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Summary — The dioxypyrimidine ring of 5,6-substituted 1-[(2-hydroxyethoxy)methyl]uracils is an extended ‘partial 7 system’ with
ring distortion. PM3-MM+ geometry optimization suggested a lipophilic ‘butterfly-like’ orientation which was also found in other
non-nucleoside inhibitors that interact with the HIV-1 reverse transcriptase. Multivariate QSAR has shown that discrimination
between the antiviral response and undesired cytotoxicity is possible. Related to the C-6 thiophenyl ring substituents and to modi-
fications at the C-5 position, the antiviral response depends on hydrogen-bonding forces, steric parameters, and electronic properties.

The cytotoxicity depends on the lipophilicity and steric parameters.

1-[(2-hydroxyethoxy)methyl]-6-(phenylthio)thymine / anti-HIV-1 activity / non-nucleoside HIV-1 reverse transcriptase inhibi-
tor / QSAR / molecular modelling / non-least-squares (NLS) regression / cluster analysis

Introduction

A major point of attack to treat chemically acquired
immunodeficiency syndrome (AIDS) is the inhibition
of human immunodeficiency virus type 1 (HIV-1), the
causative agent. Among the points of a chemothera-
peutic attack, viral reverse transcriptase (RT) plays a
key role. This is a bifunctional enzyme containing a
DNA polymerase activity which can copy either a
DNA or RNA template, and a ribonuclease H (RNase
H) activity. These two activities cooperate to convert
the single-stranded genomic RNA of HIV-1 into the
double-stranded DNA which subsequently becomes
integrated into host cell chromosomes.

Inhibitors of RT may be discriminated into 2',3'-
dideoxynucleoside (ddN) inhibitors [1] and non-
nucleoside inhibitors [2—4]. Nucleoside-type inhibi-
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tors act as competitive antagonists at the substrate-
binding site of the RT, and initial phosphorylation is a
crucial step in the intracellular metabolisms of ddNs.
Therefore, ddNs with low affinity to cellular nucleo-
side kinases are relatively ineffective in HIV-1
therapy. Non-nucleoside-type inhibitors interact non-
competitively with the allosteric site (a hydrophobic
pocket in the RT-DNA complex close to the active site
catalytic centre). The non-nucleoside agents are taken
up into cells without phosphorylation by cellular
nucleoside kinases. Prolonged therapy with commer-
cially available drugs often leads to the emergence of
resistant HIV-1 strains. The mutability of the virus
prompted clinical studies with combination therapies
to replace antiviral monotherapy with nucleoside and
non-nucleoside RT inhibitors, and antagonists that
influence other sites of interactions such as the HIV-1
protease [5, 6]. On the other hand, the mutability dis-
couraged further molecular optimization of the lead
structures, in particular of non-nucleoside inhibitors.
Only recently, a high resolution crystal structure of
intact unliganded HIV-1 RT and of the enzyme
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Fig 1. Basic structure of 5,6-substituted 1-[(2-hydroxy-
ethoxy)methylJuracils. The substituents R! and R? are given
in table I.

cocrystallized with inhibitors became available [7]
(atomic coordinates have been deposited with the
Brookhaven Protein Data Bank). This makes HIV-1
RT inhibitors an appropriate class of molecules to
investigate drug-receptor interactions with molecular
modelling and structure—activity relationship analysis
[7-18].

In this study, 5,6-substituted 1-[(2-hydroxy-
ethoxy)methyl]uracil derivatives [4] were investi-
gated. The aim was to find a common pharmacophore
in this series and in other non-nucleoside HIV-1 RT
inhibitors, and to delineate the antiviral and cytotoxic
action by multivariate quantitative structure—activity
relationship (QSAR) models.

Materials and methods
Chemistry and physicochemical descriptors

The synthetic routes of 5,6-substituted 1-[(2-hydroxy-
ethoxy)methyljuracil derivatives were described pre-
viously [4], together with the data that verify the
structures (fig 1). The carbohydrate moieties of the
nucleosides are replaced with an acyclic side chain
with an intact free hydroxy function; the same side
chain is also found in acyclovir.

The linear free energy related (LFER) and extra-
thermodynamic parameters of the substituents (fig 1)
were taken from the literature [20-23]. Other parame-
ters (distribution coefficients, pK, values, molecular
surface areas and volumes, dipole moments, Verloop’s
steric parameters, polarizability, molar refractivity and
hydration energy) were estimated by computer-aided
approaches using geometry-optimized structures or
simplified molecular identification and line entry sys-
tem notation [24-31]. The following descriptors were
of particular interest: with respect to R! substituents

(see fig 1), the position-dependent (ortho, meta, para)
lipophilic substituent constant 7 (octanol/water) of
Norrington [22], the hydrogen-bonding parameter pKy
derived from the equilibrium constant of hydrogen
bonding between substituted benzenes and phenol as
hydrogen donor [24] (in CCl,, at 25°C); and the
molar refractivity MR which was scaled (MR/10).
The reason for the interest in the latter is that MR/10
agrees approximately with the lipophilic substituent
constant of apolar substituents [32, 33]. Furthermore,
the Sterimol parameters L (length) and B1 (minimum
width) were determined [30]. To paramecterize the
substituents in the R2 position (fig 1), the passage of
the frontier electron flow related to hydrogen (Re) was
determined (Esaki [48] listed these electronic substi-
tuent constants). Also, the steric force-field substituent
constant L; was used [23]. A parameterization of sub-
stituent X of figure 1 and table I (carbonyl or thiocar-
bonyl group) was not made because the sample sizes
of the resulting two classes are too different (leading
to a danger of cluster correlation).

Molecular modelling and simulation

Different molecular mechanics (MM) methods [34—
37] are used to compare the conformations of key
molecules. The MM+ force field is an improved MM?2
force field. It was chosen in this report as the routine
method for the complete set of molecules, because it
was designed for small organic molecules and then
expanded to encompass amino acids, peptides, hetero-
cyclics, and nucleic acids. The whole procedure was
repeated with Coulomb’s law functions using a quan-
tum chemistry interface. The minima of the molecular
electrostatic potentials (MEPs) were obtained by the
semiempirical PM3 approximation [38]. The resulting
geometry-dependent partial atomic charges, electro-
static energies and dipole moments [39] were com-
pared with those determined by other semiempirical
approaches, and the connectivity-based iterative par-
tial equalization of orbital electronegativity (Gasteiger
method) which does not depend on a particular geo-
metry optimization [40].

Correlation-gradient geometry optimization was
achieved by the following steps [41]. The structures
were refined using a conjugate gradient minimizer
(Fletcher—Reeves modification of the Polak—Ribiére
method). Convergence was obtained when the gradient
root mean square (RMS) was < 0.01 keal/A.mol.
The conformations were initially energy-minimized
using force field without an electrostatic term. If
not otherwise stated, we used the cooling-
heating-cooling schedule [41]. After a short mecha-
nics run (at 0 K), a fully optimized lowest-energy
structure was obtained. We continued with short
molecular dynamics (MD) runs (temperatures of res-



pectively 373, then 200, 100, 50, and 25 K) to over-
come the energy barriers, followed again by the usual
MM minimization (0 K) until the procedure conver-
ged to a minimum-energy structure. After including
the partial charges, the resulting geometry was again
optimized to include the molecular electrostatic poten-
tial and electrostatic energies.

Pharmacology

HIV-1 virus (HTLV-III, strain) was used in the anti-
HIV assays. Virus stocks were titrated in MT-4 human
T-lymphoid cells and expressed as 50% cell culture
infective dose. The assay was based on the inhibition
of virus-induced cytopathic effect in MT-4 cells. After
a 4-day incubation at 37 °C, the number of viable
cells was determined by the 3-(4,5-dimethylthiazolyl-
2-yD)-2,5-diphenyltetrazolium bromide (MTT) method
[42]. The effective concentration (ECs,, uM) of a
compound required to achieve 50% protection of
MT-4 cells against the cytopathic effect of HIV-1 was
determined. The cytotoxicity of the compounds was
assessed in parallel with the antiviral response; this
was based on the viability of mock-infected MT-4
cells as monitored by the MTT method [43]. The
cytotoxic concentration (CCs,, UM) of a compound
required to reduce the viability of mock-infected MT
cells was determined. The selectivity index (SI) is
defined by the ratio CCs/ECs,. The numerical data
were taken from the literature [4]. Not all compounds
of this series could be used due to the missing, ‘larger-
than’, or ‘less-than’ scores of the pharmacological
affinities.

The parameters ¥, = In ECy,, Y, = In CC,, and Y, =
In SI were used in subsequent calculations to obtain
normally distributed and variance-stabilized scores.

Mathematical and statistical analysis

The underlying statistical approach is based on the
MASCA model [19, 44]. In brief, the model starts
from a multivariate design constructed according to
the rules of decision theory, collects the data to get
summary statistics, tests the hypotheses using multi-
variate and simultaneous statistical inference, applies
diagnostic statistics for examining design and model
validity, and uses the Bayes approach for subsequent
procedures. The matrix computations of the MASCA
software are very stable because suitable software
modules are used (strong reduction of the number of
cumulative rounding errors and of annulments of near-
zero scores [45, 46]; different results from regression
equations estimated by commercially available pack-
ages are mainly due to the varying quality of software
modules applied to matrix computations [47]).
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Results and discussion
Pharmacological-toxicological parameters

It is remarkable that the compounds (fig 1) do not
inhibit other retroviral, bacterial, or mammalian poly-
merases as well as HIV-2 RT [11]. They are potent
inhibitors of HIV-1 reverse transcriptase [4, 12—-13]. It
was found that non-nucleoside HIV-1 RT inhibitors
such as nevirapine and TIBO (see fig 6) bind specifi-
cally to an allosteric site of HIV-1 RT [12, 13]. They
are unlikely to be phosphorylated by cellular nucleo-
side kinases (such as thymidine kinase [4]).

The original data from the pharmacological-toxico-
logical assay are collected in table 1. The linear corre-
lation coefficients (table II) indicate that there is no
simple relationship between antiviral activity and
cytotoxicity. However, the partial correlation coeffi-
cients are highly significant (table II).

A nonlinear second-order model is used to fit the
isobiological contours [48] of the logarithms of the
selectivity index. Using an ordinary least-squares
regression fit, we get:

Y, =-0.216 - 0.990Y, + 1.106Y, — 0.000758Y7%
—-0.0117Y3 - 0.00184Y,Y,

For example, assume the target is to get Y; =In S/ =
4.7. Then, Y, = In ECj, should be within the range -3
to —2 while Y, = In CC,, should be within the range
1.8-2.7 (fig 2).

Employing nearest-neighbour cluster analysis to the
unstandardized scores of Y, and Y, leads to the result
that there are two subgroups within the given series of
compounds (fig 3). The first class (B) includes com-
pounds where the antiviral action increases with toxi-
city (or v-v). It contains compounds where a modifi-
cation at the C-5 position is the predominant factor.
The second class (A) contains compounds where an
increasing antiviral response is not closely related to
increasing toxicity. It includes compounds where the
C-5 methyl group is replaced by either an ethyl or iso-

propyl group. .
Molecular modelling of doxypyrimidines

The dioxypyrimidines uracil (U) and thymine (T) are
very weak acids (U: pK, = 0.5, pK, = 945, pK,; > 13;
T: pK, = 0, pK, = 9.94, pK; > 13). Absorption spectra
indicated that the keto form of the lactam-lactim equi-
librium is dominant [34] (fig 4). The largest energy
component involves the out-of-plane motion of the
exocyclic oxygens. Substantial distortion of the ring
by the N1 mass including pyramidalization of the N1
nitrogen also occurs (fig 5, table I1I). Due to the elec-
tron delocalization effects, the N-3 atom adopts a
planar conformation (table III). The ring distortion is
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Table 1. Inhibition of HIV-1 replication in MT-4 human T-lymphoid cells by 5,6-substituted 1-[(2-hydroxyethoxy)methyl]-

uracils.

Compound X R! R2 ECy, CCy S

1 (0] 3-Me Me 2.6000 420 162
2 (@) 3-Et Me 2.7000 181 67
3 O 3-tert-Bu Me 12.0000 75 6.3
4 (@) 3-CF, Me 45.0000 196 4.4
5 (@) 3-F Me 3.3000 282 85
6 O 3-Cl Me 13.0000 210 16
7 O 3-Br Me 5.7000 141 25
8 O 31 Me 10.0000 106 11
9 O 3-NO, Me 34,0000 170 5
10 O 3-OH Me 82.0000 446 53
11 (0] 3,5-diMe Me 0.2600 243 935
12 O 3,5-diCl1 Me 1.3000 130 110
13 S 3,5-diOMe Me 0.2200 172 782
14 O 3-COOMe Me 7.9000 221 28
15 O 3-Ac Me 7.3000 228 35
16 (0] 3-CN Me 10.0000 234 23
17 (0] H CH,CH=CH, 2.5000 183 73
18 S H Et 0.1100 148 1350
19 S H Pr 10.0000 230 23
20 S H iso-Pr 0.0590 400 6780
21 S 3,5-diMe Et 0.0078 277 35500
22 S 3,5-diMe iso-Pr 0.0050 52 10200
23 S 3,5-diCl Et 0.0430 64 1490
24 0O H Et 0.1200 400 3330
25 0 H Pr 3.4000 244 72
26 O H iso-Pr 0.0630 231 3670
27 O 3,5-diMe Et 0.0130 149 11500
28 O 3.,5-diMe iso-Pr 0.0027 128 47400
29 O 3,5-diCl Et 0.0140 51 3640
HEPT® 0 H Me 7 743 106
HEPT-S® S H Me 0.98 123 126
AZT? 0.006 7.8 1300

ECs, (UM) is the effective concentration required to achieve 50% protection of MT-4 cells against HIV-1; CCs, (UM) is the
cytotoxic concentration required to reduce the viability of mock-infected MT-4 cells by 50% and Sl is the selectivity index [4].

#For comparison.

Table II. Linear and partial correlation coefficients of the
bioassay parameters.

Coefficient Y, Y, Y;
Simple
Y, 1 0.325 -0.982
Y, 1 -0.141
Y, 1
Partial
Y, 1 0.99874 —0.99995
Y, 1 0.99862
Y; 1

enhanced by introduction of a heavy exocyclic substi-
tuent in the N1 position. In contrast, the forces main-
taining the planarity of the adenine ring and xanthine
ring system are fairly strong [49-52].

The bonding distances indicate that the bonds N3—
C2, N3-C4, C4-C5, and C5-C6 have at least 50%
double-bond character. The double-bond character of
the N1-C2 bond is < 50% (table III). Therefore, some
aromatic resonance occurs.

The atomic charges of the molecule S2 (see fig 1;
X =0, R = H, X2 = Me) were determined (table IV).
Three neglect of differential overlap (NDO) methods
were applied: CNDOQO (complete NDO), INDO (inter-
mediate NDO), and MINDO/3 (modified INDO, ver-
sion 3); and three neglect of diatomic differential
overlap (NDDO) methods were used for comparisons:
MNDO, AM1, and PM3. It can be concluded that the
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Fig 2. Response-surface analysis using a second order
model in order to get scores of isobiological selectivity
indices as a function of the natural logarithms of the anti-
viral response and cytotoxicity.

charges are transferable. However, only the PMS3
approach led to a positive N1 point charge (table IV).
Also, the nitrogen of pyrrole is positive (0.31) if a
PM3 Hamiltonian is employed. Similar results (ie,
PM3 produced a positive charge at N1 while AMI1
and MNDO produced negative charges) were ob-
served for the N1 of a 9H-thioxanthen-9-one [53], for
the N1, N3 and N7 atoms of 8-styrylxanthines [52],
and for the N7, N14 and N21 nitrogens of N-acetyl-
glycylglycine N'-methylamide [54]. Although it is
often stated that MNDO is the best semiempirical
method to obtain charges, nitrogen is a problem for
the MNDO method [55]. The PM3 result becomes
acceptable if one anticipates some shift of lone-pair
density from N1 into the C6=C5 and C2=02 double
bonds [56, 57].

As an example of substituted nucleoside deriva-
tives, compound 28 is chosen (table I). For compari-
son, apparently rigid non-nucleoside inhibitors of
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Fig 3. Cluster analysis using parameters of the antiviral res-
ponse and cytotoxicity. Two compounds were incorrectly
classified into group A (compounds 19 and 25), and two
agents were incorrectly categorized into group B (com-
pounds 11 and 13). The clustering of physicochemical des-
criptors are shown in table VIIL

HIV-1 RT such as nevirapine and TIBO (R82913),
and a conformationally more flexible agent, namely
Merck L-969,229 (compound 9 of a study of the
Merck company, [2]), were chosen (fig 6). The two-
dimensional basis exhibited no structural similarities.
Different spatial orientations of compound 28, as
illustrated in figures 7-9, show a hydrophobic ‘butterfly-
like’ configuration, consisting of the previously
described ‘partial resonance’ system of the dioxypyri-
midine ring (left side of the figure), a sulfur bridge
(bottom), and the 1 system of the lipophilic phenyl
ring (right side). Using the atomic numbering of
figure 1, the following conclusions can be drawn. The
N(H)-C2(02) moiety (or a related group) must be
envisaged as the electrostatic centre. The circles mark
the C4, S, and C3' atoms (C3' of the phenyl ring in the
meta position which points up and away from the sul-
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X2 = H (uracil), Me (thymine)

Fig 4. Lactam-lactim equilibrium.

fur). The resulting angle is 94°, and the C4-C3' dis-
tance 5.94 A. This ‘butterfly-like’ configuration has
also been proposed [58, 59] for nevirapine and TIBO
(R82913). With respect to nevirapine, the circles
denote the C4, N11 and C7 atoms (fig 6). The angle is
96°, and the C4-C7 distance 5.41 A (fig 10). With res-
pect to TIBO (R82913), the circles denote the CP, N6
and C11 atoms (fig 6). The conformationally flexible
side chain of TIBO (R82913) was adjusted in the first
optimization step by the frozen reaction coordinate
(ie, the N6—Co~CB—Cy dihedral angle). The angle is
142°, and the CB-C11 distance 5.80 A (fig 11).

As sulfur is isosteric with selenium, organometallic
nucleoside analogues were synthesized but the results
suggest [60] that the compounds are not inhibitors of
HIV-1 RT. Thus, we believe that the phenylthio group
and a central nitrogen of the ‘butterfly-like’ configura-
tion are essential for the pharmacodynamic action. In
L-969,229 (fig 6), which also assumes a ‘butterfly-
like’ structure (fig 12), the selected atomic points C2,

Table III. Evidence of aromatic resonance and ring distor-
tion in dioxypyrimidines.

Atomic Observed ‘Idealized distances’ of pure bonds
code distance
(A) Single Double ‘Mean’
bond bond

N1-C2 1.42 1.47 1.27 1.37
N1-C6 1.44 1.47 1.27 1.37
N3-C2 1.35 1.47 1.27 1.37
N3-C4 1.35 1.47 1.27 1.37
C4-C5 1.42 1.54 1.34 1.44
C5-C6 1.42 1.54 1.34 1.44

Atomic code Observed angle (°)

N1-C2-02 119
C2-N3-C42 123
02-C2-N3 120
N3-C4-04 122
N3-C4-C5 117
C4-C5-C6 109
C5-C6-N1 117
C2-N1-C6* 112

2The mean angle of a trigonal-pyramidal nitrogen is 103
110°; the mean angle of a trigonal-planar nitrogen is 120°.

C7 (linker atom) and C11 do not include a central
nitrogen like in nevirapine and TIBO (R82913), or a
sulfur atom (as in the present series). The angle is 84°,
and the C2-C11 distance 5.65 A. The nature of the
‘best’ linker group therefore deserves further conside-
ration.

Fig 5. Left: Optimized ball-and-stick conformation of compound S2 (see fig 1; X = O, R = H, X2 = Me). Centre and right: dif-
ferent views of S2. Distortion of the ring occurs by the N1 mass including pyramidalization of the nitrogen, and by introducing

the acyclic side chain.
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Table IV. Compound S2 (see fig 1; X = O, R = H, R2 = Me): comparison of net atomic charges determined by various semi-

empirical methods.

Code CNDO INDO MINDO/3 MNDO AM1I PM3 Gasteiger
N1 -0.17 -0.18 -0.18 -0.33 -0.25 0.15 -0.15
Cc2 0.44 0.52 0.67 0.48 0.41 0.20 0.25
02 -0.37 -0.42 -0.58 -0.37 -0.35 -0.40 -0.39
N3 -0.25 -0.27 -0.29 -0.39 —0.38 0.03 -0.18
C4 0.37 0.45 0.65 041 0.36 0.28 0.19
04 -0.36 -0.42 -0.59 -0.35 -0.34 -0.38 -0.41
C5 -0.11 -0.14 -0.24 0.28 -0.25 -0.25 0.05
C6 0.16 0.20 0.20 0.19 0.05 -0.08 0.03

Multivariate QSAR analysis

The R! and R? substituents (see fig 1) were treated
independently. Simulation of the Rt effect occurred by
the position-dependent lipophilic substituent constant
ny (octanol/water), the hydrogen-bonding parameter
pK,, and the scaled molar refractivity MR. Further-
more, the Sterimol parameters L (length) and Bl
(minimum width) were used. To parameterize the sub-
stituents in the R2 position, the electronic substituent
constant Re and the steric force-field substituent
constant L; were used. The physicochemical descrip-
tors were defined as follows (table V):

Me N N
11
11 lil Me
—N | B
c propy! C| CH,CH=C(Me),

Nevirapine TIBO (RB2913)

.y
Et \
e

2 1

Me I\IJ 0

L-696,229

Fig 6. Examples of non-nucleoside HIV-1 RT inhibitors.
Numbering indicates the marked points in figures 7—12.

Rl X, =73 X, =pKy, X; =MR/10, X, =L, X5 =Bl
R2: X¢=Re,X;=L;

The resulting correlation matrix is listed in table VI.
Several of the simple correlation coefficients between
the two sets Y (biological variables) and X (physico-
chemical parameters) are significant.

The selectivity index must be excluded because it
depends on Y, and Y,. The squared multivariate corre-
lation coefficient of the two sets

Y= Y

=X, ... Xy

becomes RZ_ = 0.972, the maximum-likelihood quan-
tile is 0.694 at the 5% significance level. The squared
canonical correlation coefficient is 6 = 0.908 (first
eigenvalue); the critical quantile (largest-root crite-

Fig 7. Energy-minimum PM3-MM+ conformation of com-
pounds 28 (fig 1, table I): first screen view. The circles
denote the C4, S (‘linker’) and C3, atoms (see fig 1).
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Fig 8. Like figure 7 but another screen view after rotating
the molecule.

X/
/ \\

Fig 9. Like figure 7 but another screen view after rotating
the molecule. The molecular conformation may be interpre-
ted as a butterfly-like orientation. The conformational flexi-
bility of the molecule allows an adaptation to the receptor
site without steric strain.

rion) is 0.548 at the 5% significance level. The cano-
nical correlation plot (first canonical variate) is illus-
trated in figure 13. Table VII lists the coefficients of
the canonical variates. The squared multiple correla-

Fig 10. Energy-minimum PM3-MM+ conformation of nevi-
rapine. The circles denote the C4, N11 (‘linker’) and C7
atoms in figure 6. The butterfly-like orientation is obtained
from a conformationally rigid molecule.

Fig 11. Energy-minimum PM3-MM+ conformation of TIBO
(R82913). The circles denote the C11, N6 (‘linker’) and C3
atoms in figure 6. There is a more or less great departure
from the ‘idealized butterfly-like’ orientation although the
molecule is conformationally rigid.

tion coefficients are R? = 0.882 and R3 = 0.782 (tested
using the largest-root criterion). Taking these results
together, it can be concluded that the multivariate and
multiple QSAR equation systems are significantly dif-
ferent from zero.

As expected, there is no collinearity between the
variables that were chosen to model the R! and R2
substituent effects. However, within the R! set there is
a collinearity; in particular the correlation between the
two Sterimol parameters (0.97) is remarkable (table VI).



Fig 12. Energy-minimum PM3-MM+ conformation of
(Merck 1.-969,229). The circles denote the C2, C7 (‘linker’)
and C11 atoms in figure 6. The butterfly-like orientation is
ideal, and there is a ‘compromise’ between conformatio-
nally flexible and rigid moieties of the molecule.

The internal determination coefficients are significant
(D,=0.78,D,=0.63,D;,=0.72, D, = 0.96, D; = 0.97,
D¢ =0.65, D, = 0.59; the critical quantile is 0.41 at the
5% significance level). Therefore, a multicollinearity
exists and ordinary least-squares regression must be
replaced by an alternative approach such as non-least-
squares (NLS) regression. The diagnosis of the type of
multicollinearity, and the selection of the significant
regressors and of their components, was based on the
described algorithms of the MASCA model [10, 41,
52]. Only the first principal component of the princi-
pal-component regression equations (first pseudo
regressor) was significant at the 5% level or less.

Retransformation of the resulting principal-compo-
nent regression equation led to:

Y, =1.937 + 1.388pKy — 0.811B1 — 0.900Re
- 1.238L;

(fig 14). The multiple correlation coefficient R = 0.91
is highly significant. The cytotoxicity is modelled by:

Y, =5.999 - 0.141ny— 0.208MR/10 — 0.067L
—-0.129B1

The multiple correlation coefficient R = 0.738 is signi-
ficantly different from zero at the 5% level or less.

Therefore, the antiviral response depends on posi-
tion-dependent hydrogen-bonding forces (R! substi-
tuents), steric parameters (R1: B1, R2: L,), and the
electronic term Re of the C-5 substituents in the R2
position.

Hydrogen-bonding between the R! region of the
compounds and the enzyme are an important part in
drug-receptor affinity. The lipophilic pocket region of
RT also contains a few amino residues (Lys101,
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Lys103, Ser105, Asp192, Glu224, Glul38) and back-
bone atoms that may form hydrogen bonds to the inhi-
bitors.

The negative signs of the regression coefficients
associated with the steric effects of the R and R2 sub-
stituents show that less bulky groups enhance the anti-
viral response. The electronic parameter Re is also
significant, ie, substituents with a positive inductive
effect in the R2 position improve the antiviral action.

The lack of significance of a hydrophobic-substi-
tuent constant does not automatically imply the insi-
gnificance of hydrophobic drug-receptor interactions
if other areas of the molecules (not the substituent
regions) are involved. It might be expected that the
hydrophobic ‘butterfly-like’ orientation of the non-
nucleoside RT inhibitors interacts with the apolar poc-
ket of RT into which the inhibitors must fit [7, 11-17].

The cytotoxicity depends on a position-dependent
lipophilicity (my and steric parameters (MR/10, L,
B1) of the R! substituents. Due to the lack of signifi-
cance of hydrogen-bonding forces and Re, it appears
that the substituent effects are less specific. In addi-
tion, with exception of the Sterimol parameter B1, the
chemical variables of the two QSAR equations differ.
Therefore, discrimination between the antiviral res-
ponse and undesired cytotoxicity is possible by mole-
cular manipulation.

As there was considerable multicollinearity among
the physicochemical descriptors (listed in table V), the
furthest-neighbour method of cluster analysis was
applied to the standardized chemical variables. The
first class includes the same members as grouped in
class B of the biological-activity profiles (fig 3). The
second class, A, includes the same members as
grouped in class A of the biological activity profiles
(fig 3) if two subgroups (Al and A2) are assumed
(table VIII). Thus, there is sufficient agreement
between the results of the two cluster analyses.

Conclusions

The dioxypyrimidine ring of 5,6-substituted 1-[(2-
hydroxyethoxy)methyl]uracils consists of an extended
‘partial T system” with ring distortion mainly due to
the N1 atom. Cluster analysis of the biological acti-
vity profile and the chosen set of physicochemical
descriptors, and multivariate QSAR using non-least-
squares regression, have shown that maximization of
the antiviral response and minimization of the unde-
sired cytotoxicity is possible. Related to the C-6 thio-
phenyl ring substituents and modifications at the C-5
position, the antiviral response depends on hydrogen-
bonding forces, steric and electronic parameters. The
cytotoxicity depends on the lipophilicity and steric
parameters.
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Table V. Physicochemical descriptors of 5,6-substituted 1-[(2-hydroxyethoxy)methyl]uracils.

Compound RI position R2 position
i pKy MR/10 L Bl Re pp

1 0.50 -0.56 0.57 3.00 1.52 -1.64 0.00
2 0.94 -0.61 1.03 4.11 1.52 -1.64 0.00
3 1.72 -0.62 1.96 4.11 2.60 -1.64 0.00
4 1.49 047 0.50 3.30 1.90 -1.64 0.00
5 0.42 -0.07 0.09 2.65 1.35 -1.64 0.00
6 1.04 0.50 0.59 3.52 1.80 -1.64 0.00
7 1.17 -0.53 0.89 3.82 1.95 -1.64 0.00
8 1.47 -0.56 1.40 4.23 2.15 —-1.64 0.00
9 0.54 0.74 0.74 344 1.70 -1.64 0.00
10 -0.66 -0.19 0.29 2.74 1.3§ —-1.64 0.00
11 1.00 ~1.12 1.14 6.00 3.04 -1.64 0.00
12 2.08 -1.00 1.18 7.04 3.60 -1.64 0.00
13 1.00 -1.12 1.14 6.00 3.04 -1.64 0.00
14 -0.07 1.21 1.29 4,73 1.64 -1.64 0.00
15 -0.07 1.22 1.12 4.06 1.60 -1.64 0.00
16 0.24 0.72 0.63 4.23 1.60 -1.64 0.00
17 0.00 0.00 0.10 2.06 1.00 0.00 0.00
18 0.00 0.00 0.10 2.06 1.00 0.72 0.86
19 0.00 0.00 0.10 2.06 1.00 0.57 0.89
20 0.00 0.00 0.10 2.06 1.00 042 2.29
21 1.00 -1.12 1.14 6.00 3.04 0.72 0.86
22 2.08 -1.00 1.18 7.04 3.60 042 2.29
23 2.08 -1.00 1.18 7.04 3.60 0.72 0.86
24 0.00 0.00 0.10 2.06 1.00 0.72 0.86
25 0.00 0.00 0.10 2.06 1.00 0.57 0.89
26 0.00 0.00 0.10 2.06 1.00 0.42 2.29
27 1.00 -1.12 1.14 6.00 3.04 0.72 0.86
28 1.00 -1.12 1.14 6.00 3.04 042 2.29
29 2.08 -1.00 1.18 7.04 3.60 0.72 0.86

Table VI. Correlation coefficients between the two sets Y (biological profile, table 1) and X (physicochemical profile, table V)
used to examine simple linear dependence, and within the variables of X to examine collinearity.

Variable R/ position R? position
X1 Xz X3 X4 X5 X(; X7

Y, -0.31 0.62 -0.15 -0.49 -0.51 -0.74 -0.74
Y, -0.79 0.41 -0.62 -0.64 -0.68 ~0.18 -0.15
Y, 0.16 -0.57 0.03 0.39 0.39 0.73 0.75
X, 1 -0.61 0.69 0.77 0.85 -0.03 0.01
X, 1 -0.39 0.60 -0.70 -0.30 -0.26
X, 1 0.79 0.77 -0.28 -0.19
X, 1 0.97 0.02 0.05
Xs 1 0.06 -0.09
X5 1 0.76




Table VII. Canonical QSAR results.

Notation First
canonical set

Second
canonical set

Eigenvalues 0.908 0.647

Standardized eigenvectors:

Chemical variable X, -0.218 1.130
X, 0.176 0.548
X3 -0.120 0.488
X4 —0.639 -0.569
Xs 0.375 0.040
Xs —0.454 0.210
X5 —0.325 —0.340
Biological terms Y, 0.820 0.668
Y, 0.365 -0.992
o T T : — T
*
- P S
L X
% X
0.8 74 :
>K H
® XK
= ¥ KK
3 R
E -0.2 i
o
-1.2
* X
K XK
-2.2
1 i 1L 1 1 1 1 [ 1 Il 1 1 1 1 L 1 I 1 1 1
-2.2 -1.2 -0.2 0.8 1.8 2.8

Biological profile

Fig 13. Result of multivariate subset selection: canonical
correlation plot of the antiviral and cytotoxic response
against the set of physicochemical variables.
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Table VIII. Cluster analysis using the physicochemical
descriptors.

Class Assigned compounds Correct classification

Class A 1729 100%
Subgroup A1 17-20, 24-26
Subgroup A2 21-23, 27-29

Class B 1-16 100%

Observed antiviral action
(=]
1

-5.6 -3.6 -1.6 0.4 24 4.4

Calculated antiviral action

Fig 14. Experimentally obtained antiviral action versus the
theoretically calculated antiviral response. The 95% confi-
dence and prediction limits against the regression line are
also shown.

The present results are evidence of the potency of
multivariate QSAR methodology to discriminate be-
tween various biological responses, such as antiviral
action and cytotoxicity, within a closely related series
of antiviral compounds. Extrapolations outside the
given chemical parameter set of a series are difficult,
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however. Furthermore, recent results based on a struc-
turally diverse series of antiviral compounds cannot
be applied to validate the present model obtained by
QSAR studies of 5,6-substituted 1-[(2-hydroxy-
ethoxy)methyl]uracils.

A butterfly-like orientation was found in seemingly
structurally distinct classes of non-nucleoside HIV-1
inhibitors. Meanwhile, other classes of non-nucleo-
sides were also studied, and the result was validated
(PPM, unpublished). The butterfly-like configuration
fits well into the lipophilic pocket of the allosteric area
of the unoccupied HIV-1 reverse transcriptase, while
the different sites of drug-receptor interactions seem
to determine the potency, selectivity and resistance
development.
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