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Abstract—African trypanosomes, Trypanosoma brucei rhodesiense (TBR) and Trypanosoma brucei gambiense (TBG), affect hun-
dreds of thousands of lives in tropical regions of the world. The toxicity of the diamidine pentamidine, an effective drug against
TBG, necessitates the design of better drugs. An orally effective prodrug of the diamidine, furamidine (DB75), presently scheduled
for phase III clinical trials, has excellent activity against TBG with toxicity lower than that of pentamidine. As part of an effort to
develop additional and improved diamidines against African trypanosomes, CoMFA and CoMSIA 3D QSAR analyses have been
conducted with furamidine and a set of 25 other structurally related compounds. Two different alignment strategies, based on a
putative kinetoplast DNA minor groove target, were used. Due to conserved electrostatic properties across the compounds, models
that used only steric and electronic properties did not perform well in predicting biological results. An extended CoMSIA model
with additional descriptors for hydrophobic, donor, and acceptor properties had good predictive ability with a ¢* = 0.699,
¥* = 0.974, SEE, standard error of estimate = 0.1, and F = 120.04. The results have been used as a guide to design compounds that,
potentially, have better activity against African trypanosomes.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Infectious diseases such as trypanosomiasis, malaria,
and leishmaniasis, which are spread by protozoan para-
sites, infect millions of people throughout most of the
world.?? There is now a serious epidemic phase of sev-
eral of these diseases due to factors that include vector
spread, travel of infected individuals, civil wars and, in
particular, lack of available and effective drugs for treat-
ment. These diseases strike all age groups and severely
limit the health and economic outlook in infected re-
gions. Since the synthesis of the aromatic diamidine,
pentamidine (Fig. 1), and the discovery of its broad anti-
parasitic activities, amidines have been of interest for
development of antiparasitic compounds.!™> Although
pentamidine has had significant clinical success, its tox-
icity, lack of oral availability, and the appearance of
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pentamidine-resistant organisms underscore the essen-
tial need to develop additional drugs for treatment.'-*
The recent synthetic preparation and clinical success of
orally effective diamidine prodrugs make new synthetic
diamidine compounds an important group for discovery
of additional and improved drugs against diseases due
to protozoan parasites.!~>~”

Although the mechanism of action of pentamidine is not
clearly established and more than one biological target
may be involved, current evidence supports an essential
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Figure 1. (a) Pentamidine; (b) DB75.
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DNA binding step in the biological activity of diamidine
derivatives that target infectious disease organisms.!® In
this model, heterocyclic dications form a complex in the
minor groove of AT-rich DNA sequences and selectively
perturb the action of one or more microbial enzymes
and/or transcription factors that must act on DNA in
the target organisms.> '3 Analogues that bind poorly
to DNA generally display poor biological activity.!-
Amidines have selective uptake systems in target
organisms, such as trypanosomes, and fluorescence
microscopy studies show that the amidines are localized
to DNA-rich regions.®!%!> In organisms such as leish-
mania and trypanosomes, the mitochondrial kinetoplast
DNA (kDNA) is the initial target of diamidines.5!6-17
The DNA in most parasitic microorganisms is AT rich
and in some organelles, such as the trypanosomal kineto-
plast, repeated AT tract sequences form a selective and
susceptible target for heterocyclic diamidines.!” Com-
pounds that bind selectively to AT sequences, thus, have
an advantage in targeting the kDNA of these organisms.

Given these intriguing links to DNA targeting in the ac-
tion of diamidines, the long and successful history of use
of pentamidine in humans, and the recent ability to syn-
thesize prodrugs of diamidines, compounds of this type
are very attractive for rational drug development. Struc-
turally, pentamidine is a highly flexible molecule that
can assume an array of linked conformations related
through torsional rotation (Fig. 1). A strategy to remove
much of the torsional freedom of pentamidine and pre-
organize the molecular structure for binding to the
DNA minor groove is to replace the alkyldiether linking
group of pentamidine with a five-membered heterocycle
(Fig. 1). The prototype for this type of structure is
furamidine, DB75, and an orally active prodrug of this
compound, DB289, has successfully completed phase
IT clinical trials in first stage sleeping sickness patients
and revealed low host toxicity.!-58:18

The details of the biological action of diamidines are far
from understood and we are seeking additional methods
to probe their structure—activity relationships to assist in
rational drug design. It seems certain that activity will
depend strongly on the molecular structure and chemi-
cal properties of the compounds, and how these match
the DNA minor groove receptor site. An X-ray structure
of furamidine bound to a model system for kDNA AT
sequences is available and supports the DNA minor
groove as a key component in the cellular therapeutic
target of antiparasitic diamidines.'® A library of diph-
enyldiamidines with central five-membered rings has
been prepared and antitrypanosomal biological testing
conducted. Several of these derivatives have also been
crystallized with the same AT DNA sequence as with
furamidine.?’ This wealth of pertinent structural infor-
mation and the availability of accurate biological testing
data present an attractive opportunity for the use of 3D
QSAR methods. Efforts have been concentrated on try-
ing to understand the underlying correlations between
various chemical descriptors and biological activity to
help predict new synthesis directions for preparation
of improved derivatives. Other examples of such a pro-
tocol are.?!?? To initiate this study, we have carried out

CoMFA and CoMSIA-based 3D QSAR studies on all
available diphenyldiamidines in our library that have a
central five-membered ring system and for which anti-
trypanosomal testing results were available. The goals
of this study are: (1) to correlate the structural features
of this class of compounds with their biological activity
by using our extensive knowledge of the DNA minor
groove bioreceptor in AT sequences and (2) to use this
information to predict new compounds for synthesis
that have a high probability of enhanced activity.

1.1. Application of 3D QSAR to diamidines

CoMFA and CoMSIA techniques®*?* use field-based
descriptors to generate contour maps that provide a
visual rendering of the molecular properties that are
important to biological activity. Starting with the train-
ing set, organized in a specific alignment with each mol-
ecule assumed to be in its ‘bio-active’> conformation,
probe atoms are used to define a field, as represented
by points of a 3D grid of user-chosen density around
each atom of the molecule. The fields calculated for each
molecule at each grid point in the alignment are correlat-
ed with the biological activity. The output is represented
by 3D contour surfaces that represent relative spatial
contributions of the fields around the molecular align-
ment. The surfaces are obtained by correlating the cal-
culated fields to experimentally measured biological
activity using PLS, partial least squares.?®

One of the major differences between CoMFA and
CoMSIA is the way the fields are calculated to describe
the environment around an aligned set of molecules. In
CoMFA, the steric fields are calculated using Lennard-
Jones potential and the electrostatic fields are calculated
using Coulomb potentials.?! CoMSIA uses a smoother
Gaussian function to calculate the same fields. Three
additional similarity fields as implemented by Tripos’
default version of CoMSIA namely, hydrophobic,
donor, and acceptor fields,?” were also used in our work.

It has been observed in CoMFA calculations that steep
curves near van der Waals surface can result in unrealis-
tically large changes in calculated values,?®?° and to
avoid these large values arbitrary cut-offs are needed
during potential calculations. The potentials calculated
using the two different functions result in these cut-offs
being at different distances for different terms®® and
can result in disjointed contour maps. Finally, it has
been observed that CoMFA is quite sensitive to changes
in alignment with respect to the grid. These problems are
reduced in the case of CoOMSIA by using a flatter Gauss-
ian type function that is defined by Eq. 1:

—ar?
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where A denotes the similarity index, used to calculate
each of the types of fields, at each grid point ¢. The sum-
mation is over all points, i, of the molecule under inves-
tigation, j. Wprobe « 1S the probe atom with a user selected
radius. wy, is the actual value of the physicochemical
property k of atom i and r;, is the mutual distance be-
tween the probe atom at grid point ¢ and atom i in



3146 P. Athri et al. | Bioorg. Med. Chem. 14 (2006) 3144-3152

the test molecule. « is the attenuation factor with a de-
fault value of 0.3. Previous studies®® suggest that the
optimal value lies between 0.2 and 0.4 with larger values
resulting in steeper Gaussians, and hence larger values
result in functions that resemble those used in CoOMFA.

2. Materials and methods
2.1. Dataset selection

The molecular set used in this study includes all com-
pounds with a 6-5-6 unfused heterocyclic aromatic sys-
tem such as furamidine (Fig. 1) for which
antitrypanosomal in vitro and in vivo results were avail-
able. The list of compounds is presented in Table 1,
along with their associated biological activities repre-
sented by ICsy (concentrations in micromolars) in the
form of pICsq (—logICsp). Twenty two of the 26 com-
pounds were synthesized earlier on in the study. Initial
biological testing of each of these 22 compounds was
performed soon after its synthesis and testing was done
over an extended period as compounds were prepared
after each other. The promising results encouraged us
to perform additional biological tests in quadruplet un-
der carefully controlled conditions to enhance data qual-
ity and comparison reliability. A plot of initial testing
results against the average of the four recent results,
however, shows good agreement with Pearson’s correla-
tion coefficient, R, being 0.951 (Supplementary material,
Figure A). We were able to test the four compounds syn-
thesized later, DB240, DB484, DB690, and 1RJL164
once. Nevertheless, as indicated by the average standard
deviation between trials (0.003 pM, see Supplementary
material) we are certain of the integrity of these values.

Five of the compounds in this dataset have solved X-ray
crystal structures, all from the Neidle laboratory,'®?° for
their DNA complexes. Coordinates are available at the
RCSB Protein Data Bank®' (DB193: PDB 1D-298D,
DB244: PDB ID-1EEL, DB249: PDB ID-1FMS,
DB313: PDB ID-1FMQ, and DB75: PDB ID-227D).
All five compounds preserve the 6-5-6 ring core (note
that Fig. 2 is a pictorial representation of the common
sub-structure). This preserved ring system formed the
basis of our selection of compounds. Internal substitu-
tions in the rings by various hetero atoms were allowed
but exocyclic substituents were not permitted since the
extrapolation of X-ray structures, for the purpose of
molecular minimization constraints, would be uncertain.
These restrictions ensured that the crystal structures
could be used as reasonable approximations to the
‘bio-active’®® conformation of the respective molecules.
Also, these restrictions provide an optimum method to
produce results that are interpretable in terms of struc-
ture and specific molecular features for compound
design.

2.2. Determination of in vitro activity against Trypano-
soma brucei rhodesiense (TBR)

Minimum essential medium (50 pl) supplemented
according to Baltz et al.3? with 2-mercaptoethanol and

15% heat-inactivated horse serum was added to each
well of a 96-well microtiter plate. Serial drug dilutions
were prepared covering a range from 1 to 0.0014 pg/
ml. Then 2x 10° bloodstream forms of TBR STIB 900
in 50 pl were added to each well and the plate was incu-
bated at 37 °C under a 5% CO, atmosphere for 70 h.
Ten microliters of Alamar Blue (12.5 mg resazurin dis-
solved in 100 mL phosphate-buffered saline, PBS) was
then added to each well and incubation was continued
for a further 24 h. The plate was then read in a Spectra-
max Gemini XS microplate fluorometer (Molecular
Devices Cooperation, Sunnyvale, CA, USA) using an
excitation wavelength of 536 nm and an emission wave-
length of 588 nm.?? Fluorescence development was mea-
sured and expressed as percentage of the control. Data
were transferred into the graphic program Softmax
Pro (Molecular Devices) which calculated the ICsq val-
ues. Cytotoxicity was assessed using the same assay pro-
cedure but with rat skeletal myoblasts (L-6 cells).

2.3. Molecular modeling and geometric optimization

QSAR analysis and molecular modeling were performed
using the SYBYL 6. 9. 234 software package from Tripos
on an SGI O, machine. Crystal structures are available
for five molecules, DB75, DB193, DB244, DB249, and
DB313, in a DNA complex with an AATT DNA se-
quence. Although the crystal structures are similar, there
are differences due to the fit of each compound into the
minor groove of DNA. The conformations of each of
the 21 molecules for which no crystal structure is avail-
able were constrained to adopt the binding conforma-
tion of one of the crystal templates. Two factors were
considered when deciding which crystal structure would
act as a template for each molecule: (1) structural simi-
larity; (2) correlation with activity. For example, DB867
would use torsional restraints of DB75 due to its similar-
ity in structure (see Table 1). Some molecules were struc-
turally similar to more than one template. For example,
DB181 is similar to DB193 through DB313 in the list of
crystal structures mentioned above. In such cases, the
correlation of activity between the compound and the
template molecules was used to select the most appropri-
ate template. With reference to Figure 2, harmonic tor-
sional constraints from the X-ray templates were placed
on torsional angles 7/ (1—-3—4-5), 12
6—-7—10—11), T3 (11 - 12— 15— 16), and T4
(17— 18 — 21 — 22). Table 1 lists all the compounds
used in this study. The template column indicates which
template was used in that case and ‘X’ indicates that the
X-ray structure was available for the molecule in ques-
tion. The cationic terminal substituents were allowed
to keep the low energy conformations they adopted
upon energy minimization. In cases where the cationic
substituents assumed conformations that would hinder
interactions with the minor groove, rotatable bonds
were used to manually change the conformation. The
resulting structure was then re-minimized to obtain a
new low energy conformation. The rings were forced
to be rigid to avoid out-of-plane bending within the ring.
Once the constraints were applied, the molecules were
re-minimized to a conformation that should be close
to their respective DNA binding geometries. All mole-
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Compd Templt R1 R2 R3 R4 RS R6 Activity (pICsg) Activity (uM)
DB75 X CH CH CH —CH \@/ H 2.29 0.0051
DBI181 DB249 CH -CH -CH —CH \@/ — 1.16 0.0691
DB193 X CH -CH -CH -CH \@/ — 1.63 0.0234
DB235 DB244 CH CH CH CH \@/ ¥< 1.45 0.0354
DB240 DB249 -CH -CH -CH -CH \@/ s 135 0.0446
DB244 X CH -CH -CH -CH \@/ ~G 1.45 0.0354
DB249 X CH -CH -CH -CH \@/ @ 1.17 0.0676
NH
DB262 DB75 CH CH CH CH \U/ H 1.85 0.0141
DB312 DBI9Y3 CH CH CH CH \@/ s 1.63 0.0234
DB313 X CH -CH —CH -CH \@/ —> 1.97 0.0107
DB351 DB75 CH -CH -CH -CH \@/ “H 252 0.00302
DB417 DB75 CH CH CH CH \@/ . 2.18 0.0066
DB421 DB249 CH CH CH CH \@/ ﬂNOZ 0.99 0.1023
DB422 DB249 CH -CH -CH —CH \@/ @NHZ 1.01 0.0977
DB427 DB33 -CH -CH -CH —CH \@/ N 2 0.0100
DB480 DBIY3 CH CH CH CH \Q/ —< 1.41 0.0389
DB481 DB244 CH CH CH CH \Q/ ~G 1.72 0.0190
DB484 DB75 CH CH CH —CH \(0_7/ “H 2.15 0.0070
N

DB518 DB244 CH -CH -CH —CH \Q/ \—< 1.86 0.0138
DB568 DB249 CH CH -CH CH \@/ 4<:><o/ 0.77 0.1698
DB690 DB75 CH CH CH —CH \@/ H 277 0.0016
DB820 DB75 N CH CH CH \@/ H 231 0.0048
DBS829 DB75 N N CH -CH \@/ “H 1.77 0.0169
DBS67 DB75 CH CH N _CH \@/ “H 2.68 0.0020
DB994 DB75 CH CH N N \@/ “H 239 0.0040
IRJL164  DB75 CH CH CH CH 1 _\O H 2.8 0.0052

#Compd: list of compounds used. Templt: Conformations of compounds that have ‘X’ served as templates to other molecules, since they had solved
X-ray structures available; R1 through R6: respective substituents with respect to template shown above the table; Activity (pICsg)/activity (uM):

biological activity, measured in micromolars, and represented in pICsy (—logICs).
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Figure 2. Indexed core to reference atom positions and rings.

cules were built using standard Tripos-SYBYL force
field parameters.’> Optimizations were performed to
completion, using a distance-dependent dielectric and
the BFGS algorithm.3® The convergence limit was set
to 0.001 kcal/mol. Each torsional constraint was given
a 2 kcal penalty. The Geisteiger—-Huckel method was
used for charge calculations. All COMFA and CoMSIA
analyses were done by using SYBYL default parame-
ters. Column filtering was set at 2 kcal/mol. Protein Ex-
plore’” was used to generate contact surface maps of the
nucleic acid-ligand complex.

2.4. Mutual alignment

A crucial decision in 3D QSAR studies is that of align-
ing the molecules so that their 3D conformation resem-
bles their ‘bio-active’>® conformation. The alignment of
molecules with respect to each other was done using two
rigid body approaches: (1) atoms 11, 14, and 13 (Fig. 1)
of all molecules were used for RMS fitting on corre-
sponding atoms on DB867 (most active compound).
(2) Each molecule was aligned to the template by rota-
tion and translation with an objective of minimizing
the RMSD between atoms 3, 4, 7, 10, 12, 15, 18, and
21 (atomic positions with respect to Fig. 2) using
DATABASEALIGN tool in SYBYL. Again, DB867
was used as the template. Both these alignments were
used to generate CoMFA and CoMSIA models. Models
obtained from manual RMS alignment (as in one above)
are referred to as M1-CoMFA/CoMSIA, and models
obtained from alignments using the DATABASE-
ALIGN tool in SYBYL (as in two above) are referred
to as M2-CoMFA/CoMSIA.

3. Results and discussion
3.1. Biological assays

As described above, biological testing of the compound
set against Trypanosoma brucei rhodesiense (TBR) was
initially done after compound synthesis. As part of this
study, the testing was repeated four times to allow statis-
tical analysis of the variation and to obtain the most
accurate biological data for QSAR studies. The results
obtained in the two testing sets are very similar both
qualitatively (as in the QSAR models they generated)
and quantitatively (Supplementary materials), with a
Pearson’s correlation coefficient of 0.951. An average
of the pairwise (2, 1; 3, 2; and 4, 3) Pearson’s correlation
coefficient was 0.936 suggesting the high reproducibility
and accuracy of the biological testing data. Hence, four
compounds synthesized later, and biological assays were

performed once, were also included in the study. An
average of the four tests was used for the 22 compounds
synthesized earlier.

3.2. Statistical analysis of CoMFA/CoMSIA models

The two alignments, as detailed above, were used to
compare the results obtained by CoOMFA and CoMSIA
methods. To make an initial comparison, electrostatic
and steric fields were used to describe the biological
testing results. Four models, M1-CoMFA, M1-CoM-
SIA(IT), M2-CoMFA, and M2-CoMSIA(II), were gen-
erated (Section 3.2.1; Table 2). Both alignments were
also used to generate two CoMSIA models, M1-CoM-
SIA(V), M2-CoMSIA(V), with electrostatic, steric,
hydrophobic, acceptor, and donor descriptors (Section
3.2.2; Table 2). Both CoOMFA and CoMSIA use PLS?®
analyses to compute the predictive models. The number
of components used in a PLS analysis is an index of the
degree of complexity of the model. The model that uses
the minimum set of components required to describe the
dataset is always preferred over models with higher
dimensionality. The number of principal components
sufficient to explain activity is calculated using the
SAMPLS?® routine in SYBYL. This is based on cross-
validated results using only the independent variables
(for faster processing) and this value is used in the final
model.

3.2.1. Comparison of CoMFA and CoMSIA models.
Comparison of M1-CoMSIA and M2-CoMSIA (Table
2) indicates that the CoMSIA method gave results that
were relatively insensitive to the alignment used. Table
3 summarizes the electrostatic and steric contributions
to the overall activity, according to the various models.
The most statistically significant model among all six,
M2-CoMSIA(V) (Section 3.2.2; Table 2), suggests a
realistic representation of the weights that can be placed
on each descriptor. As compared to this model, both
MI1-CoMSIA(II) and M2-CoMSIA(II), with two
descriptors, overemphasized the importance of the elec-
trostatic descriptor (Table 3). On the other hand, CoM-
FA models gave a realistic picture of the actual weights
that could be placed on the electrostatic field, as ob-
served earlier. As observed in,2” CoMSIA models facili-
tate the distribution of variance across H-bonding fields,
while maintaining spatial context with respect to com-
pound design. To enhance our capability to better visu-

Table 2. COMFA/CoMSIA statistical results®®
7 ? No. of com SE F

M1-CoMFA 0.66 0.772 1 0.267  81.213
MI1-CoMSIA(I) 0.673 0.764 1 0.271  77.58
M2-CoMFA 0.656 0.84 2 0.228  60.57
M2-CoMSIA(II) 0.662 0.757 1 0275 747
MI1-CoMSIA(V) 0.682 0.969 6 0.111  97.852
M2-CoMSIA(V) 0.699 0.974 6 0.1 120.038

2 4* = leave-one-out cross-validated > value; > = non-cross-validated
regression coefficient; No. of com =number of components;
SE = standard error; F = F-statistic.

® M1-CoMFA/M1-CoMSIA(11/V): COMFA/CoMSIA models derived
from model-1; M2-CoMFA/M2-CoMSIA(I1/V): CoMFA/CoMSIA
models derived from model-2.
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Table 3. CoMFA/CoMSIA field contributions®

Steric  Electrostatic Hydro Donor Acce

phobic ptor

MI1-CoMFA  0.983 0.017 — — —
M1-CoMSIA 0.839  0.161 — — —
(In

M2-CoMFA 0972 0.028 — — —
M2-CoMSIA 0.852 0.148 — — —
(D

M1-CoMSIA 0.14  0.076 0.271 0.339  0.175
V)

M2-CoMSIA 0.134  0.071 0.279 0.348  0.168
V)

4 M1-CoMFA/M1-CoMSIA(I1/V): CoMFA/CoMSIA models derived
from model-1; M2-CoMFA/M2-CoMSIA(11/V): CoMFA/CoMSIA
models derived from model-2.

alize the contribution of various functional groups, to-
ward activity, we performed CoMSIA with the five
descriptors defined above, that help in partitioning the
property fields with respect to the 3D grid.

3.2.2. CoMSIA models with five descriptors. We per-
formed CoMSIA using various values of the attenuation
factor () Eq. 1 ranging from 0.2 to 0.8 and found rela-
tively small differences in the predictive quality of the
models. Hence, for this particular dataset, the addition
of hydrophobic, donor, and acceptor fields was primar-
ily responsible for the better predictive results obtained
using CoMSIA as opposed to the difference in the func-
tions used to calculate the distance-dependence between
the probe atom and the molecule atoms. CoMSIA mod-
els with five descriptors had low residuals for activity
predictions (Fig. 2). It was observed that most com-
pounds had appreciably lower residuals as compared
to CoMFA models (not shown). All compounds were
used in the CoMSIA since they provide useful informa-
tion to the overall model without compromising the reli-
ability of the models (as suggested by high ¢*> and #
values). Similar to the two descriptor CoMSIA models,
there were no significant differences in the model based
on the alignment used. model-2 (+* = 0.974, ¢* = 0.699)
performed slightly better than model-1 (r* = 0.969,
¢> = 0.682). The analysis in Section 3.3 is with reference
to M2-CoMSIA(V) and a plot of the actual versus the
predicted activity values is presented in Figure 3 for this
model.

The reason for larger errors (Table 2) in models using
two descriptors can be rationalized by analyses of the
compounds and descriptors. All compounds studied
have two amidine groups and a +2 charge that is
centered on the amidines. Both M1-CoMSIA(V) and
M2-CoMSIA(V) suggest lower weights assigned to
electrostatic effects (Table 3). This is expected since
the positively charged amidine groups are common to
all compounds. It has been shown elsewhere' that
removal of one or both charged groups results in the
loss of activity. The electrostatic effects come essentially
completely from these two charged amidine-type
groups and other electrostatic effects are relatively
insignificant.

M2-CoMSIA

2.5+

Predicted

0.5

0.5 1 1.5 2 25 3
Actual

Figure 3. Predicted (y-axis) versus actual (x-axis) plots of
M2-CoMSIA(V).

3.3. Analysis of contour maps

The M2-CoMSIA results gave the best statistical fit to
the biological testing results and contour maps obtained
from the M2 model are as shown in Figure 4. The results
obtained from M1-CoMSIA are similar to M2-CoMSIA
maps. The individual contributions from each of the five
fields used in the final CoMSIA model are shown in Ta-
ble 3. The positioning of donor atoms and hydrophobic-
ity explains 62.7% of the biological activity. The small
electrostatic contribution is expected because of the con-
stancy of the terminal cationic amidine groups.

3.3.1. Analysis of steric field maps. The contour maps for
steric fields (Figs. 4a and b) are particularly helpful in
explaining the variation in biological activity for com-
pounds with low activity that have differences in substi-
tutions on the amidine groups. The presence of large
moieties in the yellow regions correlates well with low
activity. The green regions display areas in the 3D space
that, when occupied, encourage higher biological activi-
ty. The lower activity of DB249 (Fig. 4a) and DB568 is
correlated with the presence of side chains in the unfa-
vorable yellow regions. As expected, the activities of
the compounds improve as the overlap of this region
and the substituents decrease in size. This can be seen
in the case of DB518 (Fig. 4b) and DB312 that have
large substituents in the green region but low overlap
with the yellow region. The presence of green and yellow
regions at close proximity presents a design problem
that has been solved with some compounds in this
library.

3.3.2. Analysis of hydrophobic field maps. The hydro-
phobic maps (Fig. 4c) indicate that the presence of
hydrophilic atoms, such as oxygen, is not favored at
the center region of the inner face of the molecule that
interacts with base pairs at the bottom of the minor
groove. The yellow region indicates domains in space
that favor hydrophobic substituents and the gray
regions are places where hydrophilic groups are fa-
vored. These maps suggest that the presence of polar
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Figure 4. CoMSIA generated contour maps. (a) and (b) Steric maps of
DB518 and DB568. Yellow regions indicate areas where bulky side
chains are not favored and green regions favor bulky side chains; (c)
hydrophobicity maps: yellow regions favor the presence of hydropho-
bic atoms and gray regions favor hydrophilic substituents; (d) donor:
cyan regions favor the presence of donors and purple regions disfavor
the presence of donors; (¢) acceptor: magenta regions favor the
presence of acceptors and red regions do not.

atoms at position 11 (Fig. 1) is detrimental to activity.
DB351 has sulfur (thiophene) at the center and its
activity is higher than for DB75 with a central furan.
This can be attributed to sulfur being less polar than
oxygen since other components are the same for these
two compounds. The large hydrophilic regions (gray in
Fig. 4c) at both ends of the structure probably indicate
exposed parts of the molecule that are likely to interact
with water and hence hydrophilic substituents are
favorable to activity.

3.3.3. Analysis of donor and acceptor field maps. Donor
and acceptor maps are shown in Figures 4d and e. In

Figure 4d, cyan and magenta regions favor the presence
of donor and acceptor substitutions in the respective do-
mains they represent. Similarly, the purple and red re-
gions show positions that should not be occupied by
donor and acceptor atoms. The cyan regions suggest
that the amidines are involved in hydrogen-bonding
interactions. The purple regions indicate that atoms that
are able to participate in donor interactions should not
be present at position 11 (Fig. 1). This agrees with the
hydrophobic maps and this observation is exemplified
in the case of DB262 that has NH (pyrrole) at the center
position. The activity of DB262 decreases to 1.8 as com-
pared to 2.4 with DB75.

As with the hydrophobic maps, acceptor contour maps
do not favor the presence of acceptors at position 11
(small red region at the center). The magenta areas indi-
cate regions where acceptor atoms are favored. With re-
spect to a planar ring geometry and considering DB867
and DB994, this suggests that the activity is improved
when nitrogens are on one side of the molecule across
the vertical symmetry. Even though that part of the
inference is clear, it is not obvious where the nitrogens
are favored across the horizontal symmetry, that is, if
N is preferred at position 5 or 9. Since the alignments
are limited to one conformation, we had chosen the
nitrogen to be facing the groove (position 5). If we
had started with the nitrogen at position 9, the situation
might have been reversed.

To further investigate this point, we generated contact
surface maps using Protein Explorer.3” Contact surfaces
for the DNA-ligand complex, obtained from crystallo-
graphic structures, are shown in Figure 5. X-ray struc-
tures for five compounds complexed with DNA are
available (Table 1) and contact surfaces for all five com-
plexes were generated. Since the maps are similar in all
cases, one of the five maps is shown in Figure 4 for refer-
ence. The pink surfaces (Fig. 5) show regions on the DNA
minor groove that are close enough to the ligand to favor
interactions. Also note the surface of DNA that is close
enough to the ligand to participate in hydrophobic inter-
actions. These regions are represented by light colors,

Figure 5. Contact surface maps of DB75 (from Protein Explorer). Pink
regions denote areas that are close enough to participate in hydrogen
bond interactions and light regions (light gray and white) are regions
that are close enough to encourage hydrophobic activity. Atoms
represented by balls are within a 7 A distance from the receptor.
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namely, light gray and white. Regions close to the center
(position 11 in Fig. 1) are light gray, and this agrees with
conclusions derived from hydrophobic contour maps
(Fig. 4c) which suggested that polar substituents are not
favorable in this region. The two pink regions are close
to position 17 (rather than 19) and position 5 (rather than
9) with reference to Figure 1. This explains why DB867
and DB994 have better activities than DB820 and
DBS829. DB820 and DB829 have polar substituents in
hydrophobic regions (white regions in Fig. 4), while
DB867 and DB994 have nitrogen close to the pink
regions. This suggests that the nitrogen atoms (positions
5 and 17, respectively) adopt a conformation that places
them close to the minor groove. On the other hand,
inspection of the AT base pair receptor environment in
the compound binding site of the minor groove indicates
that there are no donor groups for the formation of
hydrogen bonds with the compound in this region. There
are potential hydrogen bonding acceptors on the bases,
the adenine nitrogen N3 and thymine O2 groups, but it
is not clear how they would interact favorably with the
unprotonated pyridine N. One possibility to consider,
however, is that the pyridine ring N of the compound
could be protonated when bound to DNA, as has been ob-
served for other minor groove binding compounds with
basic groups.’® With the pyridine protonated the com-
pound would become an H-bond donor group for interac-
tion with the acceptors on the AT base pairs. Without
further experiments with nitrogen permuted at various
positions in the compounds, however, it is not possible
to tell conclusively as to which is the adopted bio-active
conformation of the pyridine-substituted compound.

3.3.4. Analysis of electrostatic field maps. As described
above, due to the constant +2 charge for all compounds
in the library, electrostatic field maps were not found to
be very useful in predicting biological activity. They con-
tributed only 3.5% of the variance and the maps were
not analyzed in detail due to this low value.

4. Conclusions

The design of new compounds for finding leads with bet-
ter activity has been enhanced by the availability of the ro-
bust 3D QSAR maps generated in this project. We have
been able to specifically derive chemical properties that
are important to activity and hence adopt a rational ap-
proach toward the selection of substituents at various
positions in our scaffold. Work is in progress to synthesize
and test new compounds that implement the optimum
features from the CoMSIA maps. Such molecules should
show improved target interactions and biological activity.
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