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ABSTRACT

In this paper we present the results of a formal quantum-chemical analysis of the
relationships between the electronic structure and In vitro cytotoxicity activity (measured in
a cell-based assay using two different human tumor cell lines derived from human prostate
cancer and leukemia) for a series of (2)-1-aryl-3-arylamino-2-propen-1-ones. We
employed a formal method relating biological activities with local atomic reactivity indices
developed in our Unit. The electronic structure of all molecules was calculated within
Density Functional Theory at the B3LYP/6-31g (d,p) level of theory with full geometry
optimization. We have obtained statistically significant results relating the variation of a
definite set of local atomic reactivity indices to the variation of toxicity against the DU-145
cell line. No local atomic reactivity indices belonging to the chain joining the phenyl rings
appear in the final equation. Therefore it is not possible to elaborate about its role. Phenyl
rings seem to play opposite roles regarding electron transfer. The whole process is
charge-, orbital- and sterically-controlled. No good results were obtained for the K562 cell
line. More experimental information is needed to clarify this last result.

*Corresponding author: Email: facien03@uchile.cl;



American Chemical Science Journal, 4(5): 554-575, 2014

Keywords: (Z2)-1-aryl-3-arylamino-2-propen-1-ones; QSAR, local atomic reactivity indices;
cytotoxicity; Quantum Chemistry;, SAR; antiproliferative action; DU-145 cell line;
K562 cell line; leukemia; human prostate cancer.

1. INTRODUCTION

Microtubules (MTs) are components of the cytoskeleton composed of a- and B-tubulin
forming heterodimers [1-4]. MTs play a vital role in numerous essential cellular functions,
such as cell transport, cell movement, the preservation of cellular morphology, cell division
and cell signaling. In the eukaryotic cell cycle tubulin is polymerized into MTs, which form the
mitotic spindle. The spindle then moves the chromosomes to the opposite sides of the cell,
in preparation for cell division into two daughter cells. Tubulin polymerization and
depolymerization are very dynamic processes which are tightly regulated. Any interference
with these processes can cause cell cycle arrest in the mitotic phase and ensuing cell
apoptosis. Because of this central role in cell proliferation, MTs have been recognized as
successful and effective targets for the development of novel anti-cancer drugs [5-10]. Anti-
microtubule agents can be classified into two classes following their action: microtubule-
stabilizing agents (paclitaxel and docetaxel for example), and inhibitors of tubulin
polymerization (such as combretastatin, vincristine, vinblastine, and colchicines).

An improved knowledge about the microscopic action mechanisms through which synthetic
ligands exert their effect(s) on MTs is of paramount importance for designing new and more
powerful drugs [8,9,11-30]. Several families of molecules which inhibit tubulin polymerization
have been reported in the literature. On the other hand, few reports have described small
man-made molecules that stimulate tubulin polymerization and microtubule stabilization.
Recently, Reddy et al. synthesized a series of (2)-1-aryl-3-arylamino-2-propen-1-ones and
evaluated them for their antiproliferative activity in a cell-based assay using two different
human tumor cell lines derived from human prostate cancer (DU145) and leukemia (K562)
[21]. These molecules seem to represent a new class of microtubule-stabilizing agents. In
this paper we present the results of a formal quantum-chemical analysis of the relationships
between the electronic structure and /n vitro cytotoxicity of the abovementioned molecules.

2. MODELS, METHODS AND CALCULATIONS
2.1 Model

In the following we shall present the standard formulation of the microscopic model
employed here. This formulation or some of its parts have been presented in a similar way in
other papers. This line of thought follows the still interesting work of Agin et al. during the
1960s [31], continued by Cammarata [32-34], crystallized in the work of Peradejordi [35] and
extended by one of us [36-42]. The last paper not belonging to our group, and using the
model we are employing here was published in 1979 [43]. We are doing so to differentiate it
unambiguously from the statistics-backed methodologies.

Let us consider the state of thermodynamic equilibrium, and a 1:I stoichiometry in the
formation of the drug-receptor complex [37]:

D.+R DR
i i (1)
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where D; is the drug, R is the receptor, and DR is the drug-receptor complex. According to
statistical thermodynamics the equilibrium constant, K, is expressed as:

K. = Dor_ exp(—A&. 1 kT)

| o O @)

where Ag, is the difference between the ground-state energy of DR and the energies of
the ground states of D; and R:

A€} = Epr — (€ &) @)
and the Q’s are the total partition functions (PF) measured from the ground state (in

solution). T and k are the temperature and the Boltzmann constant, respectively. Using well-
grounded approximations we may write Eqg. 2 in logarithmic form as:

logK =a+bM, +clog| 0, /(ABC)" |+dA¢, "

Where a, b, ¢ and d are constants, M is the drug’s mass, o its symmetry number and ABC
the product of the drug’s moment of inertia about the three principal axes of rotation.

The interaction energy, Ag, , cannot be determined directly, either due to the size of the
receptor or to the lack of knowledge of its molecular structure. As we are dealing with a weak
drug-receptor interaction, we can employ Perturbation Theory in the Klopman-Hudson form

to estimateAg" [44,45]. According to this method, the change in electron energy, AE,
associated with the interaction of atomsiand jis:

AE = Z{Q,Qj IR, +(1/2)(B)Y.>.D,D, I(E,~E)-1/2(B)Y.>.D,.D, I (E, —EH)}
(5)

Where Q is the net charge of atom J, Dy, is the orbital charge of atom iin the MO m, B;; is the
resonance integral; and E,, (E.,) is the energy of the m-th (m'-th) occupied (virtual) MO of the
drug, n and n' standing for the receptor. The value of B; is kept independent of the kind of
AQO because the drug-receptor complex does not involve covalent bonds. The summation on
p is over all pairs of interacting atoms of the drug and the receptor.

m n m n

The first term of the right side of Eq. 5 represents the electrostatic interaction between two
atoms having net charges Q; and Q;. The second and third terms introduce the interactions
between the occupied and empty MOs of the drug and those of the receptor. Noting that
1/(En-En) and similar terms can be written in the form 1/(1-x), we may expand them as a
convergent infinite series. With this treatment we obtain [42]:

AE=a+Y |0+ fSF+sS) |+ 3 [ h(m)F,(m)+ j,(m)S} (m) |+

+ZZ[};(m YE.(m")+1.(m")SY (m ')]+c1>
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Where a, e, f, g, h, j, r and t are constants and the summation on i is now only over the
E N

drug’s atoms. 5 and ~i are, respectively, the total atomic electrophilic and nucleophilic
superdelocalizabilities of Fukui et al. F;, is the Fukui index of atom i in occupied (empty) MO
m (m’) [46]. The total atomic electrophilic superdelocalizability (ESD) of atom i is defined as:

SE=>F /E,=> S (m)
" R (7)

is called the orbital

SE (m)

Where the summation on m runs only over the occupied MOs.
electrophilic superdelocalizability of atom i at MO m.

The total atomic nucleophilic superdelocalizability (NSD) of atom i is defined as:

SiN = ZEm' /Em' = ZS[.N(WZ')
m' m' (8)

N "
where the summation on m’ runs only over the empty MOs. Si(m) is called the orbital

nucleophilic superdelocalizability of atom i at MO m’. ® stands for the remaining series
E

expansion terms. The summation on p is hidden for the sake of clarity. Si is associated with
N

the total electron-donating capacity of atom i and 5; with its total electron-accepting
capacity. These indices are very useful to compare the reactivity of a similar atomic position
through a series of molecules because they incorporate the eigenvalue spectrum which is

E N '
usually different in each molecular system. The orbital components, S (m) and S (m ),
become significant when fine aspects of the drug-receptor interaction are needed for a more
complete explanation.

The most important characteristic of Eq. 6. is that it includes terms belonging just to the drug
molecule. Recently we analyzed several terms composing @, finding that we may associate
several of them with a set of local atomic reactivity indices recently proposed by one of us.
These indices are:

The local atomic electronic chemical potential of atom i, y;, defined as:

2 9)

Where E, is the upper occupied MO with a non-zero Fukui index and E. is the lowest

empty MO with a non-zero Fukui index. Hi is a measure of the propensity of a system to
acquire or lose electrons; a large negative value indicates a good electron acceptor while a

small negative value implies a good electron donor. Note that Hi is the midpoint between
the local HOMO and LUMO of atom i.

The local atomic hardness of atom i, U , is defined as:
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T is the gap between the local HOMO and LUMO energies of atom i and can be interpreted
as the resistance to exchange electrons with the surroundings. The local atomic softness of
atom i, g, is defined as the inverse of the local atomic hardness.

The local electrophilic index of atom i, w, is defined as:

2

o=t
21, (11)
The maximal amount of electronic charge that an electrophile may accept, Q; , is defined
as:
max _ll'ti
Qi =
7 (12)

The local electrophilic index is associated with the electrophilic power and includes the
tendency of the electrophile to accept extra electronic charge together with its resistance to
exchange charge with the medium.

From the theoretical viewpoint it is very important to stress that these local atomic reactivity
indices were obtained directly from Molecular Orbital (MO) Theory and not from Density
Functional Theory (DFT). These indices have the same units as the global DFT indices (i.e.,
eV), having therefore an analogous meaning. On the other hand, the local reactivity indices
coming directly from DFT are, in general, the global DFT ones multiplied by an electron
population. These local indices have eV-e as units and are therefore not equivalent in
meaning to the ones coming from MO theory.

The introduction of Eq. 6 and 9 to 12 into Eq. 4 leads to the final equation:

logK =a+bM, +clog| o, /(ABC)" [+ Y [e,0,+f,SF +s,5) |+
J

20 2y Om)F, Om)+ x,(m) S (m) [+ 33, (m')F, (m) +2,(m) S m) |+

+Z[gj/l‘,- k0,0, + 7,6, + ij;,““J

g (13)
Then, for n (i = 1,..,n) molecules we have a set of n simultaneous equations 13. In theory,
this system of simultaneous equations holds for the atoms j of the molecule directly
perturbed by their interaction with the receptor. Combined with the standard multiple-
regression techniques, these equations can be advantageously applied to estimate the
relative variation of log K; in a family of molecules. Also, they can be used to find out which
atoms are directly concerned in the formation of the drug-receptor complex. Here statistical
analysis is used, not to see whether there is a structure-activity relationship, but to find the
best one.

It was possible to show that the moment of inertia term can be expressed as [39,40]:
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log[ (ABCY" [=3"%"m, R}, =0,
ot t (14)

where the summation over t is over the diverse substituents of the molecule, m;; is the mass
of the i-th atom belonging to the t-th substituent, R;; being its distance to the atom to which
the substituent is bonded. This approximation allows us to convert a molecular property into
a sum of substituent properties. As the physical interpretation of the Ot terms, it was
proposed that they correspond to the fraction of molecules attaining the correct orientation to
interact with the receptor. We called them Orientation Parameters. The success of this
method was appreciated when it was applied to a great variety of drug-receptor systems [36,
39,47-61].

Now, to deal with biological activities that are not equilibrium constants, we used
Cammarata’s results [62-64] and stated the following hypothesis: all biological processes
occurring, from the instant of the entry of a drug molecule into the biological system (/n vitro
or In vivo) until the manifestation of any biological activity, are controlled by the local atomic
reactivity indices appearing in Eg. 13. Consequently, if this hypothesis is right, a preliminary
representation of the ultimate biological action can be obtained merely by replacing log K; by
log (BA), where BA can be any biological activity. This extension of the method has
produced very interesting results [65-67]. We shall work within the common skeleton
hypothesis stating that there is a definite group of atoms, common to all molecules analyzed,
that accounts for almost all the variation of the biological activity. The effect of the
substituents consists in modifying the electronic structure of this skeleton and/or influencing
the correct placement of the drug throughout the orientational parameters.

2.2 Delection of the Experimental Data

Two sets of experimental data were considered here. The first one is the In vitro toxicity
(reported as ICsg, [21]) in a cell-based assay using a human tumor cell line derived from
human prostate cancer (DU145, [68]) . The second set is the same activity but on a human
myelogenous leukemia cell line (K562, [69,70]). Cytotoxicity was measured as follows: the
cells were grown in either DMEM or RPMI supplemented with 10% fetal bovine serum and
1unit/mL penicillin-streptomycin solution. The tumor cells were plated into six well dishes at
a cell density of 1.0x105 cells/mL/well, and compounds were added 24h later at various
concentrations. Cell counts were determined from duplicate wells after 96h of treatment. The
total number of viable cells was determined by trypan blue exclusion (from [21]). The
selected molecules are shown in Fig. 1 and Table 1. The numbers in Fig. 1 correspond to
the common skeleton selected for this study.

2.3 Calculations

The electronic structure of all molecules was calculated within Density Functional Theory at
the B3LYP/6-31g (d,p) level of theory. The Gaussian package of programs was used [71].
After full geometry optimization all the information necessary to get numerical values for all
the local atomic reactivity indices of Eq. 13 was extracted from the Gaussian results with
software written in our Unit. Negative electron populations coming from Mulliken Population
Analysis were corrected [72]. Molecular orbitals and Molecular Electrostatic Potentials (MEP)
were depicted using GaussView. Orientational parameters were calculated as usual [39,40].
We made use of Linear Multiple Regression Analysis (LMRA) techniques to find the best
solution. For each case, a matrix containing the dependent variable (the logarithm of 1Cs)
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and the local atomic reactivity indices of all atoms of the common skeleton as independent
variables was built. Statistica software was used for LMRA [73].

6"

17 16

5!

Fig. 1. (2)-1-Aryl-3-arylamino-2-propen-1-one derivatives

Table 1. (2)-1-Aryl-3-arylamino-2-propen-1-one derivatives and their cytotoxicity

Rz R3 R4 R5 Re Rz' R3' R4' R5' Re' |Og(|C50) |Og(|C50)
(uM) (uM)
DU145 K562
1 H H OMe H H H H OMe H H 1.88 2
2 H H OMe H H H OMe OMe OMe H 1.70 1.88
3 OMe H OMe H OMe H H OMe H H 1.88 1.88
4 OMe H OMe H OMe OH H H H H 1.40 1.88
5 OMe H OMe H OMe H H Cl H H 1.40 1.40
OMe H OMe H OMe OMe H OMe H H 1.88 1.88
7 OMe H OMe H OMe OMe H OMe H OMe 1.88 1.78
8 OMe H OMe H OMe H OMe OMe OMe H 15 1.88
9 H OMe OMe OMe H OH H H H H -0.60 -0.30
10 H OMe OMe OMe H H OH H H H -0.12 -0.30
11 H OMe OMe OMe H OMe H H H H 0.40 0.40
12 H OMe OMe OMe H H H OMe H H -0.30 -0.30
13 H OMe OMe OMe H H H Cl H H -0.30 -0.60
14 H OMe OMe OMe H H H OCF; H H 0.48 1.30
15 H OMe OMe OMe H H H CFs H H -0.3 -0.30
16 H OMe OMe OMe H H OH OMe H H -1 -1
17 H OMe OMe OMe H H NH, OMe H H -1 -0.60
18 H OMe OMe OMe H H F OMe H H -0.60 -0.60
19 H OMe OMe OMe H H Cl OMe H H -0.70 -0.60
20 H OMe OMe OMe H Cl H H OH H -0.12 0.40
21 H OMe OMe OMe H OMe H OMe H OMe 1.88 1.90
22 H OMe OMe OMe H H OMe OMe OMe H 1.60 1.40
23 Br OMe OMe OMe H OH H H H H -0.60 -0.70
24 Br OMe OMe OMe H H H OMe H H -0.70 -0.60
25 Br OMe OMe OMe H H OH OMe H H -1.22 -1
26 Cl OMe OMe OMe H H OH OMe H H -0.70 -0.60
27 NO, OMe OMe OMe H H H OMe H H -0.22 -0.22
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3. RESULTS
3.1 Correlation between the Reported Experimental Values

We have found that there is a high correlation between the two sets of experimental values.
The relationship has the following form:

log(ICs,_gs6,) =0.114+0.9910g(ICs_p145) (15)
With n=27, R=0.98, R=0.95, adj R?=0.95 and SD=0.25 (see Fig. 2). This does not
necessarily imply that the SAR equations are the same for both sets (see below). Note that
some points lie outside the 95% confidence interval.

log(IC50) K562

log(IC,)) DU145

Fig. 2. Correlation between experimental values of log (ICsp) of DU145 and K562 cell
lines. Dashed lines denote the 95% confidence interval

3.2 Results for the DU-145 Cell Line

It was not possible to find any statistically significant relationship for the whole set of
molecules (n=27). Examining Table 1 we noticed that the reported toxicity values can be
separated into two subsets. One set comprises those molecules having very high values of
log(IC) and the other included molecules with very high toxicity. Next, we worked with the
hypothesis that the high toxicity might have a distinct action mechanism. Then we discarded
the set comprising molecules 1-8, 21 and 22 of Table 1 and centered our attention on the
remaining ones (n=17). For this set the following equation was obtained:

log(IC,,) = =7.11+8.140™ +1.25F, ,(HOMO —1)*+0.010 ,, —1.18F, . (LUMO +1)* +
+0.30SE (HOMO)*+0.01S " (LUMO) * 16)
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With n=17, R=0.97, R=0.95, adj R?=0.92, F(6,10)=30.35 (p<0.00001), outliers>20=0 and
SD=0.13. Here, O, is the orientational parameter of the R, substituent, O™ is the maximal

amount of electronic charge atom 15 may accept, Fy(HOMO=1* s the Fukui index (the
electron population) of the second highest occupied MO localized on atom 14,

F(LUMO+D* i the Fukui index of the second empty MO localized on atom 16, S, (HOMO)*
is the orbital electrophilic superdelocalizability of the highest occupied MO localized on atom

SY(LUMO)* . . . . .
2 and "4 is the orbital nucleophilic superdelocalizability of the highest empty MO
localized on atom 4. The beta coefficients and t-test for significance of coefficients of Eq. 16
are shown in Table 2. Concerning independent variables, Table 3 shows that there are no

significant internal correlations with the exception of r¥ O |52 (HOMO)Y*y_0 37 and r%{®u

E
5, (HOMO)*}=0.35. Fig. 3 shows the plot of observed values vs. calculated ones. The
associated statistical parameters of Eq. 16 show that this equation is statistically significant
and that the variation of a group of local atomic reactivity indices belonging to the common
skeleton explains about 92% of the variation of the biological activity.

Table 2. Beta coefficients and t-test for significance of coefficients in Eq. 16

Beta t(10) p-level

e 0.72 7.31 <0.00003
F,(HOMO-1)* 0.47 559 <0.0002
O, 0.97 8.66 <0.000006
F,(LUMO+1)* -0.53 -4.36 <0.001
Sf(HOMO) * 048 5.19 <0.0004
Si" (LUMO)* 029 3.27 <0.008

Table 3. Squared correlation coefficients for the variables appearing in Eq. 16

oM F,(HOMO-D* ©,, F(LUMO+)* SE(HOMO)*
F,(HOMO-1)*  0.07 1.00

0,, 0.002 0.02 1.00

F,(LUMO+1H)* 029 0.10 0.35 1.00

SY(HOMO)* 0.01  0.05 0.37 0.18 1.00
SY(LUMO)* 0.16  0.04 0.005 0.12 0.005

3.3 Results for the K562 Cell Line

In this case it was not possible to find any statistically significant relationship for the whole
set of molecules (n=27). As in the previous section we analyzed only the set of highly toxic
molecules (n=17). For this case the following equation was obtained:
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log(ICy,) =—4.39+2.32F, (HOMO —1)*+0.31S," (HOMO — 2) *—32.8514,, —

~0.99F,,(HOMO —1)*
(17)

With n=17, R=0.87, R®=0.77, adj R®=0.69, F(4,12)=9.77 (p<0.0009), outliers>20=0 and

—1)*
SD=0.32. Here, 1 is the local electronic chemical potential of atom 17, F(HOMO -1)
is the Fukui index of the second highest occupied MO localized on atom 16,

—1)*
F,(HOMO-1) is the Fukui index of the second highest occupied MO localized on atom

E — D)k

17 and 51, (HOMO -2) is the orbital atomic electrophilic superdelocalizability of the third
highest occupied MO localized on atom 14. The beta coefficients and t-test for significance
of coefficients of Eq. 17 are shown in Table 4. Concerning independent variables, Table 5
shows that there are no significant internal correlations. Fig. 4 shows the plot of observed
values vs. calculated ones. The associated statistical parameters of Eq. 17 show that this
equation is statistically significant and that the variation of a group of local atomic reactivity
indices belonging to the common skeleton explains about 69% of the variation of the
biological activity.

0.6
o
04+ 4
02
00
o

-0.2 ¢ o .-

‘o0

Observed log(IC5) values (DU145)
=)
=Y

1.4 L : ‘ ‘ ‘ ‘ : : :
14 12 -10 08 -06 -04 02 00 02 04 06

Predicted log(ICsp) values (DU145)

Fig. 3. Observed vs. calculated values (Eq. 16) of log (ICs). Dashed lines denote the
95% confidence interval
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Table 4. Beta coefficients and t-test for significance of coefficients in Eq. 17

Beta t(12) p-level
F,,(HOMO -1)* 0.60 4.29 <0.001
SE(HOMO —2)* 0.39 2.62 <0.02
4, -0.34 -2.40 <0.03
F,,(HOMO -1)* -0.28 -1.90 <0.08

Table 5. Squared correlation coefficients for the variables appearing in Eq. 17

F,(HOMO-1)*  SE(HOMO-2)*  u,

Slﬁ(HOMO—2)* 0.0004 1.00

7 0.005 0.005 1.00

F,(HOMO -1)* 0.0009 0.12 0.006
14

1.2}
10}
08+
0.6
04
0.2
0.0
-0.2
-04 |
-0.6 |
-0.8 |
-1.0¢

1.2 S S S S
-14 -12 -10 -08 -06 -04 -02 00 02 04 06 08 10

Predicted log(ICsy) Values (K562)

Observed log(ICs) Values (K562)

Fig. 4. Observed vs. calculated values (Eq. 17) of log (IC5). Dashed lines denote the
95% confidence interval

4. DISCUSSION
4.1 Molecular Electrostatic Potential

The fully optimized structures of these molecules show that we are in the presence of two
aromatic regions connected in different ways. The region comprising ring A is separated
from the ring B region by a chain allowing t-electron transfer only in the case of coplanarity
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of the whole system. The nature of the Ry, R, R’> and R’g substituents could produce steric
hindrance (think of the biphenyl case) preventing the coplanarity of rings A and B.
Considering that at body temperature (provided that there are no high energy barriers) these
molecules can reach any conformation up to 7 kcal/mol from the fully optimized structure, we
have no clear basis to propose what the three-dimensional conformation might be at each
step of the process leading to the biological activity. Fig. 5 shows the MEP of molecule 9
(Table 1), a coplanar system.

Fig. 5. Molecular electrostatic potential of molecule 9. The orange isovalue surface
corresponds to negative MEP values (-0.0004) and the yellow isovalue surface to
positive MEP values (0.0004)

In the left and upper parts of molecule 9 we may appreciate a region of positive MEP.
Another region of positive MEP exists at the right side of Fig. 5 surrounding ring B. The
region of negative MEP encompasses the whole 1 system. Fig. 6 shows the MEP of
molecule 27, a non-coplanar system.

Fig. 6. Molecular electrostatic potential of molecule 27. The orange isovalue surface
corresponds to negative MEP values (-0.0004) and the yellow isovalue surface to
positive MEP values (0.0004)
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We may appreciate that the MEP structure of molecule 27 is significantly different from the
MEP of molecule 9. The changes in the MEP structure are due to the nitro (ring A) and
methoxy (ring B) substituents. In drug-receptor theory it is suggested that there is a zone in
which an accumulation, recognition and guidance of the drug molecule towards the receptor
occurs through long-range interactions. The recognition process can be associated with the
matching of the MEP of the drug and the receptor to produce a correct geometrical
alignment. Then, one way of reaching a decision about the behavior of the MEP during the
processes leading to biological activity is to take a molecule to analyze the behavior of the
MEP in the conformational space around the fully optimized structure and to compare it with
other similar molecules and with compounds acting in the same way but having a different
chemical constitution. It is worth mentioning that the complex structure of the MEP in several
systems (exceptions could be, for example, dopamine and glycine ligands [53,74] seems to
be the result of evolution and selection.

4.2 Localization of Molecular Orbitals

Fig.7 and 8 show, respectively, the HOMO and LUMO of molecule 12.

Fig. 7. Localization of the highest occupied molecular orbital (HOMO) of molecule 12
(isovalue = 0.02)

Fig. 8. Localization of the lowest empty molecular orbital (LUMO) of molecule 12
(isovalue = 0.02)
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The HOMO of molecule 12 is localized on ring B and on the chain connecting both phenyl
rings. This MO is of 1 nature. The LUMO is localized mainly on ring A and on the connecting
chain but also on ring B. It is also of 1 nature. Note that, in ring B, the LUMO is not localized
on all the atoms of the phenyl ring. To appreciate the importance of localization let us
assume that molecule 12 participates in an interaction requiring that ring A donates m
electrons through a m MO. As the HOMO is not localized on ring A, this electron donation
will occur through the highest m MO located on ring A which does not coincide with the
molecular HOMO. These facts are the basis for building the matrix of independent variables
and provide the logics underlying our use of local atomic reactivity indices. Fig. 9 and 10
show, respectively, the HOMO and LUMO of molecule 9.

Fig. 9. Localization of the highest occupied molecular orbital (HOMO) of molecule 9
(isovalue = 0.02)

Fig. 10. Localization of the lowest empty molecular orbital (LUMO) of molecule 9
(isovalue = 0.02)

In this case the HOMO is localized over all the 11 system with the exception of a carbon atom
of ring B (Fig. 9). Note that in the case of molecule 12 (Fig. 7) the HOMO is localized over all
the carbon atoms of ring B. These apparently small differences can become very important
in regulating binding and activity. The LUMO of molecule 9 is also localized over all the m
system and is very similar to the LUMO of molecule 12.
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4.3 Relationships between Structure and Activity for the DU-145 Cell Line

Equation 16 shows that there is a significant relationship between the variation of cytotoxicity

and the variation of the numerical values of a set of local atomic reactivity indices belonging

to certain atoms of the common skeleton. The Beta values (Table 2) indicate that the

importance of variables is 0ny 0y F(LUMO+D® - F(HOMO-1)* _ sj(HOMO)*,
N

S5 (LUMO)* 'Taple 3 shows that there is a certain degree of correlation between RFE and

F,,(LUMO+1)* e) SE(HOMO)*

, and between “r2 and . We cannot provide for the moment an

explanation of the fact that O, is a purely geometrical index (it is only mass- and distance-

dependent) while Fo(LUMO+1)* gng S; (HOMO)* gpq purely electronic ones. Fig. 3 shows
that only a few points lie just outside the 95% confidence limit. This is a good indication that
the common skeleton hypothesis works well for this case. The standard error of estimate is
0.13, a value that is lower than those normally obtained in theoretical studies of 1:1 In vitro
drug-receptor interaction. Note that the abovementioned internal correlations might make
some contributions to lower the SD value.

A variable-by-variable analysis suggests that high cytotoxicity is associated with low values
max . N . "
of Qs Fu(HOMO =1 = @,,9nq Si (LUMO)*. ang high values for  Fu(LUMO+D* gng

E max
8, (HOMO)™ A |ow value for Qs is associated with a negative net charge on atom 5 (which
is the case in these molecules), with high values for 1 (a case only found in H atoms) or
with a highest occupied local MO of o nature (not the actual case). A low value for

$;/(LUMO)* s associated with a low localization of the molecular LUMO on this atom (see
Fig. 10 for molecule 9). We suggest that atom 4 is participating as an electron donor center.

A high numerical value for S; (HOMO)* indicates that atom 2 is also participating as an

electron donor center (see Fig. 9 for molecule 9). Note that the molecular LUMO also has a
low localization on this atom (Fig. 10 for molecule 9). For the case of molecule 12, we may
see in Fig. 11 that atoms 2 and 4 are donating electrons from the second highest occupied
molecular MO (corresponding to the first highest occupied local MO* for atoms 2 and 4 in
this molecule). It is likely that both atoms, 2 and 4, participate interacting at the same time
with a 1 electron center.

A low value for @ is an indication that the R, substituent should be of the size of an H or Cl
atoms. The only way to analyze carefully the optimal value for = is by synthesizing and
testing a series of molecules in which only one substituent is varied at a time. This will
generate the input for new theoretical studies leading to a better understanding of this
phenomenon. A high value for Fs(LUMO+D* g gqests that atom 15 participates as an
electron acceptor center. F«(LUMO* gi50 participates but, given that the localization of the
local LUMO* on these atoms is low, its contribution does not appear in Eq. 16.
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Fig. 11. Localization of the second highest occupied molecular orbital (HOMO-1) of
molecule 12 (isovalue = 0.02)

Fig. 12. Localization of the second highest occupied molecular orbital (HOMO-1) of
molecule 9 (isovalue = 0.02)

A low value required for F (HOMO=D* 4emands a short discussion. Fig. 7 shows that in
the case of molecule 12 the molecular HOMO is localized on atom 14. In molecule 9 this is
not the case (Fig. 9). In molecules 9 and 12 the second highest occupied molecular orbital,
HOMO-1, also skips atom 14. In molecule 9, the local HOMO* coincides with the molecule’s
HOMO-4. We suggest that high toxicity seems to be related to the electron-accepting
capacity of atom 14. Ring A appears to act as an electron donor center while ring B seems
to act as an electron acceptor. The whole process is charge-, orbital- and sterically-
controlled. All the above suggestions are summarized in the two-dimensional (2D) toxicity
pharmacophore shown in Fig. 13. It is important to notice that no local atomic reactivity
indices appear in eq. 16. Therefore, we have no information to discern if this chain acts
merely as a linker between the phenyl rings, serves for electron movement between the
phenyl rings (via substitutions), or both.
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4.4 Relationships between Structure and Activity for the K-562 Cell Line

The best equation obtained is statistically significant but it lacks good predictive quality. It
explains only 69% of the variation of toxicity against the K562 cell line. Moreover, the SD
value is too high (0.32), a fact reflected in Fig. 4. Notice that variables belonging only to ring
B appear in Eq. 17. Atoms 14 and 16 seem to be involved in controlling toxicity as in the

previous case. Atom 17 is represented by g and F”(HOMO_D*, both indicating that it
acts as an electron donor. Because of these results we shall refrain from discussing Eq. 17
with further details and presenting a pharmacophore. How can we explain these bad results?
If we accept that the experimental results are correct we might be in the presence of two
different toxicity mechanisms. Unhappily there are not enough molecules in the set to test
this hypothesis.

SMALL
SIZE
SUBSTITUENT
ELECTRON ELECTRON-
ACCEPTOR DONATING
CENTER CENTER
Ry
Dy ¥
0 14 SAME
SAME CENTER?
CENTER? N
T 5
¥ \ 16 %[  ELECTRON-
. i DONATING
ﬁ%‘i%}%%i ATOM CENTER
CENTER WITH

NEGATIVE

NET CHARGE

Fig. 13. 2D pharmacophore for toxicity of (2)-1-aryl-3-arylamino-2-propen-1-one
derivatives against the DU-145 cell line

5. CONCLUSIONS

We have obtained statistically significant results relating the variation of a definite set of local
atomic reactivity indices to the variation of toxicity against the DU-145 cell line for a series of
(2)-1-aryl-3-arylamino-2-propen-1-one derivatives. No local atomic reactivity indices
belonging to the chain joining phenyl rings A and B appear in the final equation. Therefore it
is not possible to elaborate about its role. Rings A and B seem to play opposite roles
regarding electron transfer. The whole process is charge-, orbital- and steric-controlled. No
good results were obtained for the K562 cell line. More experimental information is needed
to clarify this last result.
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