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An approach to the modeling of ligand—RNA complexes has been developed by combining three-
dimensional structure—activity relationship (3D-SAR) computations with a docking protocol.
The ability of 3D-SAR to predict bound conformations of flexible ligands was first assessed by
attempting to reconstruct the known, bound conformations of phenyloxazolines complexed with
human rhinovirus 14 (HRV14) RNA. Subsequently, the same 3D-SAR analysis was applied
to the identification of bound conformations of aminoglycosides which associate with the Rev-
binding element (RBE) RNA. Bound conformations were identified by parsing ligand
conformational data sets with pharmacophores determined by the 3D-SAR analysis. These
“bioactive” structures were docked to the receptor RNA, and optimization of the complex was
undertaken by extensive searching of ligand conformational space coupled with molecular
dynamics computations. The similarity between the bound conformations of the ligand from
the 3D-SAR analysis and those found in the docking protocol suggests that this methodology
is valid for the prediction of bound ligand conformations and the modeling of the structure of

the ligand—RNA complexes.

Introduction

Research over the past several years has amply
demonstrated the importance of RNA—ligand complexes
in cellular processes. Consequently, there is a growing
interest in targeting RNA complexes for therapeutics.
A case in point is the aminoglycoside inhibition of the
association between the Rev protein and the Rev-
binding element RNA (RBE) of HIV-1, which determines
the fate of viral mMRNA.12 Although the conformation
of the RBE bound to the Rev peptide has been predicted
by modeling® and subsequently confirmed by two NMR
studies,*® this structure offers little indication as to how
an aminoglycoside could bind to the RNA in a way to
prevent the interaction with the Rev protein.

Modeling and docking a ligand to a receptor is
computationally complex in general because of the
requirement to find mutually complementary sites in
two conformationally flexible molecules. But in the case
of RNA complexes, more difficulties arise, because many
of the computational tools available for studying the
structure of molecular complexes have been developed
with proteins in mind. Since NMR and X-ray structures
of RNA molecules are becoming more commonplace and
a method of predicting bound conformations of RNA
from low-resolution chemical data and in vitro selection
from random libraries®® has been developed in our
laboratory, we have recently focused more on methods
which determine the bioactive conformation of the
ligand and the structure of the complex rather than the
bound RNA conformation. Previously, we showed that
structure—activity relationship (SAR) analysis of con-
formationally rigid ligands can be used to obtain infor-
mation on the three-dimensional structure of the com-
plex between DNA and quinolones’ and that a docking
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protocol based on electrostatic and van der Waals
energies can be applied to modeling of the Rev peptide—
RBE complex.8

Here, we first assess the validity and reliability of the
SAR method to identify bioactive conformations for the
case of conformationally flexible inhibitors, the phenyl-
oxazolines, whose bound structures with human rhi-
novirus 14 (HRV14) have been determined by X-ray
crystallography.® Then, the same approach is applied
to the study of the RBE-binding aminoglycosides where
the bioactive conformation is unknown. A docking
protocol that incorporates the binding properties of the
aminoglycosides inferred from the 3D-SAR study is then
used to predict the binding conformation of the ami-
noglycosides within the RNA binding site. The final
model of the complex is supported by the high similarity
between the bioactive conformations of the ligands
produced by the SAR study and the docking protocol as
well as the ability of the model to rationalize available
experimental data from the complex.

Results and Discussion

We have devised a scheme based on a 3D-SAR
analysis and a docking protocol to model the bound,
bioactive conformation of aminoglycosides and the RBE
RNA—aminoglycoside complex (Figure 1). The method
involves the prediction of the biologically significant
conformations by a 3D-SAR analysis using extensive
conformational generation (Figure 1, steps 1—4). The
bioactive conformers thus identified are used as starting
conformations for a docking and modeling protocol.
During docking extensive conformational sampling is
used again which, together with molecular mechanics,
produces a new series of bioactive conformations (steps
5and 6). The reliability of models is then evaluated by
comparison of the bioactive conformations identified by
3D-SAR and docking (step 7); this step provides a type
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Figure 1. Flowchart for the proposed protocol: (a) 3D-SAR approach (steps 1—4), (b) docking and modeling approach (steps 5,

6) and comparison of the bioactive conformations (step 7).
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Figure 2. WIN compounds and their activities: chemical
structures and the respective biological activities. The letter
X represents three methylene groups in compounds 11—15 and
one in compounds 16—18. A represents the oxazole and B, C
the phenyloxazole group.

of internal validation of the modeling procedure. The
3D-SAR aspect of the approach was tested first using
the inhibitors of HRV14 (the WIN compounds), and
subsequently the entire strategy was applied to the
study of the RBE-binding aminoglycosides.

Bioactive Conformations of WIN Compounds.
The antiviral WIN compounds shown in Figure 2 were
chosen for testing since the X-ray crystallographic
structures revealed two alternate orientations of the
compounds, an indication of high flexibility:1%11 com-
pounds 11—14 have the isoxazole, ring A, in the “heel”
of the binding pocket composed of amino acids T216,
L106, C199, and Y197 (Figure 3a), and compounds 15—

18 have the isoxazole in the “toe” of the binding pocket
composed of amino acids P174, V176, and A24 (Figure
3b).

To predict the binding conformation of the WIN
compounds, we first combined all eight compounds into
a single class in order to find all possible binding
orientations and then subsequently determined bioac-
tive conformations for each ligand orientation after
classifying them into two groups. The eight WIN
compounds produced a number of pharmacophores
identified by the APEX-3D program (Table 1); however,
the pharmacophores could be divided into two types:
one which featured only one ligand orientation with
respect to the receptor and the second which allowed
two orientations for these groups as found in the
crystallographic stuctures. The statistics for the best
pharmocophore of each type are given in Table 1.

The detection of two potential binding orientations led
us to separate the compounds into two groups, which
in fact corresponded to the higher activity compounds
(11—14) and the lower activity group, 15—18 (Figure 2).
Table 1 shows the statistically most significant phar-
macophores for each group. The bioactive conformation
of each compound, shown in Figure 3c,d, was then
obtained by parsing the conformational sets generated
for each ligand in a group with the pharmacophore
identified for the group. These conformations were then
compared with the ligand conformation in the crystal
structure. The best pharmacophore in group | aligned
the ligands very well: the rmsd between the 3D-SAR
and crystal structure was 0.0 for compounds 11—13 and
1.3 A for 14 (group I, Figure 3c). The best pharmacoph-
ore of the group Il compounds predicted bioactive
conformations of these compounds within a distance of
1.4 A rmsd from the crystal structure for 16—18 and 2.0
A for 15 (Figure 3d).

Thus, the simple qualitative SAR model permitted the
identification of pharmacophores that correctly describe
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Figure 3. Conformations and binding modes of the WIN inhibitors: (a) crystal structures of inhibitors 11—14 superimposed
according to their position and orientation in the binding pocket, (b) crystal structures of 15—18 superimposed according to their
position and orientation in the binding pocket, (c) alignment of group | compounds using the pharmacophore of Table 1 (rmsd
values refer to the differences between the 3D-SAR structure and that of the crystal), (d) alignment of group Il compounds using

the pharmacophore of Table 1.

Table 1. Pharmacophores of WIN Compounds

data no. of
compd pharmacophores orientation probability reliability match
all 1512 one 0.90 n/a 0.38
two 0.90 n/a 0.27
group | 55b one 0.83 0.94 0.67
group 11 6> one 0.83 0.94 0.36

a Number of pharmacophores found for all compounds having
a probability =0.80 and match >0.20. This number included two
types of pharmacophores: one having one orientation for all
ligands and the other two orientations. ® Number of pharmacoph-
ores found for group | (11—14) and group Il (I15—18) compounds
having a probability >0.83. Among these pharmacophores those
having the highest match value are indicated.

the binding orientation and bioactive conformation of
seven of the eight WIN compounds within 1.4 A rmsd,
and this result must be viewed in the light of the fact
that the receptor structure was not used during the
determination.

Bioactive Conformations of Aminoglycosides.
Ten aminoglycosides which inhibit the Rev—RBE RNA
complex formation belong to two structural families: the
4,5-diglycosyl-2-deoxystreptamines (4,5-DOS) including
neomycin B, ribostamycin, lividomycin A, and paromo-
mycin (Figure 4a) and the 4,6-diglycosyl-2-deoxy-
streptamines (4,6-DOS) including tobramycin, kanamy-
cin A and B, and gentamicin Cla (Figure 4b). Thus one
of the subordinate goals of this study is to determine
whether the two structural classes bind to the RNA
receptor (Figure 4c) in the same manner. For this
reason our analysis focuses on neomycin and tobramy-
cin, the two most active inhibitors belonging to the two
structural classes.

The most significant pharmacophores shared by the
highly active compounds, neomycin B, lividomycin A,
tobramycin, ribostamycin, kanamycin B, and gentamy-
cin Cla, are shown in Figure 5 and summarized in Table
2. Significantly, these patterns show that the core
structure defined by rings A and B binds similarly for

both the 4,5- and 4,6-DOS compounds. The pharma-
cophores were then used to parse the conformations and
align the compounds. The rmsd calculated between the
bioactive conformations predicted by pharmacophores
3 and 4 was 2.3 and 2.9 A for neomycin and tobramycin,
respectively, whereas the rmsd between the conforma-
tions predicted by pharmacophores 4 and 5 was 1.4 A
for neomycin. The most similar pair of bioactive con-
formers was produced by pharmacophores 1 and 4
where the difference for neomycin and tobramycin was
1.2 and 0.6 A, respectively.

Docking of Aminoglycoside Antibiotics. Docked
models were produced for the neomycin B (high activ-
ity), tobramycin (high activity), kanamycin B (low
activity), paromomycin (inactive) complexes. The initial
structure for each complex, models 1-5, was constructed
with the five bioactive conformers produced by the
pharmacophores (Figure 5). Models were also built
using the energy-minimized conformations of the ligands
and were identified as models M1 and M2. In all cases,
ligands were bound to the previously suggested G46,
G47, and G48 region! (Figure 4c) of the bound RBE
conformation constructed by Leclerc et al.® and sup-
ported by NMR data.#® Two orientations of the ligand
with respect to the RNA binding site were evaluated
during docking (see Methods). Only those initial models
whose interaction energies were within 50 kcal/mol of
the lowest energy model constructed with the energy-
minimized ligand conformation were retained for fur-
ther study (Table 3). Subsequently, searches of ligand
conformational space of the retained models were
undertaken by exploring the sterically available tor-
sional angles of the ligand until an optimal value for
the interaction energy was obtained for each model (see
Methods). The significance of the models was evaluated
by comparing them with two control models, C1 and C2,
which were constructed by docking the aminoglycoside
to the region of nucleotides 50, 51, and 52, instead of
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Figure 4. Aminoglycoside inhibitors of the RBE RNA: (a) chemical structures and biological activities of the 4,5-DOS compounds,
(b) chemical structures and biological activities of the 4,6-DOS compounds, (c) secondary structure of the RBE RNA. Watson—
Crick base pairs are indicated by solid lines and the non-Watson—Crick base pairs by dashed lines. The positions protected from
chemical modification by neomycin and tobramycin are indicated in bold.

the G46, G47, and G48 region in two opposite orienta-
tions (see Methods). Complexes were solvated and
energy-optimized; Table 3 shows the association free
energies of the models for the four representative
aminoglycosides.

In the case of the 4,5-DOS compounds neomycin and
paromomycin, the bioactive conformations selected by
pharmacophores 4 and 5 converged to the same model
5 during optimization. Similarly, the bioactive confor-
mations of 4,6-DOS compounds (tobramycin and kana-
mycin B) from pharmacophores 1 and 4 converged to
model 1. The three models with the most favorable
association free energies (models 2, 5, and M1) were
submitted to molecular dynamics (MD) simulations for
further refinement. In these cases, an explicit repre-
sentation of the solvent which allows displacement of
the ligand from its binding site by water molecules was
used to evaluate their relative stability. After MD, the
geometries of the final structures were similarly opti-
mized, and the association free energies were calculated

to determine the degree of accordance between the
models and the experimental data. As shown in Table
3, the optimal association free energy is obtained for
model 5 in the case of both neomycin and tobramycin
supporting the thesis of a common binding mode for 4,5-
DOS and 4,6-DOS compounds.

The docking protocol produced bioactive conforma-
tions from pharmacophore 2 or the control M1 (models
2 and M1) which significantly deviated from the SAR
conformations for both neomycin and tobramycin. How-
ever the conformations of model 5 and the SAR-derived
structure were quite similar: the heavy atom rmsd
calculated between the 3D-SAR bioactive conformation
and those obtained after MD is 1.2 A for both neomycin
and tobramycin. We propose model 5 as the best
representation of the complex structure based on its
consistent results and highest association free energy.

Model of the RBE—Aminoglycoside Complex.
The docking and modeling strategy used in this study
produced model 5 of the neomycin B or tobramycin and
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Figure 5. Pharmacophores and bioactive conformations of neomycin and tobramycin. Five pharmacophores were used to align
inhibitors illustrated with the neomycin (blue) and tobramycin (orange) bioactive conformations. The pharmacophoric centers
are indicated by yellow spheres in the case of ring centers and cyan spheres in the case of atomic centers.

Table 2. Pharmacophores of Aminoglycoside Antibiotics

data no. of pharmaco-

compd pharmacophores  phore?  probability reliability match

active 29b 1 0.88 0.97 0.40
2 0.86 0.97 0.57
3 0.86 0.95 0.55
4 0.86 0.95 0.52
5 0.86 0.95 0.47

a Five best pharmacophores based on probability. ® Pharma-
cophores present in at least five of the six highly active compounds
identified having a probability >0.85.

the RBE RNA shown in Figure 6 (top and bottom,
respectively). These models reveal that the local inter-
actions between both neomycin and tobramycin and the
RBE RNA involve all the atomic centers defined by the
patterns of pharmacophores 2 and 5. For example, N2’
makes a contact with the Hoogsteen face of G47 and
G48 in model 2 and the phosphates of G46 and G47 in
model 5. Moreover, the association free energies of this
model can rationalize differences in inhibitory strength.
The best free energies of complexes reported in Table 3
for the two 4,5-DOS compounds, neomycin B (strong,
model 5) and paromomycin (weak, model M1), differ by
more than 15 kcal/mol as do the energies between the
two 4,6-DOS compounds, tobramycin (strong, model 5)
and kanamycin B (weak, model 5).

The models generated for the RBE—aminoglycoside
complexes are in agreement with the chemical protec-
tion data showing that modifications of the nucleotides
G46, G47, and G48 are blocked by neomycin B and
tobramycin.! The models are also consistent with in

vitro selection experiments,2 where, for example, a
decrease in binding affinity of neomycin is observed by
substituting the non-Watson—Crick base pair A48:A71
for G48:G71. This observation suggests a direct contact
between these residues and the aminoglycoside,? a
feature of our model (Figure 6).

Although the binding mode is presently unknown,
Zapp et al.! have proposed an interaction of aminogly-
cosides with nucleotides G46, G47, and G48 of the RBE
RNA. Also, Robinson et al.1?2 suggested that the binding
involves formation of a bridge across the major groove.
Our model 5 supports both these proposals. Even
though docking was initiated in the G46—G48 region,
modeling did involve extensive translation of the ligands
with respect to the RBE, and only suboptimal models
were obtained by binding ligands to other regions of the
RNA. Parts of the neomycin and tobramycin (rings B,
C, and D for neomycin) aminoglycosides bind the region
of G46, G47, and G48, and the key nitrogen atom N6’
(ring A) identified in the 3D-SAR study (present in
neomycin but absent in the inactive aminoglycoside
paromomycin) forms a contact on the opposite side of
the major groove with C65 and G66. Recent experi-
mental data demonstrated that aminoglycoside binding
to the RBE RNA is stoichiometric and suggested that
hydrophobic and/or stacking interactions could occur
between the pyrene moieties (ring B; see Figure 6) and
the RBE RNA.13 Although our model did not incorpo-
rate this most recent information, model 5 features a B
ring buried in the major groove consistent with the
experimental data.
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Table 3. Binding Energy Contributions for the Different
Molecular Models of RBE—Aminoglycoside Complexes after
Docking and MD

association free energies (kcal/mol)?
after docking after MD
aminoglycosides model® AGe AGn AGiuta AGe AGnh  AGiotal

neomycin B 1 —30 -—-46 76
2 -35 -56 91 =31 -4 —72
3 —-23 —46 —69
5(4)¢ -41 -50 -91 -25 -56 -81
M1 -43 —-48 -91 31 -30 -61
C1 —-34 —-48 82
c2 -27 -50 77

tobramycin 1(4)¢ —-25 —-44 —69
2 -30 —-42 -72 -35 -34 -69
3 —-27 —42 —69
5 -35 —-46 —-81 32 —-48 -79
M1 -27 —-38 —-65 —28 —-30 58
M2 —-26 —-34 —60
C1 —28 —44 72
c2 —-24 -34 58

kanamycin B 1(4)° —-23 —-42 —65
2 —-26 —-48 74 —28 —-28 56
3 —-24 —44 —68
5 -30 —-42 72 27 -33 -60
M1 -34 —-42 -76 —-30 —-29 -59
M2 —-26 —-36 —62
C1 —-26 —42 —68
c2 -20 —-40 —60

paromomycin 1 —20 —-46 —66
2 -20 -50 —68
3 —-16 —48 —64
5(4)° -23 —-45 —69
M1 -29 -50 -79 15 —-42 57
C1 —-25 —42 —67
Cc2 -18 -50 —68

a8 The association free energy, AGyotal, Was calculated according
to the approach used by King and Barford®? based on the
separation of the electrostatic and hydrophobic contributions. The
electrostatic contribution, AGe, was calculated by the FDPB
method as described by Srinivasan et al.® The hydrophobic
contribution was calculated from the surface-accessible surface
area with a proportionality constant of 40 cal/mol A2. ® The models
identified by the same root name correspond to a common
superposition mode of the core structure among the different
aminoglycosides; in parentheses are the pharmacophores which
the bioactive conformations led to the same model. ¢ The SAR
model indicated in parentheses led to the same docked model.

Finally, it is noteworthy that our modeled structure
of the neomycin B—RBE RNA complex shares some
common structural features with the structure of the
complex formed between the 16S rRNA and paromo-
mycin.1* Both binding regions include an internal loop,
featuring non-Watson—Crick base pair interactions and
bulged nucleotides, sandwiched between two stems. The
similarities between the two complexes reside in the
aminoglycoside bioactive conformation and the specific-
ity of the contacts formed with the RNA receptor. In
our model, the aminoglycoside adopts an L-form con-
formation in which rings B, C, and D form a linear array
similar to that observed in the 16S rRNA complex. The
aminoglycoside exhibits chair conformations for rings
A, B (with the amino and hydroxyl groups in equatorial
positions), and D with the amino group N6” in an
equatorial position and the other substituents (hydroxyl
and amino groups) in axial positions, another structural
feature retrieved in our model (Figure 6, top).

Rings A and B establish the more specific contacts.
In the 16S rRNA, the amino group N1 interacts with
the essential nucleotide U1495,4 whereas in the RBE
RNA, it interacts with the nucleotides G47 and G48
chemically protected by neomycin and tobramycin upon
binding.! In contrast, the C and D rings form only
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contacts with the phosphate backbone. Similarly, in our
model, ring C makes direct contacts with the phosphate
backbone at G46 and A68, whereas ring D makes
contacts mediated through water molecules with the
phosphate backbone at U45 and G70 and the Hoogsteen
face (O6 and N7 atoms) of the base at the third
chemically protected position G46 (Figure 6, top).

Conclusions

The prediction of bioactive conformations and binding
orientations of ligands is not an easy task. Recent X-ray
crystallographic studies of ligand—receptor complexes
have shown that very similar ligands can adopt different
binding modes?® as in the case of the WIN compounds.
Since ligand—receptor interactions may involve high-
energy conformations of the individual molecules, bio-
active conformations may differ significantly from the
unbound conformation. Nevertheless, we show here
that it is possible to describe accurately the binding
properties of ligands, using a modeling strategy based
on 3D-SAR and docking studies, even in the case of
small sets of very flexible ligands. The advantage of
this protocol is that the computationally complex dock-
ing protocol is performed with a greatly reduced, but
relevant, conformational library as determined by 3D-
SAR. The original conformational space generated for
neomycin (maximum rmsd of 5.3 A) and tobramycin
(maximum rmsd of 4.0 A) was reduced dramatically to
rmsd of 2.3 and 2.9 A for neomycin and tobramycin
during docking. Docking and modeling is thus initiated
with more likely ligand conformations and refined by
an explicit representation of the receptor’s geometry. In
the final step, MD simulations were used to optimize
the interaction with the receptor RNA.

Methods

Data. The data used in this paper were taken from Badger
et al.’® for the phenyloxazolines (the so-called “WIN” com-
pounds) and from Zapp et al.* for the aminoglycosides. In the
case of the aminoglycosides, since data were collected from
experiments carried out at pH 7.9,* all amino groups of the
4,5-diglycosyl-substituted 2-deoxystreptamine (4,5-DOS) com-
pounds were assumed to be protonated,'® with the exception
of the 3-amino group of the B ring.

Conformational Libraries. Conformational libraries of
all compounds were generated by the Search-Compare module
(version 2.3.5; Biosym/MSI Technologies, San Diego, CA) which
systematically samples free torsion angles (each single bond
of the ligand was rotated through 360° in increments of 120°,
unless otherwise indicated). Conformers were clustered into
subclasses based on the pairwise root-mean-square deviation
(rmsd) determined by superimposing the three-dimensional
structures of conformers. A conformational “set” of around 200
conformers for each compound was assembled by taking the
lowest energy conformer of each subclass.

Conformational generation was initiated for the WIN com-
pounds using conformations found in the crystal structures of
their complexes.'® Pairwise distances among subclasses of the
conformational set were from 0.6 to 1.0 A rmsd. Starting
conformations for the aminoglycosides were those found after
structure optimization by molecular mechanics calculations
using the CFF93.1 set of force-field parameters’ or the
conformations found in the 3D-SAR study presented here.
During conformational generation, a 60° increment of rotation
around each single bond was used except for the single nonring
connecting bonds which were incremented by 120°. The major
pucker forms (C2'-endo, O4'-endo, C3'-endo) for the ribose and
the two twist conformers for iodopyranose were also repre-
sented in the conformational evaluations. The pairwise
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Figure 6. RBE RNA—aminoglycoside model: (top) stereoview of the RBE RNA—neomycin B complex (model 5), (bottom) stereoview
of the RBE RNA—tobramycin complex (model 5). The neomycin B and tobramycin are bound in the major groove of the RNA. The
nucleotides of the region strongly protected upon binding are indicated in gray (nucleotides G46, G47, G48).12 The nitrogen and
oxygen atoms of neomycin B and tobramycin forming molecular contacts are indicated in dark blue (N2', N1, N2", or N3") and
red, respectively. The rings corresponding to pharmacophoric centers are indicated by a sphere in gold placed at the center of
mass of the ring. The nitrogen atoms corresponding to pharmacophoric centers are in CPK representation as are the 06, N7, and
O1P atoms of G47 and G48. Water molecules or counterion (Na*) involved in phosphate or base contacts between the antibiotic
and the binding site are in cyan and purple, respectively. Hydrogen bonds are indicated by white dashed lines.

distances among these conformational subclasses were from
1.0 to 2.5 A rmsd.

SAR Methodology. The 3D-SAR studies were carried out
using the APEX-3D expert system?® developed by Golender et
al.’® for the classification of compounds sharing a given
biological activity (in this case, binding to a receptor). Cor-

relations among atomic and ring centers of the ligand, their
associated physical properties, and their activity were deter-
mined. Centers and their associated properties were then
organized into coherent substructures, the pharmacophores,
which represented structural properties common to the largest
number of ligands of the activity class. Bioactive conforma-
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tions were estimated by examining every conformer of each
compound to identify which conformation(s) permitted the best
overall three-dimensional superimposition of the pharmacoph-
ore. The congruency of the superimposition was estimated by
the “match” value calculated from the proportion of centers
which overlap. This value varies from O to 1 (with 1 as the
best-possible fit). The statistical significance of the pharma-
cophores was estimated by two criteria: (1) the probability that
a novel compound, possessing the pharmacophore, would
belong to the same activity class (a Bayesian estimate) and
(2) the reliability, a measure of a nonchance occurrence of the
pharmacophore (binomial probability). By these definitions,
when the entire training set belongs to a single class, the
reliability is not applicable and the probability is equal for all
pharmacophores.

Docking of Aminoglycosides. Aminoglycosides were
docked to the Rev-binding RNA in a two-step procedure using
starting conformations determined by the SAR analysis or by
molecular mechanics calculations of the ligands and the
conformation of the Rev-binding RNA previously determined.?
In the first step, the starting conformations were oriented in
either of two ways: one featured the A ring pointing toward
the tetraloop and the C and D rings toward the open end of
the RBE RNA,; the other was oriented in the opposite direction.
Different juxtapositions of the ligand with respect to the
receptor site were constructed by translations and rotations
of the ligand in space with respect to the receptor using
increments of 0.1 A and 0.5°, respectively. All structures were
evaluated to find a locally optimal orientation by determination
of the van der Waals and electrostatic components of the
energy of interaction.® In the second step of the procedure,
the energy of interaction was optimized by sampling the ligand
conformational space within the binding site by rotation about
all sterically unhindered single bonds. Final models were
obtained after molecular dynamics refinement.

Computer Simulations of the RBE—Aminoglycoside
Complexes. The RBE—aminoglycoside complexes constructed
in the absence of explicit solvent were subjected to energy
minimization until the maximum derivative was less than 5.0
kcal/mol A. Counterions (Nat) were placed at 6 A from the
phosphorus atoms along the O—P—O axis. The resulting
complex was then solvated with a 6.0-A thick water layer
(approximately 2200 water molecules). To remove the van der
Waals conflicts created by hydrating the RNA—aminoglycoside
complexes, water molecules were subjected to energy minimi-
zation until the maximum derivative was less than 50 kcal/
mol A and then to a 1-ps MD simulation at 300 K. Interme-
diate evaluations of candidate RBE—aminoglycoside structures
were conducted by optimizing their geometry until the maxi-
mum derivative was less than 1.0 kcal/mol A. Models having
high binding energies were retained for further analyses.
Simulations were completed for these models by first heating
the solvent and counterions from 10 to 300 K in steps of 50 K
for 3 ps while keeping the RNA—ligand complex fixed in space.
In the second heating cycle, the position of the RNA—ligand
complex was constrained in space by (1) tethering the first base
pair of the RNA stem/loop structure to its initial position with
a force constant of 50 kcal/mol A2 (2) imposing distance
constraints based on quadratic force constants of 20 and 10
kcal/mol A2 for Watson—Crick and non-Watson—Crick base
pairings, respectively, (3) imposing an equilibrium distance
of 2.9 A between heavy atoms involved in hydrogen bonding,
and (4) constraining the angles between the hydrogen donor
and acceptor to 160° using quadratic restraints with a force
constant of 2.0 kcal/mol A2, Finally, the system was submitted
to 150 ps of MD simulation under distance constraints only.
The nonbonded interactions were treated by the Cell Multipole
Method.?%2t  All simulations were performed using the Dis-
cover package interfaced to the CFF93.1 force field in the
constant-temperature, constant-volume ensemble.
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