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Abstract. The quantitative structure — activity relationships are obtained by the MTD
procedure for two series of synthetic retinoids: (a) a long series, with n=38 data, and (b) a
short series, with n=18 data. These data refer to inhibitory effects of the keratinization of
hamster tracheal organ culture (TOC-assay), induction of ornithine decarboxylase (ODC-
assay), and inhibition of tumor promotion (antipapilloma — TPA-assay). The COSMIC and
HyperChem molecular modeling packages were used for constructing the hypermolecules
based on optimized geometries, computing the energies required to convert optimized
structure into planar ones, and superposing the retinoid molecules upon RO 13-7410
molecule.

The results of our QSAR study can be summarized as follows: (i) All receptors for
retinoids present two binding sites - ionone ring and polyene chain with its terminal -COOH
group — and a general hydrophobic character, but they are able to form hydrogen bonds with
polar groups of retinoids; (b) The binding site of TOC-assay receptor has more constrained
steric requirements for the ionmone cycle whereas the ODC-assay receptor binding site
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determine more constraint upon the polyene chain and its free end, carboxylate group; (c) The
binding site for ODC-assay receptor seems to resemble with that for induction of tumor
promotion, but requires somewhat more constraints on molecular stereochemistry. (d) The
optimized receptor maps and correlation equations obtained by the MTD procedure can be
used for prediction of new highly active synthetic retinoids, with respect to all three or to only
one of the biological activities mentioned above.

INTRODUCTION

Retinoic acid and its derivatives have a wide varicty of biological effects, mostly
related to growth inhibition and induction and differentiation of cells. Regulation of gene
activity seems to be the main process, but regulation of other biological activities suggests a
pleiotropic mechanism, with several different receptors for retinoic acid. [1]

Conceptually, the chemoprevention of cancer involves intervention in carcinogenic
process by an agent that cither will block neoplastic inception or arrest or reverse the
progression of transformed cells to frank malignant phenotypes. In practice, the total
elimination of exposure to carcinogens is infeasible, and in order to achieve a preventive role,
the putative interventional agent must therefore enhance the physiological processes that
protect the organism against the growth of preneoplastic and neoplastic cells. Retinoids are
prime candidate agents for cancer chemoprevention since they regulate cell proliferation and
differentiation, and cancer is associated with abnormal growth and with the loss of
differentiation. Several structure - activity studies for retinoic acid derivatives were
performed, especially related of attempts to use them as reversors in chemotherapy of some
forms of cancer. [2]

Receptors for retinoic acid may differ from one organism to another, even for
regulation of the same type of gene and, possibly, there are in the same organism receptors
related to different types of cellular response. [3] The response to retinoic acid action and of
its derivatives by different organisms and tissues can be modulated also by characteristics of
transport to the receptor, metabolic activation and deactivation of these molecules. The
experimental study of these receptors and modulating factors is, certainly, very laborious and
difficult, but the results of several systematic studies concerning different biological activities
in large series of retinoids may offer some interesting information about these receptors and
modulating factors. QSARs, especially by the MTD method, [4] reveal steric molecular
peculiarities for different types of bioactivity, and can be used hereby to compare the

characteristics of receptor sites implied in such activities.
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Here, we shall analyze by means of the MTD method the peculiarities of the retinoic
receptors for inhibition of keratinization of hamster tracheal organ culture (TOC-assay),
[5,6,7] induction of ornithine decarboxylase (ODC-assay) [8] and inhibition of tumor
promotion in mouse cpidermis (TPA-assay). [8] These activities are interrelated to an
appreciable extent. There are some sensible differences in activities of some derivatives
obtained by different authors — for example, the TOC-assay data of Newton, Henderson and
Sporn. [9] Therefore we have used only the data of Dawson et al. [5,6,7,8] where we found a
long series (n=38) of retinoids common in TOC and ODC-assays (Table 1) and a short series
(n=I18) for inhibition of tumor promotion (Table T).

TABLE 1. TOC-assay, ODC assay and TPA-assay data of retinoids (L)) used in present
QSAR analysis; for structures of L, see the Figure 1. *

No L Aroc  Acpc  Area Nr. L Aroc  Aonc | Area
1 Ret, 1,7 10,5 29 23. Rets 94 9.2 -
2 Ret; 11,5 8,7 7.7 24, Retyy 94 8.8 -
3 Ret; 11,2 10,5 93 25. Retys 94 8.1 -
4 Retsy 11,0 104 85 26. Rety 94 7.8 -
5 Rets 11,0 10,2 - 27. Retyy 92 8,2 -
6 Rets 10,5 9,0 - 28, Retog 92 94 -
Z Ret; 10,5 8,0 - 29,  Retp 90 8,5 -
8 Retg  104* 10,3 10,0 30.  Retyp 9,0% 7,6 6.8
9 Rete 103 93 85 3. Rety, 87 75 =
10 Retp 10,1 7,2 - 32. Ret;z 85 7.8 -
I Ret;; 10,0 8.4 72 33.  Retss 85 8,2 -
12 Ret;a 10,0 1.7 7.1 34. Retss 83 7.8 -
13 Ret;s 10,0 8,5 - 35.  Retys 80 7.8 -
14 Ret4 9.7 T3 - 36. Retsq 8,0 7.8 -
15 Retis 9.7 8.4 - 37. Retsy 75 7.8 -
16 Retis 9.7 8,7 7.4 38. Retys 75 7.8 -
17 Ret;; 9.7 8,5 - 39.  Retyp 10,7 9,4 73
18 Retyy 9.7 8,5 = 40, Rety 10,7 8,9 T2
19 Retq 9,7 8.6 85 41. Rety, 10,3 10,0 9.5
20 Retyy 95 9.4 - 42,  Rety; 94 7.8 6,5
21 Retzy 9.5 8,6 75 43.  Retss 9,1 8,8 7.1
22 Retp 95 8.1 - 44 Retys 9.7 7.5 6,8

* Alternative values for Aroc: A (Rety) = 10.6; A (Rety)) = 9.4: %

# The values are presented in decreasing order of TOC biological activity. Aroc = -log
EDso, where EDsq is L; molar concentration, M (mol/l), producing 50% inhibition of
keratinization of tracheal cells in organ culture.®”’ Aope = -log IDsg, IDso being L;
molar concentration, M (mol/l), producing 50% inhibition of mouse epidermal ODC
induction.® Agps = -log IDsp, where IDsq is Li molar concentration, M (mol/l),
producing 50% inhibition of tumor promotion by TPA.*



68

Rety

Ret4 (AR trans)

FIGURE 1. Chemical constitutional structures of the retinoids (L;) used in the QSAR study.
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FIGURE 1. {continued)



70

FIGURE 1. (continued)
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CORRELATIONS BETWEEN THE THREE TYPES OF ACTIVITY

Linear regression analysis of the IDsy values for twenty-two retinoids inhibiting ODC
and tumor promotion using 8.5 nmole dose of TPA gave a correlation coefficient r=0.673
(p<0.001) and indicates that the ODC assay can be used as a rapid in vive assay to predict the
potential ability of retinoids to inhibit tumor promotion. [8]

We recomputed the data of Ref. 5 in order to find out possible inter-correlations
between biological activities used in our QSAR study using the MTD method. For a series of
60 compounds we have obtained a linear regression between TOC-assay [5,6,7] and ODC-

assay [8] data as follows:

Arpc = 4.543(x1.649) + 0.593(x0.194) Appe; n=60; r=0.627; s=0.728; F=18.4

From the above series, we have extracted the 38 compounds for which the linear

correlation between the above-mentioned biological activities is:

Arge = 3.403(+2.437) + 0.722(+0.284) Appc; n=38; r=0.647; 5=0.748; F=12.6

The last corrclation was computed for the large series of retinoids used in this paper.
We find 23 compounds with TOC-assay data [5,6,7] and inhibition of tumor
promotion (TPA-assay) data, [8] whereas 24 compounds are common for ODC-assay data [8]

and TPA-assay data. [8] The corresponding correlation equations are:

Aroc = 7442(x2.411) + 0.330(£0.296) Aypa; n=23; 1=0.437; s=0.788; F= 2.4
Aope = 3.000(x1.510) + 0.760(+0.185) A zpa; n=24, r=0.868; s=0.496; F=32.2

The short series used in this paper has been selected from these two series. The

correlation equations Ao, respectively Aope vs. Azpa are the following:

Aroc = 7.000(£2.178) + 0.410(2£0.273) Arpa; n=18; r=0.602; s=0.631; F=4.3
Aopc = 2.740(x1.806) + 0.788(0.226) Arps; n=18; r=0.868; s=0.523; F=22.8
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SURVEY OF PREVIOUS MTD STUDIES

The previous QSAR studies by the MTD method [10,11,12] use TOC-assay as
biological activity data [9] and conformationally restricted retinoids, for which the standard
geometries are computed. QSAR analysis was separately performed, both for three structural
regions (cyclic moiety, polyenic chain, ended functional group) and for the whole molecules.
The cyclic moiety corresponds to the atoms C;-Cg, Cje, Cy7 (standard numeration; see Figure
2}, and the polyenic chain to the region of atoms C3-Cis, Cy9, Ca, with various shorter or
longer chains. The ended functional group corresponds to various functional derivatives of the

carboxylic substituent at C;s or other structures at this position.

Ret] Ro 13-7410 (TTNPB)

FIGURE 3. The constitutional structure of RO-7410 (the standard compound for the
coustruction of hypermolecule, H) and the corresponding optimized geometry
(by MM+ and AM1)

The hypermolecule, H, was constructed by atom-by-atom superposition of L;
molecules (for corresponding constitutional structure, see Figure 3) upon the structure of RO

13-7410 as standard, considered the most active ligand in this assay and assuming a restricted



conformation. Due to the fact that “all rans™ retinoic acid (see Figure 2) has, according o
Newton et al, [9] roughly the same activity (A = -log EDsy = 10.52) as the “13-cis” isomer
(having the groups 20-CH; and 15-COOH of Figure 2 in “Entgegen” orientation), [13] it has
been made the assumption that the E-Z isomer transformation in the polyenic chain is a rapid
process as compared to those involved in keratinization reversal. Therefore, irrespective of the
Z-E type 1somers, the compound allowing maximal superposition upon RO 13-7410 molecule
(Ret; for Table | and Figure 1) always has been selected for superposition.

The effect of relative hydrophobicity &, calculated with respect to retinoic acid (r=0) —
a strongly hydrophobic molecule (logP = 6.6 for system octanol / water), was rather
insignifiant [11] with the series of Newton et al’ (regression coefficient values being between
0.1 to 0.2), but important in some extent in the series of retinoids with restricted conformation
(regression coefficient values being in the domain 0.4 — 0.6). This difference can be explained
by the fact that more of the beneficial vertices, (A= -1), of the hypermolecule H, for the
second series, are occupied by hydrophobic atoms (or groups of atoms) than in the H obtained
for the Newton series.

The modifications in the median segment of molecules (polyenic chain) are in
agreement with the suggestion that retinoids bind to the receptor by means of two pockets:
one for the cyclic moiety, and the second for the carboxylic group. Molecular geometrical
studies (using standard geometrical parameters) suggest for the assumed active molecular
conformation a distance of 11-14A between the carbon atoms Cis of the carboxylate group
and Cs of the cyclic moiety. As we will see, these results are not in agreement with optimized
geometries, obtained by means of MM+ and AM1 methods from HyperChem package. [14]
An uninterrupted conjugation in the polyenic chain and an inclusion of aromatic rings with
lack of strong steric repulsions in this segment are favorable features, suggesting that rather
modest deviations from coplanarity are tolerated in molecules with high activity.

No conclusive QSAR results are available for the end group region. [11,12]
Nevertheless, a significant correlation, (r=0.69), with scores of molecules was obtained with
an indicator variable, 8;. For esters, aldehydes, primary alcohols, i.e. functional derivatives
easily transformed in ~-COOH by carboxylate hydrolysis or oxidation, 8:=1, while for other
groups &;=0. This suggest that the first class of functional derivatives are primary transformed
to carboxylate and, then, possibly, in -COOH, which seems to be important for highly

effective molecules.
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The long (n = 38) and short (n=18) series of retinoids with ODC and TPA activities
are selected from a larger series. {6,7,8] According to comments from Ref. 7, the effects of
structural modifications of retinoic acid (RA) skeleton on activity in the ODC- and TPA-
assays can be summarized as follows:

(a) Structural modifications were made in the ring, polyolefinic chain and polar-
ended region of the retinoic skeleton.

(b) In the polyenic retinoids, as basic RA structure, esters, which would be serve
as more lipophilic prodrugs that would be either hydrolyzed or cleaved by
esterase to carboxylic acid, were less active than the acids, generally by at least
one order of magnitude,

(¢) RO 13-7410 (Ret, from Figure 1) has 11E-, 13E — cis geometry and an activity
comparable with that of “all trans” RA in the ODC-assay but was 25-fold more
active at inhibiting tumor promotion. The 9Z — isomer was less active than the
9E — isomer or was inactive. The 13Z — isomer was less active than “all trans”
RA but about one order of magnitude. The 7E-, 9E — isomer was less active
and the 11E-, 13E — and 9E-, 11E-, 13E - cis configurations enhanced activity
in the retinoids.

(d) Polar ended modified retinoids have a decreased activity or they are inactive.

METHOD

In this paper, we used the MTD overlapping technique for QSAR analysis of the
retinoids from Table 1. The MTD method, the minimal topological (steric) difference method,
allows the description of molecular stereochemistry (of both receptor and ligand molecules,
Li) by indicating the presence or absence of atoms from the considered L; molecule (i = 1,N)
in the vertices of the hypermolecule, H (which describes the receptor). The hypermolecule is
obtained by an approximately atom-by-atom superposition of the all Lj molecules, neglecting
the hydrogen atoms. The hypermolecule H can be considered as a topological network in
which the vertices correspond to atoms and edges may be viewed as chemical bonds.

During the optimization process, the vertices of H are assigned to the receptor cavity,

1o the receptor walls or to the exterior of cavity, that is the so-called steric irrelevant zone. The



degree of steric misfit for the molecule L, i.e., the value of MTD,, is defined as the sum of the
number of cavity vertices of H unoccupied by Li and the number of cavity vertices of H
occupied by Li. The whole number of H (meaning cavity, wall and irrelevant zone) obtained
by the optimization procedure makes up a hypothetical steric receptor map.

The actual improved MTD method takes into consideration the (possible)
conformational flexibility of the effectors L; (considering for each L; multiple low energy
conformations) and the series of drugs with some compounds for which only threshold
bioactivities or their intervals are known (if, it is the case). The cross-validation procedure is
also used in order to assess the reliability of the obtained results. The molecular mechanics
techniques are used in the superposition process for designing the hypermolecule H.

H is used as a topological framework for describing the stereochemistry of the drug
molecules and of the receptor sites by the vectors X = {x} and V = {v;}, i=12..n; j=
1,2..m; k = 1,2...C;. The entry x; is taken to be I if the vertex j of H is occupied by a
non-hydrogen atom of the molecule i being in conformation k, and xj = O if it is not
occupied. The stereochemistry of the receptor site is described by the vector V, having as
elements a ternary parameter v; (j = 1.m), associaled to each vertex j; v; = -1 should
correspond to vertices situated in the cavity of the receptor site, vj = +1 are assigned to the
receptor walls, and vj = O represent the vertices situated outside of the receptor. Thus, the
hypermolecule, which simulates the receptor site in the optimization process, is divided into
m cells (that can be approximated by the mean values of vdW volumes of the corresponding
atoms) by the N molecules M;, which “investigate” the receptor space. If a molecule M, has
several low energy conformations, it will adopt the one that fits best to the receptor, i.e., that
conformation with the lowest MTD value. For a given receptor map represented by the vector

V, the MTD value for the molecule i, MTD;, is given by:

m

MTD, Z[S"FZVJ K ]: MTD; = min(MTD,, ) (H
J=l

where m and s stand for the number of H vertices, and the number of cavity vertices,
respectively.
The mapping of receptor space for a given series of ligands, L;, optimizes [15] the

(hypothetical) shape of the biological receptor by using the regression analysis. The
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information for the description of the receptor is given as a set of experimental biological
activities, A;, for an N number of molecules M. It is supposed that the biological activities are
measured in the same conditions for all the M; compounds, with the same accuracy and
precision.

The structure of the receptor map (denoted here by V) obtained based on the
hypermolecule H, which is constructed by atom per atom superposition of all the molecules,
M,, is described by the vector V:

The computational procedure implies the evaluation of the steric parameter MTD for
each of the M; molecules with respect to the receptor map V, by means of relations (1), with s

defined as

s=i|v]‘, forall v, =1 2)

The correlation coefficient (r) has been used as the optimization criterion. The
fundamental of this method consists in modifying the topography of hypermolecule H by
moving the cavity vertices to wall and to irrelevant zone, the irrelevant vertices to cavity and
wall, and so on, until one obtains the best shape of the analyzed receptor, corresponding to the
optimal linear model, as measured by correlation coefficient r. For more details, one may
consult Refs. 4 and 15.

RESULTS AND DISCUSSIONS

Construction of the Hypermolecule and Molecular Modeling Calculations

One obtains the hypermolecule H by approximate atom per atom superposition of the
all (N) molecules (N = 37 for large series, Ret;, I = 2,38, and N = 17, Ret;, [ = 2, 18, from
short series) of the database (Table 1 and Figure 1) upon the standard molecule (S), that is S =
RO 13-7410), seeking maximal superposition. The compounds of long series are presented in
Table 5, and those of short series in Table 6. Such a superposition procedure is the basis for
the description of molecular stereochemistry in the MTD. Actually, this process is performed
interactively using the optimized geometries of the ligand molecules, computed with the aid

of molecular mechanics force fields or, alternatively, classical 2D chemical formulas, [15]
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Efforts to extract three-dimensional information regarding ligand — (unknown) receptor (L-R)
interaction from measurements of potency are generally centered on the QSAR domain, and
appropriate characterization of the molecular shape is the major obstacle in the development
of a topographical basis for QSAR.

The superposition of the N molecules L; yields a 2D or 3D hypermolecule H, in fact a
topological (2D or 3D) network. This network consists of m vertices, j, corresponding to the
approximate position of atoms (in 2D or 3D space) in the superimposed molecules, while the
edges can be assimilated to chemical bonds between the atoms. The main purpose of H is to
reflect the stereochemistry of drug molecules bound to the receptor site.

The previous survey suggests that the receptor responsible for epithelial differentiation
requires a conformation of the active retinoic molecules similar to that of the RO 13-7410.
This means approximately planar geometry due to the conjugation of the extended n-
electronic system. In the MTD studies [10,11,12] already mentioned, the hypermolecule was
constructed based upon comparison of Dreiding models. In this approach, the construction of
hypermolecule was improved, being performed by the computerized procedure PCFIT from
the COSMIC molecular modeling package [16] (for structural manipulation and molecular
superposition).

TABLE 2. Distances (in A) between equivalent atoms resulting by superposition of the cyclic
moieties (I, I11,...,VI) of Figure 4 upon ionone moiety (I). Structural optimization
calculations and superposition were performed by means of the COSMIC computer program.
[16]

Superposed cyclic Inter-distances between equivalent atoms for pairs of cyclic moieties

moieties* 1-1 2-2 33 4-4 5-5 6-6 7-7 8-8 9-9 10-10
n->1 002 003 006 010 004 005 002 005 010 0.08
m=>1 0.02 007 0.14 024 022 006 003 005 006 0.14
V=21 006 028 021 009 007 007 013 019 016 028
V=21 032 017 012 029 033 020 - 0.56 034 023
VI>1 037 010 010 038 097 - & - 0.43 023
V= VI 057 011 0.4 039 072 - - - 023 0.11

* In superposition of moieties II & [, Il < I, IV = [, all 10 pairs of equivalent atom
distances were considered for minimization; in superposition procedure of COSMIC V = |,
only distances for atoms 1-6, 8-10; in superposition VI = I and V 2 VI, only for atoms 1-5,
9, 10.
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v Vv VI

FIGURE 4. Cyclic moieties used for superposition and numeration of equivalent atoms.

The cyclic moieties used for superposition upon the iononic moiety of retinoic acid
(structures I — VI) are depicted in Figure 4 and the minimized inter-atomic distances between
pairs of equivalent atoms are given in Table 2. With the condition of a maximal 0.5A inter-
distances between atoms which can be considered to occupy the same j-vertex of the
hypermolecule, [17] only a single new vertex (j = 17 from atom Cs of the cyclic moiety VI)
had to be introduced with respect to the hypermolecule used in Ref. 11.

Another problem are the steric strain costs for coplanarity in the polyenic chain region,
for the retinoids that contain aromatic rings and methyl groups. The structures of interest (VIL
— XI) are given in Figure 5, and the torsion angles for the minimal energy conformations are

listed in Table 3. All computations were performed with the COSMIC package. [16]
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X X1

FIGURE 5. Aromatic structures that present steric strain in the polyenic region
(Cs-C;5 of Figure 1).

TABLE 3. Minimal torsion angles and conformational energies (kcal/mole) for aromatic
structures with steric strain (see Figure 5 for structures VII — XI) computed with the aid of
COSMIC [16] molecular modeling package.

Structure or" -1 02" Ui Uptan’ AU”
VII 47.7 64.3 61.1 17.3 120.8 103.5
VIII 1.8 42.6 38.1 14.6 95.8 81.1
IX 0.1 0.0 0.0 10.8 10.8 0.0

X 41.7 - - 12.5 16.2 k)
XI 67.1 - - 15.2 187.1 171.9

! @.-r : torsion angle between planes of the two aromatic rings in structures VII — XI.
2 @-1 and ©-2: angles between the CH;-C=C- plane (or H-C=C- plane) and the plane
of the nearest and furthest aromatic ring, respectively.
3 Upnin and Upuan are energies (in keal/mole) for the minimized and the coplanar structure,
respectively.
AU = Uptan = Upin (in keal/mole)

The structures VII, IX and X are rather planar since the difference in energy, AU,
required to bring them to co planarity is rather modest. For the structure VII, the methyl group
is about 40° out of the plane of the phenyl rings. With 1.5A for the C-C distance and 120° for
the corresponding bond angle, its distance from this plane is of 1.5-sin60°2m-40°/360° =
0.91A. The corresponding vertex j = 15 (see Figure 5) could be situated at half way (0.45A,
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ie. lower than the distance limit of 0.5A [17]) between the position of a CHs-group in
molecules without steric strain (i.e. planar in the polyenic chain region) and its position in
strained molecules (similar to structure VII). The hypermolecules H, obtained by
superposition of the compounds from Figure 1, corresponding to long series (n=38; see Table

5) and short series (n=18; see and Table 6) are presented in Figures 6 and 7, respectively.

FIGURE 6. The hypermolecule H obtained by superposition of compounds from long
series (n = 38; see Table 5 and Figure 1).

FIGURE 7. The hypermolecule H obtained by superposition of compounds from
short series (n = 18; see Table 6 and Figure 1).







































