numbers of test-set compounds are
underlined. Table 2 also gives the residual value, i.e., the
experimental activity minus the calculated activity.

Model 1 produces accurate predictions for 13 of the 14
test-set compounds. The standard deviation (SD) of the
residual values is 1.19, and the outlier compounds were
defined as those compounds in which the residual value is
higher that twice the SD value.

As we can see on Table 2, there is just one outlier
compound for Model 1, namely compound 17 from the test
set, with a residual value of —3.32, meaning that the pre-
dicted activity (pIC50=4.68) is lower than the experimental
one (pICs5(,=8.00). Compound 17 is a raloxifene (1) ana-
logue where the hydroxyl group at C4 (D-ring) is replaced
by an n-butyl group, decreasing the potency by 1.69 log
units. The experimental activity of 17 is similar to 14
(pICs0=8.30) where the hydroxyl group at C4 (D-ring) is
replaced by an ethyl group, but different to 17, the potency
of compound 14 is well predicted, with a residual value of
—0.27. Therefore, compound 17 is an unexpected outlier.

In order to understand this behavior, we superimposed
compounds 14 and 17, using the same three-atom align-
ment procedure, resulting in an almost perfect superim-
position, differing slightly on the piperidine ring. Con-
sequently, we may assume that the overall alignment was
not responsible for this divergence, which is better ex-
plained comparing the LIV values of compound 14,
which does not have an intersection volume for LIV-1654
and LIV-1655, to 17 with intersection volumes for both
LIVs. The intersection volume of LIV-1655, with the
largest and negative coefficient (Model 1), is twice the
intersection volume of LIV-1654 with a positive coeffi-
cient (Fig. 4). Fig. 6 shows the graphic representation of
the selected LIVs for compounds 14 and 17.

LIV_1454 (+) 17 LIV_1454 )

14
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Proposal of novel ER ligands

In the present study, a 3D-QSAR method using the local
intersection volume (LIV) as descriptor was used to
construct LIV-3D-QSAR models using 41 estrogen re-
ceptor ligands. The best model was employed to predict
the potency of 14 ligands. The raloxifene-based alignment
generated reflects a mutual superposition of the ligands
along with their relative orientation towards the binding
pocket. In this way, information about the geometry of the
binding pocket is included in the derived LIV-3D-QSAR
model.

Overall, the best model, Model 1, comprises important
features that may be applied in the development of new
estrogen receptor modulators. Therefore, we propose
analogs of raloxifene (1) with simultaneous substituents at
positions C2 (C6) and C3 (C5) of the D-ring as novel ER
ligands, in order to explore the region highlighted by LIV-
1554 (Fig. 4). These substituents could be methyl, me-
thoxyl, fluorine, and chlorine groups, which showed good
results in the raloxifene series of compounds studied.
Additionally, we propose to reduce the length of the alkyl
chain or change the whole 4-(1-piperidinethoxy)phenyl
group by less flexible groups like 4-(4-piperidine)-phenyl
or 4-(1-piperazine)-phenyl groups. This proposal is be-
cause the alkyl group bonded to the piperidine group has
higher conformational freedom and the relative orienta-
tion of the amine group may change the potency of these
compounds.
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