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Abstract—In the present study, we describe a new 3D-QSAR analysis of 42 previously reported thalidomide analogues, with the
ability to modulate the pro-inflammatory cytokine TNFa, by using comparative molecular field analysis (CoMFA) and comparative
molecular similarity indices analysis (CoMSIA). Three statistically significant models were obtained. The best resulting CoMFA and
CoMSIA models have conventional +* values of 0.996 and 0.983, respectively. The cross-validated ¢* values are 0.869 and 0.868,
respectively. The analysis of COMFA and CoMSIA contour maps provided insight into the possible sites for structural modification
of the thalidomide analogues for better activity and reduced toxicity.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Tumor necrosis factor o (TNFa) is a key cytokine
produced primarily by monocytes and macrophages,
which is involved in the host immune response,
contributing to the pathogenesis of both infectious and
autoimmune diseases.! During normal host defense,
low levels of serum TNFao confer protection against
infectious agents, tumors, and tissue damage, and have
an important role in the development of the humoral
immune response in mice. On the other hand, increased
concentrations of TNFa have been shown to trigger the
lethal effects of septic shock syndrome.?

Thalidomide, o-N-phthalimideglutarimide (1, Fig. 1),
approved by the Food and Drug Administration
(FDA) agency in July 1998 for the treatment of erytrema
nodosum leprosum (ENL), is an anti-inflammatory and
immunomodulatory drug that was originally used as a
sedative, although it is now widely associated to its ter-
atogenic and neurotoxic properties.> Thalidomide (1)
selectively inhibits TNFa production by lipopolysaccharide
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Figure 1. Chemical structures of anti-inflammatory drugs thalidomide
(1) and lenalidomide (2).

(LPS)-stimulated human monocytes.* Its inhibitory ac-
tion on TNFa seems to be exerted by enhancing mRNA
degradation.>®

The levels of other cytokines, such as IL-1p, IL-6, and
granulocyte macrophage-colony stimulating factor
(GMCSF), are also inhibited by thalidomide, whereas
IL-10 is stimulated.” The interest in this drug was
renewed due to the potential clinical benefits associated
to its selective inhibition of TNFa biosynthesis. Present
applications include treatment of ENL,® rheumatoid
arthritis,” HIV-associated aphthous ulceration,'® chron-
ic tuberculosis,'! chronic graft-versus-host disease,'?
and a variety of tumors.'3

In order to obtain new lead compounds with increased
anti-TNFa activity and reduced toxicity, useful for the
treatment of chronic anti-inflammatory diseases, novel
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TNFa inhibitors have been designed using thalidomide
(1) as structural template.! A good example of that is
lenalidomide (2, Revlimid™) (Fig. 1), approved by
FDA in December 2005 for the treatment of patients
with myelodysplastic syndrome. Lenalidomide (2) is a
potent inhibitor of TNFa production, 2000 times more
potent than thalidomide (1).'*

This strategy has demanded larger knowledge of the
relationships between the chemical structure and the
bioactivity profile related to TNFa modulation. In this
context, molecular modeling strategies come as impor-
tant tools in understanding the mechanism of interac-
tion between various receptors and ligands, with
prominence for the CoMFA and CoMSIA methods
among the most powerful tools in the 3D-QSAR ap-
proach.!>1¢ Recently, CoOMFA and CoMSIA models
for a series of thalidomide analogues as angiogenesis
inhibitors have been reported, and shed light on the
structural requisites that are important for the antian-
giogenic activity.!”

In this context, as part of a research program aiming at
the discovery of new phthalimide-containing anti-in-
flammatory prototypes able to modulate selectively the
cytokine TNFo, '3 we have become interested in
applying 3D-QSAR methods to construct CoMFA
and CoMSIA models for a series of TNFa modulators
that have emerged as potential drugs for the treatment
of anti-inflammatory diseases. These studies are espe-
cially important because the mechanism of action of
these substances is not clear and their target bioreceptor
has not been identified yet. The resulting models are
expected to give insight into the influence of structural
characteristics on the anti-inflammatory profile and thus
aid in designing new potent TNFo modulators with
fewer side effects.

2. Results and discussion

After the generation of COMFA and CoMSIA models,
the statistical validity of the models was judged by high
values of cross-validated ¢* (more than 0.8) and non-val-
idated * (more than 0.9), and also the lowest standard
errors of estimation (SEE). The models that fulfill these
criteria were selected for discussion.

2.1. CoMFA studies

Initially two different alignments were tested (Fig. 3). In
the first alignment, which considered only the rigid
phenyl ring of the phthalimide moiety, a good ¢* value
of 0.624 was obtained. However, high statistical errors,
for example, a S, of 0.776 (data not shown), discour-
aged us to proceed with this strategy. It is worth men-
tioning that the grid spacing variation of 1.0, 1.5, and
2.0 A did not improve the models. These results may
be rationalized by the observation that, in this align-
ment, the adjacent structural moiety of some com-
pounds adopts different orientations. Thus, high
variation in the orientation of these moieties, that seem
to account for most of differential activity of this class of

compounds, was detrimental to the success of the model.
The sensitivity of COMFA to the overall orientation of rig-
idly aligned compounds has been previously reported.?’

In an attempt to improve these results, we have next
tried a better superimposition through the strategy of
alignment 2, including atoms from the structural frame-
work adjacent to phthalimide moiety, which in fact
occurred. The results obtained from the CoMFA studies
using alignment 2 are summarized in Table 3.

The best CoMFA model was obtained with the combi-
nation of cutoffs of 25 and 35 kcal mol~" for the steric
and electrostatic field contributions, respectively. The
optimal number of components (N) was found to be 6
(data from components 1-5 not shown), and grid spac-
ing was 1.0 A. This result is in accordance with previous-
ly reported data about the effect of decreasing grid
spacing on the generation of high ¢ values.2’ Most
probably, the reason for this behavior was that the
decrease in grid spacing increases the number of interac-
tion points which, in turn, should raise the probability
of placing the probe atom in a region where the steric
and electrostatic field changes can be best correlated
with biological activity. Thus, all further results for
steric and electrostatic field contributions alone have
been based on these values.?°

The analysis of the resulting 3D-QSAR models showed
that the best CoOMFA model was obtained with com-
bined steric/electrostatic fields, that yields a cross-vali-
dated q2 of 0.869, a non-cross-validated > of 0.996, an
estimated F value of 952.856, and low standard errors
of prediction (S.,) and of estimation (SEE) of 0.422
and 0.078, respectively. These statistical indexes are very
good, suggesting that the CoMFA model has a good
predictive ability.

2.2. Visual inspection of 3D contour maps generated by
CoMFA

In order to visualize the information content in the
resulting 3D-QSAR models, CoMFA contour maps
were generated by interpolating the products between
the 3D-QSAR coefficients and their associated standard
deviations. The three-dimensional representations of the
CoMFA field contributions as contour maps reveal
where variability in molecules’ fields is able to explain
experimental binding differences.

The CoMFA contour maps have been generated from
the analysis based on alignment 2 for the best model
derived by steric/electrostatic field combination. One
of the most active compounds of the training set (2,
pICso = 7.00), that is the commercially available TNFao
modulator lenalidomide, and the least active derivative
(3, pICsp=3.58) were superimposed on both maps
(Fig. 4) in order to understand the different activity
profiles of these compounds.

The representation illustrated in Figure 4 shows the
electrostatic maps contribution of the best model gener-
ated by CoMFA, in which the blue and red contours
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correspond to regions where an increase in positive or
negative charge, respectively, will enhance the bioactivi-
ty profile. The blue and red contour maps are mainly
localized around the adjacent moiety attached to the
phthalimide ring, suggesting their importance for the
electrostatic interactions with the putative receptor.

When we analyze the electrostatic contour maps around
compound 3 and compare them to those around com-
pound 2, it is clear that the carbonyl of the amide group
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of 3 falls in a region where an increase in positive charge
is activity enhancing. Since the electron density of the
carbonyl group is polarized toward the more electroneg-
ative oxygen atom, it is probably one of the structural
reasons for the decreased activity of this derivative. On
the other hand, there are no electron-rich groups in
the molecular structure of 2 pointing toward this region.

Additionally, the non-substituted phenyl ring of 3 is
surrounded by red contour maps in Figure 4, while, in

Table 1. Molecular structures of phthalimide-containing derivatives of the training and test sets (bold italics) along with their respective pICs, values

z, %
X4 S O S
¢ 2 O % X" OCH, —
N (o) N X W,
X3 ws —R ’ W, s 0 s
NH, X4 o] X4 2
(2) (3-35) (36-41) (42) (43)
Compound Xl Xz X3 X4 Zl Zz Z3 R Wl W2 W3 W4 W5 pICSOa
2 —_- = = — — — — — — — — — — 7.00
3 H H H H H H H CONH, (0] (0] — — H 3.58
4 H H H H H H CN CONH, (0] (0] — — H 4.05
5 H H H H H CN H CONH, (0] O — — H 3.82
6 H H H H H H OMe CONH, (0] (0] — — H 3.92
7 H H H H H OMe H CONH, (0] O — — H 4.20
8 H H H H H OMe OMe CONH, (0] O — — H 4.92
9 H H H H H OEt OEt CONH, (0] (@) — — H 5.25
10 H H H H H OPr O-n-Pr CONH, (0] (0] — — H 4.25
11 H H H H H Cl Cl CONH, (0] (0] — — H 4.15
12 H H H H H Ph CONH, (0] (0] — — 4.29
13 H H H H OMe H OMe CONH, (0] (@) — — H 4.40
14 H H H H H OMe OMe CONHMe O O — — H 4.92
15 H H H H H OMe OMe CONHEt (6] (6] — — H 4.27
16 H H H H H OMe OMe COCNBn (0] (0] — — H 4.07
17 H H H H H OMe  OMe CO,H o o — — H 4.22
18 H H H H H OMe  OMe CH,OH o o — — H 5.12
19 H H NO, H H OMe  OMe CO,Me o o — — H 4.46
20 H H NH, H H OMe  OMe CO,Me o o — — H 6.42
21 H H H OH H OMe OMe CO,Me (6] (0] — — H 4.82
22 H Ph H H OMe  OMe CO,Me o o — — H 5.32
23 H Cl Cl H H OMe OMe CO,Me (0] (@) — — H 4.88
24 Cl H H Cl H OMe OMe CO,Me (0] O — — H 5.10
25 H H t-Bu H H OMe OMe CO,Me o (6] — — H 5.37
26 H H H H H OMe OMe CO,Me (0] O — — H 5.53
27 H H H H H OMe OEt CO,Me (0] (@) — — H 6.15
28 H H H H H OMe  O-Cyclopentyl  CO,Me (0] O — — H 5.79
29 H H H H H OMe O-Norbornyl CO,Me (0] O — — H 5.61
30 H H H H H OMe OMe CONH, (0] O — — H 4.88
31 H H H H H OMe OEt CONH, (6] (6] — — H 5.56
32 H H H H H OMe  O-Cyclopentyl CONH, (0] O — — H 5.60
33 H H H H H OMe  OMe CN o o — — H 576
34 H H H H H OMe  O-Cyclopentyl CN (0] O — — H 5.79
35 F F F F H OMe OEt CO,Me o (0] — — H 6.42
36 H H H NH, — — — — (0] O O (0] Me 7.35
37 H H H NH, — — — — (0] (0] (6] (0] H 7.88
38 H H H NH, — — — — (@) O O (0] F 6.63
39 H H H H — — — o o S S H 4.69
40 H H H H — — — — S o (0] S H 5.22
41 H H H H — — — — S o S S H 5.09
42 — — — — — — — — — — — — 5.00
43 _- = = — — — — — — — — — — 4.82

#Data obtained from Refs. 24-28.
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Table 2. Different cutoff combinations for the steric and electrostatic
fields applied in the development of the 3D-QSAR models for
phthalimide-containing TNFao modulators

Steric (kcal mol™") Electrostatic (kcal mol™")

25.00 25.00
30.00 30.00
30.00 35.00
35.00 30.00
25.00 30.00
30.00 25.00
25.00 35.00
35.00 25.00
35.00 35.00

Table 3. Statistical results for the best COMFA models obtained for
phthalimide-containing TNFa modulators

Steric/electrostatic Steric Electrostatic
7 0.869 0.830 0.535
NP 6 6 6
Sev® 0.422 0.492 0.535
P 0.996 0.986 0.986
SEE® 0.078 0.152 0.142
F 952.856 261.169 301.638
% Cross-validation correlation coefficient.
® Number of components.
¢Standard error of prediction.
d Correlation coefficient.
¢ Standard error of estimation.
! Fratio.
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Figure 2. Distribution of pICs, values of the phthalimide compounds
elected for this 3D-QSAR study.

compound 2, the two carbonyl groups of the glutarimide
ring fall in this region. Since an increase in negative
charge in this region will enhance activity, this observa-
tion supports the assumption of a better interaction of
this compound with an electron-deficient counterpart
in the target bioreceptor.

One of the limitations of CoMFA methodology con-
cerns its insensitivity to molecular subunits that have
similar substituents. It results in the lack of contour
maps in the areas occupied by these groups. However,
the absence of contour maps does not necessarily mean

that the occupation of that region in space will not result
in steric or electrostatic terms significantly correlated to
activity. Besides, in this case study, the presence of sub-
stituents or new frameworks replacing the original glu-
tarimide ring is more important because it has been
reported as a toxicoforic subunit of thalidomide and
some analogues.’!

It is worth noting that our best CoOMFA model was suc-
cessful in discriminating the carbonyl groups and their
importance for the modulatory activity on TNFa, as
can be seen in Figure 4C, which depicts the CoMFA
plots of compound 37 (CC-4047, pICsy = 7.88), the most
active compound in this study.

It has been experimentally shown that the withdrawal
of one carbonyl group from the phthalimide ring (e.g.,
in compound 2) does not cause a high decrease in the
ability to modulate the TNFa action, and a small red
contour map can be observed around the carbonyl
group of the phthalimide moiety of these derivatives,
which is indicative of the importance of at least one
electron-rich group in this region for maximal activity.
Interestingly, in the whole set there is only one com-
pound, that is, phthalimide derivative (2), that does
not bear two carbonyl groups, but it was successfully
evaluated by CoMFA, in opposition to the above
observation about its insensitivity to similar
functionalities.

Figure 5 shows the steric maps contribution of the best
3D-QSAR model derived by steric/electrostatic fields
combination in CoMFA. Green contours indicate re-
gions where an increase in steric bulk will enhance activ-
ity, and yellow contours indicate regions where an
increase in steric bulk will reduce activity. The steric
contour maps are localized around the moiety attached
to the phthalimide nitrogen atom, suggesting their
importance for eventual steric interactions with the
putative receptor, being more significative around the
phenyl ring of some derivatives of the database, that
is, compounds 3-35 (Table 1). As it was done in CoM-
FA studies of the electrostatic contour maps, com-
pounds 3 and 2 were superimposed on both maps
(Fig. 5) in order to try to establish SAR and understand
the different activities of the derivatives.

The analysis of the steric contour maps around com-
pound 1 permitted us to visualize a sterically unfavored
region around the non-substituted phenyl ring, which
should contribute detrimentally for the interaction with
the target bioreceptor. Since compound 2 does not bear
this structural feature, we may consider this aspect as a
particular feature of the functionalized N-benzyl-phthal-
imide derivatives and take another analogue with rea-
sonable activity, like compound 32 (pICsy = 5.60), as a
reference compound for comparison with the least active
compound 3 (Fig. 5).

We may infer that the cyclopentyl group of compound
32 lies in a green region of the steric contour map, indi-
cating that some steric bulk interaction is necessary for a
good bioactivity in this series of derivatives. This profile
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3

Figure 3. Atom definition and superimposition of the phthalimide derivatives (2-43) following the alignments 1 (A) or 2 (B) selected for this study.
CC-4047 (37) was used as the reference compound for atom numbering.

Figure 4. Electrostatic contour map from the best COMFA model. Compound 3 (A), lenalidomide (2) (B), and CC-4047 (37) (C) are shown inside
fields. Electrostatic contour plots: blue contours (80% contribution) and red contours (20% contribution) correspond to regions where an increase in
positive or negative charge, respectively, is favorable for binding properties.

helps us to understand why the non-substituted com- and a cyclopentyl group, respectively. Finally, these
pound 3 has a lower activity (pICsy = 3.58) in compari- data are indicative of the specific steric requirements
son to compounds 30 (pICsy = 4.88), 31 (pICsy = 5.56) of the binding pocket of the hypothetical target
and 32 (pICsy=5.60), that bear a methyl, an ethyl, bioreceptor.
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Figure 5. Steric contour map from the best CoOMFA model. Compound 3 (A) and lenalidomide (2) (B) are shown inside fields. Steric contour plots:
green contours (80% contribution) indicate regions where an increase in steric bulk will enhance affinity, whereas yellow contours (20% contribution)

indicate sterically disfavored regions.

2.3. CoMSIA studies

As outlined in the methods section, CoMSIA results
have been obtained applying the most successful align-
ment from CoMFA studies, that is, alignment 2
(Fig. 2). The results obtained from the CoMSIA studies
are summarized in Table 4.

The analysis of the resulting 3D-QSAR models shows
that the best CoMSIA model was obtained with com-
bined steric/electrostatic fields, as it was previously
observed during CoMFA studies. This model yields a
cross-validated ¢ of 0.868, a non-cross-validated 1 of
0.983, and an estimated F value of 234.426; low stan-
dard errors of prediction (S.,) and of estimation
(SEE), 0.417 and 0.157, respectively, were obtained.
These statistical indexes suggest that this model has a
good predictive ability. For the hydrogen bonding
donor/acceptor field, the ¢ value was 0.665, while the
hydrogen bonding donor and hydrogen bonding accep-
tor fields gave, separately, ¢> values of 0.629 and 0.545
(Table 4) and high standard errors of prediction
(Sev > 0.6), showing that these fields do not discriminate
adequately the structural features associated to the
molecular activities of these phthalimide-containing
derivatives.

Finally, the analé/sis of the hydrophobic field shows a
cross-validated ¢* of 0.826, a non-cross-validated r* of

0.976, an estimated F value of 165.431, and low stan-
dard errors of prediction (S.,) and estimation (SEE),
0.487 and 0.187, respectively. These statistical indexes
suggest that this model has a reasonable predictive abil-
ity and seems to be able to discriminate among the
different hydrophobic contributions of the fragments
present in the compounds of the database exploited in
this study.

2.4. Visual inspection of 3D contour maps generated by
CoMSIA

Figure 6 shows the electrostatic maps contribution to
the best COMSIA model. In accordance with CoMFA
model, the electrostatic contour maps are localized
around the adjacent subunit attached to the phthalimide
ring of both compounds, confirming its importance for
the electrostatic interaction involved in the molecular
recognition by the hypothetical bioreceptor.

Figure 7 shows the steric maps contribution to the best
model derived by steric/electrostatic field combination in
CoMSIA. The steric contour maps are localized around
the structural subunit attached to the phthalimide ring
of both compounds 3 and 2. However, the yellow con-
tour, that accounts for a region of the receptor where
steric bulk contribution is not desired, is localized very
close to the peripheral aromatic ring. This result sug-
gests that CoMSIA is putting more emphasis on the vol-

Table 4. Statistical results for the best COMSIA models obtained for phthalimide-containing TNFo modulators

Steric/electrostatic Steric Electrostatic Donor/acceptor Donor Acceptor Hydrophobic
7 0.868 0.783 0.808 0.665 0.629 0.545 0.826
N® 6 6 6 6 6 6 6
Sev” 0.417 0.533 0.519 0.663 0.687 0.934 0.487
P 0.983 0.937 0.970 0.841 0.800 0.822 0.976
SEE® 0.157 0.304 0.210 0.485 0.544 0.513 0.187
F 234.426 59.596 130.013 21.105 16.634 18.424 165.431

# Cross-validation correlation coefficient.
® Number of components.

¢Standard error of prediction.

4 Correlation coefficient.

¢ Standard error of estimation.

f Foratio.
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Figure 6. Electrostatic contour map from the best COMSIA model. Compound 3 (A) and lenalidomide (2) (B), the least and the most active
derivatives, respectively, are shown inside fields. Blue (80% contribution) and red (20% contribution) contours encompass areas where an increase in

positive or negative charge, respectively, is favorable for binding properties.

Figure 7. Contour plots of steric fields from the best CoOMSIA model. Compound 3 (A) and lenalidomide (2) (B), the least and one of the most active
derivatives, respectively, are shown inside fields. Regions where increasing the molecular volume increases bioactivity are in green (80% contribution)
and regions where increasing the molecular volume decreases the activity are in yellow (20% contribution).

ume occupied by the aromatic carbons of the phenyl
group. The same result was observed for the green con-
tour maps, which account for sterically allowed regions
of the receptor.

Figure 8 shows the hydrophobic maps contribution to
the best model derived by CoMSIA. Yellow regions
indicate areas where hydrophobic groups increase activ-
ity and white regions indicate arecas where hydrophobic
groups decrease activity.

The analysis of the hydrophobic contour maps around
compound 3 led us to identify a white region around
the phenyl ring, which seems to be indicative that the
receptor demands the presence of a hydrophilic group
for maximal interaction. This assumption could be con-
firmed when we analyzed the hydrophobic contour map
around compound 2, one of the most active derivatives
of this study, since it had the hydrophilic glutarimide
ring occupying that region.

Closer inspection of the hydrophobic contour maps
around compound 3 showed that its polar amide
group lies in a yellow contour region, that represents

a binding cavity of the hypothetical receptor that
demands a hydrophobic group for better interaction.
This observation justifies the lower activity of com-
pound 3.

Comparisons between the obtained models derived from
CoMFA and CoMSIA methods were made to assess
their predictive abilities, to gain insight into the observed
variance in the bioactivity profile and to suggest structur-
al modifications to improve their modulatory action on
TNFa. Therefore, we performed internal and external
validation of the best models generated with CoMFA
and CoMSIA methods, which consists of the calcula-
tions of the standard deviations of the residuals of fit
(SD,es, data not shown) for the training and test sets
and comparison of the residuals (s) obtained (Tables 5
and 6).

The analysis of the values of s obtained for the com-
bined steric/electrostatic fields model, showed that best
statistical indexes in CoMFA methodology were
achieved. The value of SD,., obtained in the analysis
of the predicted activities of the training set was 0.07,
which may be considered as very low. The only



C. M. Avila et al. | Bioorg. Med. Chem. 14 (2006) 6874-6885 6881

Figure 8. CoMSIA hydrophobic contour maps. Compound 3 (A) and lenalidomide (2) (B) are shown inside fields. Yellow regions (80% contribution)
indicate areas where hydrophobic groups increase activity and white regions (20% contribution) indicate areas where hydrophobic groups decrease

activity.

Table 5. Experimental (pICsg) versus COMFA- and CoMSIA-predicted
activities (PA), with residuals (s), for the phthalimide derivatives of the
training set

Table 6. Experimental (pICsg) versus COMFA- and CoMSIA-predicted
activities (PA), with residuals (s), for the phthalimide derivatives of the
test set

Compound pICsg CoMFA CoMSIA Compound pICsg CoMFA CoMSIA

PA* PA* PA® PA* PA" PA® s
2 7.00 6.98 0.02 699 -0.01 7.12 0.12 17 4.22 5.39 1.17 592 1.70 5.95 1.73
3 3.58 356 —0.02 3.52 —-0.06 3.68 0.1 18 5.12 5.19 0.07 6.12 1.00 4.87 -0.25
4 4.05 4.10 0.05 4.14 0.09 3.72 -0.33 19 4.46 4.52 0.06 8.57 411 5.70 1.24
5 3.82 381 -0.01 376 -0.06 3.75 -0.07 20 6.42 558 —-0.84 563 -0.79 571 -0.71
6 3.92 390 —-0.02 4.06 0.14 4.16 0.24 22 5.32 6.09 0.77 6.68 1.36 6.25 0.93
7 4.2 4.24 0.04 4.29 0.09 4.31 0.11 33 5.76 5.60 —-0.16 5.67 —-0.09 6.26 0.50
8 492 486 —0.06 491 -0.01 48 -0.12 39 4.69 5.44 0.75 17.35 2.66 5.49 0.80
9 5.25 5.32 0.07 5.18 —-0.07 5.2 —0.05 40 5.22 5.24 0.02 7.55 233 17.67 245
10 4.25 4.35 0.10 4.55 0.30 4.46 0.21 41 5.09 5.30 0.21 7.38 229 17.13 2.04
11 4.15 404 —-0.11 4.04 -0.11 4.07 -0.08 42 5.00 5.94 094 6.12 1.12 5.77 0.77
12 4.29 423 —-0.06 4.18 -0.11 4.39 0.1 43 4.82 5.76 0.94 5.96 1.14 5.67 0.85
13 4.4 438 —0.02 437 -0.03 430 -0.1 a R .
14 492 489 003 48 —0.12 502 0. bﬁigfg;ﬁ?;?;gﬁdd&
15 4.27 4.27 0 4.42 0.15 4.28 0.01
16 4.07 4.07 0 3.89 —0.18 4.06 -—-0.01
21 482 453 011 455 013 519 037 When we analyze the predictivity of the steric/electro-
23 488 489 001 485 -005 4.82 006 static COMFA model for the test set (external valida-
24 5.1 5.14 0.04 5.28 0.18 5.14 0.04 . .
25 537 540 003 544 007 542 005 tion), we get a value of SD,.s of 0.61. The observation
2 553 543 01 545 —008 542 —011 of the res1dua}s of fit for the test. set (Table 6) and the
27 615 596 —0.19 586 —029 585 —03 plot of predicted versus experimental pICs, values
28 579 588 009 58 007 570 —0.09 derived from the CoMFA model for the training and
29 561 556 —0.05 547 —0.14 554 —0.07 test sets (Fig. 9) shows that all the 11 compounds were
30 488 486 —0.02 491 003 480 -0.08 very well predicted by the model.
31 5.56 547 —-0.09 532 -024 518 -0.38
32 56 571 011 578 018 588 0.8 In accordance to CoMFA results, the combined steric/
34 519 572 -0.07 561 —0.18 576 —0.03 electrostatic fields model obtained with CoMSIA
35 642 648 0.06 654 012634 —0.08 showed the best statistical indexes. The value of SD,
36 7.35 7.40 0.05 7.49 0.14 7.32 -0.03 . . . . L.
37 788 782 —006 769 —019 795 —013 obtaln(?d' in the analysis of the predicted activities of
38 663 666 003 671 008 677 014 the training set was 0.14 and two compounds exceeded

 Steric/electrostatic fields.
® Hydrophobic field.

compound that exceeded two times this value was
compound 27 (Table 5) but, still, it seems to be
nonsignificant.

two times this value: 27 and 31. These data suggest that
there are limitations in relation to the orientation of atoms
that have not been assigned in the alignment,?° since both
compounds bear ethoxy groups in the phenyl ring.

The results of the CoMSIA model for the test set (exter-
nal validation) showed a value of SD,, of 1.33 but the
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8.5 -

Predicted Activity

35 4.5 5.5 6.5 7.5 8.5
Experimental Activity

Figure 9. Predicted versus experimental pICs, values derived from the
steric/electrostatic CoOMFA model of the training and test sets of
phthalimide-containing TNFao modulators.

values of s (Table 6) reveal that just two compounds,
that is, 19 and 39 had outlier behavior (s values of
4.11 and 2.66, respectively), were not well predicted by
the model. The plot of predicted versus experimental
pICso values derived from the CoMSIA model for the
training and test sets (Fig. 10) shows the overall devia-
tion of the model.

The outlier behavior of compound 19 may be explained
by the fact that there are only a few molecules bearing
substituents in position 5 of the phthalimide ring in
the training set. Also, compound 39 bears thiocarbonyl
groups, which are not present in the molecules of the
training set. This fact is not relevant for the application
of the model because of its ability to evaluate the role of
structural modifications in the toxicoforic glutarimide
ring,?! very important for the design of new drug candi-
dates, as already mentioned.

The hydrophobic field model showed the best statistical
indexes in CoMSIA methodology (Table 4). The value
of SD, obtained in the analysis of the predicted activ-

Predicted Activity

35 4.5 §.5 65 7.5 8.5
Experimental Activity

Figure 10. Predicted versus experimental pICsy values derived from
the steric/electrostatic CoMSIA model for the phthalimide-containing
TNFao modulators of the training and test sets.

ities of the training set was 0.17. Only compounds 21
and 31 exceeded two times this value.

Taking into consideration the method by which CoM-
SIA hydrophobic fields are based on,?? we can suggest
an explanation for the outlier behavior of compounds
21 and 31. For example, the method calculates the
hydrophobic fields of molecules based on the atomic val-
ues for physicochemical properties, such as the octanol-
water partition coefficient and atomic refractivity.

The main reason in using molar refractivity parameters
in the calculation of hydrophobic fields is the possibility
of representing the dispersive interaction between the
ligand and the receptor as a linear function of the prop-
erty of the ligand alone, as long as attention is confined
to a small local region of the ligand. However, although
this work has been based on the atomic contributions to
hydrophobicity taking into consideration the hybridiza-
tion state of the bonded atoms based on a large data set,
there are always limitations due to variations in the
atomic environment.

Concerning the outlier behavior of compound 21, that
has a hydroxyl group attached in the phthalimide ring,
it is possible that, in function of the fact that this pattern
of substitution in the heterocyclic ring is not frequent in
the data set, it was difficult to be discriminated and
correlated to biological activity. However, as to com-
pound 31, the fragmentation method used to calculate
the hydrophobic field does not discriminate between
alkyl chain sizes, which may be the reason for underes-
timation of the activity of this compound.??

When we analyze the predictivity of the hydrophobic
CoMSIA model for the test set (external validation),
we get a value of SD,¢ of 0.93. From this result, two
outliers, that is, compounds 40 and 41, were identified.
The plot of predicted versus experimental pICs, values
derived from the hydrophobic CoMSIA model for the
training and test sets (Fig. 11) shows the overall devia-
tion of the model.

8.5 -

Predicted Activity

35 4.5 §.5 6.5 7.8 8.5
Experimental Activity
Figure 11. Predicted versus experimental pICs, values derived from

the hydrophobic CoMSIA model for the phthalimide-containing
TNFa modulators of the training and test sets.
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The outlier behavior of compounds 39 and 41 may be
rationalized in terms of the presence of a thiocarbonyl
group, as discussed earlier.

After analysis of the statistical parameters of the best
3D-QSAR models obtained with CoMFA and CoMSIA
methods, and also the analysis of the outliers, we have
come to the conclusion that both CoOMFA and CoMSIA
have shown to be predictive methods. Either CoMFA or
CoMSIA steric/electrostatic models have shown a dis-
criminatory character and provided a good understand-
ing of the variation in the biological activity of the series
of molecules of this study, being highly predictive for
lenalidomide (2) (pICspexp) = 7-00; pICsopredy = 6.98)
and CC-4047 (37) (pICSO(eXp) = 788, pICSO(pred) = 782)

3. Conclusions

In this study, the 3D-QSAR methods, CoMFA and
CoMSIA, were applied to predict the TNFo modula-
tory activity of a series of phthalimide-containing
derivatives. The best 3D-QSAR models were generat-
ed by CoMFA combined steric/electrostatic fields, pro-
viding the most significant correlation with biological
activity.

This model had good statistical results in terms of ¢ and
r* values, and showed a great predictivity of the test set,
in the external validation, showing no outliers. Addi-
tionally, although CoMSIA models have been less
predictive, steric/electrostatic and hydrophobic field
models have also shown correlation with the biological
actions on TNFo.

In conclusion, the 3D-QSAR CoMFA and CoMSIA
models for thalidomide analogue TNFa modulators
gave insight into the influence of various structural attri-
butes for the biological activity and may be considered
as a powerful tool in designing and forecasting more
efficacious analogues, since they point toward the molec-
ular sites that may be explored, like the region represented
by the substituted glutarimide ring, in order to maximize
the bioprofile and prevent toxicity. Finally, the models
developed herein are useful for the rational design of
new bioactive prototypes for the treatment of chronic
inflammatory diseases.

4. Methods
4.1. Data set

The 31 and 11 compounds of the training and the test
sets (Table 1), respectively, were selected from the
literature.”*?® The anti-TNFa activity of all the 42
compounds used in this study was measured as ICsq
(Table 1). These values have been obtained using the
same pharmacological protocol on TNFa inhibitory
activity in LPS-stimulated human peripheral blood
mononuclear cells (PBMC) and were expressed in nega-
tive logarithmic units, —logICs, or pICs,y. The elected
inhibitors are phthalimide derivatives®* 2% showing good

structural variation and plCs, range (3.58-7.88, Fig. 2),
making them suitable for 3D-QSAR studies.

4.2. Molecular modeling

Molecular modeling studies were performed using SYBYL
software version 7.1 (Tripos Ltd, St. Louis, MI) running
on a Silicon Graphics workstation Onyx3 VPro. Initially,
the structures were built using PC Spartan Pro 1.0 for
Windows (Wavefunction), and the conformer distribu-
tion of each one was calculated by molecular mechanics
with the Merck molecular force field (MMFF).?? Subse-
quently, the lowest-energy conformation found for each
structure was submitted to optimization with the semiem-
pirical AM1 method.?® For further calculations with
CoMFA/CoMSIA, Gasteiger—Hiickel charges were also
assigned using SYBYL software version 7.1.

4.3. Proposition of bioactive conformation

CC-4047 (37, Actimid™), the most active phthalimide-
containing derivative in the series of compounds used
in this study, has been used as template for proposition
of the bioactive conformation. It is administered as a
racemic mixture, since fast racemization of the single
enantiomers occurs under physiological conditions due
to the strongly acidic hydrogen atom,° but it has been
demonstrated that the eutomeric form of 37 corresponds
to the S enantiomer (ICsq= 3.9 nM), which is 23-fold
more active than the corresponding R-enantiomer
(ICso=93nM) as TNFo modulator.?® Therefore,
although the majority of compounds used in this study
have been synthesized and biologically evaluated as
the corresponding racemic mixture,>*28 the S-enantio-
mer of each compound was modeled where applicable
in this study.!”

4.4. Alignment of molecules

One of the most important adjustable parameters in
CoMFA is the relative alignment of all the compounds
to one another so that they have a comparable confor-
mation and a similar orientation of pharmacophoric
groups in space. Therefore, this is considered a critical
step in CoMFA studies, since experience has shown that
the resulting 3D-QSAR model is often sensitive to a par-
ticular alignment scheme.3!

In this study, the most active molecule of the database
(compound 37) was used as a template for superimposi-
tion, assuming that its lowest-energy conformation rep-
resents the most probable bioactive conformation of the
phthalimide-containing thalidomide analogues at the
putative receptor. This assumption was made because
the molecular mechanism of this class of compounds
on the TNFa modulation is not completely elucidated
yet. Two atom-based alignments were manually carried
out using the Fit Atoms tool in SYBYL 7.1. (a) Align-
ment 1: All atoms of the phenyl ring of the phthalimide
moiety were selected and are numbered 1 to 6 (Fig. 3);!7
(b) Alignment 2: 6 atoms were also selected for the align-
ment of all compounds. These atoms are numbered from
1 to 6 and involve not only atoms from the phthalimide
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moiety, but also from the adjacent structural subunit
(Fig. 3).

4.5. CoMFA studies

CoMFA was performed with the QSAR module of
SYBYL 7.1 for each combination of steric and electro-
static molecular fields, which were sampled at each point
of regularly spaced grids of 1.0, 1.5, and 2.0 A. The
steric and electrostatic fields were calculated using the
default probe, a sp® carbon atom with a charge of +1.
CoMFA calculates steric fields using a Lennard-Jones
potential and electrostatic fields using a Coulomb poten-
tial.!'> Different cutoff combinations for the steric and
electrostatic fields were tested (Table 2). Then, the ener-
gies of the steric and electrostatic fields were calculated
separately for the best model obtained.

4.6. CoMSIA studies

Similar to the CoMFA approach, a data table has been
constructed from similarity indices calculated via the
default probe, which is placed at grid points of a regular-
ly spaced lattice.3?> In the CoMSIA methodology, the
alignment that generated the most predictive models in
CoMFA methodology was used. Also, five physico-
chemical properties k (steric, electrostatic, hydrophobic,
and hydrogen-bond donor and acceptor) were evaluated
using a Gaussian function. The steric and electrostatic,
hydrogen-bond donor and acceptor contributions were
combined and also calculated separately. The attenua-
tion factor o was set at the default, 0.3.

4.7. PLS analysis

The partial least-squares (PLS) analysis algorithm was
used in conjugation with the cross-validation leave-
one-out (LOO)?? option to obtain an optimum number
of components, which were used to generate the final
CoMFA/CoMSIA models without cross-validation. To
avoid overfitted 3D-QSAR, the optimum number of
components (N) used in the model derivation was
chosen from the analysis with the highest ¢* value.
Finally, column filtering was set at 2.0 kcal/mol so that
only those steric and electrostatic energies with values
greater than 2.0 kcal/mol were considered in the PLS
analysis. This procedure speeds up analysis and reduces
noise. In the above stage, the predictive quality of the
‘best’ correlation model was determined.

4.8. Predictive ability of CoMFA and CoMSIA models

The predictive ability of COMFA and CoMSIA models
can be evaluated based on ¢°, the cross-validated leave-
one-out correlation coefficient, which quantifies the pre-
dictive ability of the model. Models are considered to be
of good predictivity when ¢ is greater than 0.5. More-
over, the standard deviation of the residuals of fit
(SD,es) was calculated. Compounds with residuals (s)
greater than twice the standard deviation of the residu-
als have been considered as outliers, that is, compounds
whose predicted activity was under- or overestimated by
the model, considering the training set (internal

validation) and the test set (external validation). This
methodology evaluates the robustness of the generated
3D-QSAR models and also gives deep insight into the
full SAR of the compounds of this study.
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