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Although much effort has been devoted to the development of programs suited for the docking of ligands
to proteins, much less progress has been achieved in the nucleic acid field. We have developed a unique
approach for docking aminoglycosides to RNA considering the flexibility of these macromolecules using
conformational ensembles and accounting for the role of the first hydration shell. This concept, successfully
implemented in AutoDock, relies on the computation of the intermolecular interaction energy that accounts
for the presence of dynamically bound water molecules to the RNA. As an application, a set of 11
aminoglycosides was docked with an average root-mean-square deviation (RMSD) of 1.41 A to be compared
with an average RMSD of 3.25 A when the original AutoDock protocol was used.

Introduction comparatively little is known in the nucleic acid field. The first
documented attempts relied on using docking methods initially

The aminoglycoside antibiotics have been in clinical use for . -
gy developed for proteins. For instance, Kuntz used the DOCK

over half a century:2 Although the most widely used members
7,28 i i i 9 i

of this important class are still the originally discovered plrogranﬁ to 'de”t'f}’ ?NA binders? This same Progfﬁméﬁs

fermentation products such as gentamicin, tobramycin, and /S0 been successfully used in combination with IEM.

neomycin (Figure 1), considerable efforts have been dedicatedSmilarly, quplus and Leclerc proposed the_use _Of the MCSS
over the years to chemically modify these molecules in an method, which took advantage of the nucleic acid parameters

attempt to overcome enzymatic deactivation and to target d€veloped in the CHARMmM force fieftt. Studies were also
resistant straing:5 Amikacin, the 6-(4-amino-R-hydroxy carried out using a combination of docking methods and

N-butyroyl) analogue of kanamycin, is the result of such an molecular dynamics (MD) simulatiorfé33However, automated
effort 6 docking methods specifically parametrized for docking to RNA

appeared only recently with Morley and Afshar reporting an
empirical scoring function for docking ligands to RNA imple-
mented in RiboDoc¥ and Kuntz and co-workets using a
dnodified DOCK scoring function to accommodate RNA binders.

The mode of action of aminoglycosides has been known for
some time*78 Their bactericidal properties originate at the
ribosomal level where protein biosynthesis is inhibited. Our

understanding of this process has been dramatically enhanced_ ™~ ) 3 .
in recent years as a result of structural studies delineating the | IS Same year, Varani and co-workérseported a scoring

interactions of aminoglycosides such as paromomycin, tobra- function for protein/RNA int_eractions. Detering and Varani have
mycin, and gentamicin in the decoding A-site of the 16S subunit &/S0 reported a comparative study on DOCK and AutoDock
of ribosomal RNA® The first indication of the bioactive ~ docking programs for their ability to dock compounds to RNA.
conformation of paromomycin in solution was deduced from They found that the experimentally observed binding modes
NMR studies by Puglisi and co-worket&X-ray structures were ~ Were poorly reproduced [arognq 50% success rate for AutoDock
next provided by Vicens and Westhof in their study of the Witharoot-mean-square deviation (RMSBR.5 A as a success
paromomycir-RNA complexed Other X-ray structural stud- cntenpn]_when using .th.e original parameters developed for
ies'213 contributed further insight in the design and synthesis Protein binders. In a similar comparative study, we have al_so
of analogued4-22 The majority of these analogues involved the found that AutoDock and DOCK were not accurate tools in
attachment of side chains or entities bearing a variety of basic the docking of aminoglycoside antibiotics to RNA.
groups in an effort to find new electrostatic interactions with In fact, flexibility of RNA/aminoglycoside complexes and
phosphate groups of the RNA backbone. A new paradigm in the presence of bridging water molecules are main issues that
analogue design was more recently introduced with the discov-are not yet addressed in the available docking methods for
ery that the attachment of hydrophobic tethers leads to improvednucleic acids$® Superposition of a set of crystallographic
antibacterial activity3 structures revealed that the same ribosomal RNA oligomer can
Despite significant advances in X-ray crystallograghand adjust the fine structure of its conformation to the bound
mass spectromettystructural analysis of aminoglycoside/RNA  aminoglycoside. The crystal structures also indicated that some
subunit complexes, computer-aided approaches are less welwater molecules participate to some key drug/RNA interactions.
developed to study the relationship between structures andMD simulations have further shown that the first hydration shell
function in this field. Although many programs have been of RNA is highly structured® 42 In addition to accounting for
developed for the docking/scoring of ligands to protéhs, the RNA flexibility and solvation, the protonation state of the
aminoglycosides has to be computed with accuracy since a lower
* To whom correspondence should be addressed. Phone: 514-398-8543PKa (5.74—7.07) for one of the several amino groups has been
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Figure 1. Selected aminoglycoside structures.

flexible macromolecule®;# in the design and synthesis of
antibiotics!®1923and in the crystallization of RNA/antibiotics
complexes-1323we set out to explore advanced methods for
docking aminoglycosides to RNA. Herein we report our efforts
to improve the accuracy of the AutoDock protocol in predicting
the correct binding mode of aminoglycosides by considering
the flexibility of the macromolecules and the role of the first
hydration shell. This study includes the development of a
specific potential for dynamically bound or displaceable water
molecules, the docking to virtually mobile RNA, and the
modification of the Autogrid code to compute RNA grids. After
briefly summarizing the experimental data available at the outset
of this study, we describe our initial efforts to dock aminogly-
cosides to rigid or flexible RNA, which gave modestly suc-
cessful results. We next describe a novel approach to model
key interacting water molecules. Implementation in AutoDock
and application of this new concept improved the accuracy.
Docking to flexible and solvated RNA was ultimately found to
be highly accurate for docking the selected aminoglycosides to
ribosomal A-site RNA and will be discussed in a third section.

Results and Discussion

Available Experimental Data. On the basis of the experi-
mentally measurediy,** we considered the fully protonated
aminoglycosides and planned to dock them to RNA, starting

with the set of available crystal structures of aminoglycoside/ Figure 2. Crystal structure of paromomycin complexed to an oligo-
RNA complexe€1:-1347 The crystallized complexes contain nucleotide containing two A-sites (PDB code: 1J7T). The red spheres

. . . . t th t | | t i X- tall hy.
two A-site motifs instead of a single one. Thus, as illustrated represent the water molectles determined by X-ray crystaliography

in Figure 2, each half of the system represents an aminogly-

coside/RNA complex; hence, two slightly different complexes (1—9) were each docked into the nine RNA crystal structures
(two different conformations) were available for each aminogly- a—i. The docking accuracy is illustrated in Figure 3. For the
coside. When two RNA structures for the same aminoglycoside following discussion, the level of success was arbitrarily
were available, the one with the highest number of crystallized assigned to docking runs with an RMSD2.5 A as proposed
water molecules, regardless of the B-factors, near the boundby Varani and co-worker¥. This criterion is appropriate when
molecule was selected. Table 1 lists 11 available structures ofinvestigating software ability to dock propef§In contrast to

RNA bound to different aminoglycosidés:13:2347 Of these, Varani’'s study, we considered only the top ranking binding

1-9 were included in the training set, whil) and 11 were mode. In the following studies, 25 runs were carried out with

used as a validation set. sufficiently large populations and number of generations to
Initial Attempts To Dock to “Dry” RNA with AutoDock ensure convergence. For the smallest aminoglycoskteS)(

3.0. To assess the influence of the RNA conformation on the more than half of the 25 poses were assigned RMSDs within
docking accuracy, the nine aminoglycosides of the training set 0.5 A of each other. For the larger four-ring compounds, the
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Table 1. Structures of AminoglycosideA-Site RNA Complexes—132347Used for the Docking Study

entry aminoglycoside RNA structiire no. of water moleculés resolution (A) PDB code
1 paromomycinl a 8 2.54 1377
2 neomycin2 b 7 2.4 2ET4
3 aminopyridine derivativ8 c 8 2.6 2BEE
4 lividomycin, 4 d 15 2.2 2ESJ
5 neamine5 e 2 25 2ET8
6 tobramycing f 5 2.4 2LC4
7 kanamycin A7 g 0 3.0 2ES1
8 gentamicing h 0 2.8 2ET3
9 geneticin9 i 3 2.3 1MWL
10 amikacin, 10 j 4 2.7 not available
11 paromomycin derivative,1 k 12 2.6 2BEO

a Crystal RNA conformation adopted when bound to the corresponding aminoglycoside (e.g., RNA adopts confermiagiofound to aminoglycoside
3). Pwithin 3 A from the aminoglycosidé. The structure is to be submitted to the PDB.

‘1.0‘1.5‘2,0‘2,5\&;9’7 45 5.0 55 6.0

Figure 3. Docking accuracy expressed as RMSD indki denotes the RNA conformations as defined in Tabld49 denotes the docked
aminoglycosides as defined in Figure 1. Column A shows the average cross-docking RMSD for each aminodly@d®deDocking to multiple
conformations. C: Docking to conformational ensemble, initial attempts. D: Docking to conformational ensemble using the new “scaled”ielectrostat
interactions. E: Docking to conformational ensemble using the new “scaled” electrostatic interactions and the nonsmoothed scoring function (see
text). F: Docking to an averaged structure. G: Docking to a soft average structure. H: Docking to a soft average structure using the nonsmoothed
scoring function.

top 5 is often homogeneously populated by similar poses. The large difference in accuracy between the self- and cross-
However, for the largest aminoglycosidgé reaching the docking studies clearly indicated the critical importance of the
convergence is more problematic. When using large populationsRNA conformation through an induced-fit effect. Indeed, when
and more than 1000 generations, the top five poses are oftencompared to each other, the nine RNA structures have RMSDs
diverse with RMSDs varying as much as 2.0 A. The reproduc- ranging from 0.5 to 1.6 A. As a consequence, the calculated
ibility of the docking was therefore assessed by running another average RMSD of the docked poses compared to the observed
two sets of 25 runs. In 74% of the cases, the top poses deviationbinding modes range from 2.00 A (eight compounds docked
did not exceed 1.0 A. Considering the time needed for each setwithin 2.51 A) when the RNA conformatiohwas used to 5.11
of runs (from 8 b 9 h onR16000 processors), we decided not A (one compound docked within 2.5 A) when the conformation
to increase more the number of generations or the populationc was used. Thus, this docking method should not be used to
size and to use the described parameters for the whole studyaccurately dock aminoglycosides to RNA and therefore is not
However, to ensure that the convergence was reached whera tool of choice for designing new potential ligands. To improve
using the later optimized conditions (considering solvation and the accuracy of the method, we next considered the docking to
flexibility, vide infra), 50 runs were carried out. flexible RNA docking alternatively to multiple conformations,
Self-docking, which is defined as the docking of an ami- to conformational ensembles, to an averaged structure or using
noglycoside back to its cocrystallized RNA structure (elg., a soft docking approach.
docked toa), was achieved with an average RMSD of 2.27 A Docking to Flexible RNA — Multiple Conformations and
corresponding to a success rate of 56%. Only five aminogly- Conformational Ensembles.The docking of small molecules
cosides, namelyg—9, were docked back to their corresponding to flexible proteins has been the subject of recent reviéws.
RNA structure with an RMSD below 2 A. Cross-docking, which  For instance, one can use multiple conformations (parallel
is defined as the docking of a small molecule to the conforma- docking to each discrete conformation), although this process
tions adopted by RNA when bound to other aminoglycosides is time-consuming®>2 Methods that dock to a single average
(e.g., docking ofl to the structuresb—i), was even less  structure or an ensemble of structures have also been developed
successful with a 48% success rate and an average RMSD othat include the use of soft van der Waals parameters on a single
3.25 A. The three-ring systems were found to be more accuratelystructur&® and the use of combined griés%5 Although the use
docked that the smaller compouB@nd larger compoundis4. of grids was initially restricted to rigid macromolecules, induced-
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Figure 4. Methods A and B used to include flexibility of the oligonucleotide in the docking process.

fit docking has been achieved by combining the sets of grids removes the high electrostatic interactions at small distances
computed for each rigid conformational structure into a single (Figure 5c). Each electrostatic map for each structure was

set of grids (conformational ensemble, method B, Figui®2.
To account for RNA flexibility, we first selected the highest

scoring of the nine runs previously carried out (docking to

multiple RNA conformationsa—i). When this approach was

recomputed using a protocol that computes the “scaled elec-
trostatic interactions” based on the van der Waals repulsion
(Figure 5c). The nine resulting scaled electrostatic grids were
subsequently combined into an averaged grid. As illustrated in

used, the success rate (56%) improved slightly (column B, Figure 3 (column D), this last combination was not successful,
Figure 3) relative to the previously measured cross-docking showing average RMSDs ab®\8 A and a low success rate
success rate (48%), although this increase is not significant. (44%). However, accuracy similar to the ones previously
We next tried to use the docking to conformational ensembles observed has been restored. This indicates that the scaled
using AutoDock as proposed by Goodsell and co-worReks. electrostatic potential is more appropriate when combining grids.
the present work, the combined van der Waals/hydrogen bond The AutoDock scoring function smoothes the ligand/
interaction grids were computed using the Boltzmann-weighting macromolecule interactions and uses wider potential energy
scheme initially developed for the use of AutoDock with flexible wells 3¢ This smoothed potential energy accounts in part for the
proteins®® This weighting scheme has been found to lead to flexibility of the macromolecules as do soft van der Waals
more predictive grids than a simple averaging sch&me. potentials by reducing the repulsion contributi8iThe use of
Although the application of the Boltzmann-weighting scheme both the smoothed potential energy and any other virtual
to the computation of van der Waals/hydrogen bonds grids hasflexibility would be redundant. The docking to conformational
been described in great detfilno mention has been made on ensembles should therefore preferentially be applied to nons-
the weighting scheme used for the electrostatic grids. In the moothed grids. Thus, new sets of grids were computed for each
present work, the use of Boltzmann’s weights applied to the structurea—i without this smoothing effect and combined into
combined electrostatic grids led to inaccurate predictions (dataa set of grids. This approach was more successful, with seven
not shown). We next constructed this electrostatic grid by aminoglycosides1—3, 6—9) docked within 3.0 A from the
averaging the values from the nine grids and again observed aobserved binding modes (column E) but with four aminogly-
poor predictive power (column C, Figure 3). To understand this cosides 6—9) within 2.5 A. Surprisingly, failures are observed
loss of accuracy, we looked closer at the combined grids. The for the smallestg) and the largest compounds) (of the set
interaction energies of a probe atom with two different and for aminoglycosides from the two main families: 4,5-
conformations (one at position 0, the other one at positiorb) disubstituted 4) and 4,6-disubstituted neaminé)( These
are illustrated in Figure 5a. When moving left, the probe atom failures cannot therefore be attributed to a specific type of
first interacts strongly with one of the conformations and weakly aminoglycoside structure. Although encouraging, the obtained
with the other conformation then bumps to one conformation accuracy is still not good enough to be used for the design of
while interacting strongly with the second structure at smaller new binders leading us to consider other methods for docking
distances. As illustrated in Figure 5b, at small distances, the to flexible RNA.
Boltzmann-weighting scheme reduces the large van der Waals Docking to Flexible RNA — Single Structure and Soft
repulsion while favoring highly attractive electrostatic interac- Docking. We have next investigated the use of a single average
tions. As a result, the total interaction energy would show a structure computed from the nine conformational structures
deep well at very short distances. That artifact was reflected in (Figure 4, method A). This structure was constructed by
the poor accuracy of the docking using such combined grids. averaging the Cartesian coordinates. To evaluate the flexibility
To remove these artifactually favored positions in space, we of the RNA structure, we computed the deviation between each
developed a scaling scheme for the electrostatic grid thatof the nine structures and the average structure and found
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a) Two Conformations softened average structures (soft van der Waals potential) is
more accurate when a standard Lennard-Jones potential is used
in place of the smoothed potential used in the original AutoDock
scoring function.

_ Thus, the docking of the set of nine aminoglycosides to rigid
Distance RNA was achieved with an average RMSD of 3.25 A and a

49% success rate while the docking to flexible RNA was
achieved with an average RMSD of 2.49 A and a 55% success
- rate. This encouraging result prompted us to further investigate
o the use of AutoDock for docking aminoglycosides to RNA. We
e next turned our attention to the role of the bridging water

molecules observed in many aminoglycoside/RNA complexes.

b) Boltzmann-Weighting Scheme Artefact Modeling Bridging Water Molecules — A New Concept.

It is well-established that water molecules play key roles in
ligand binding to protein or RNA. Although attempts have been
- made to account for these water molecules in protein/ligand
complexe$/~59 they have not been considered in the docking
. Distance of small molecules to nucleic acids. A common practice is to

™
dock the ligand alternatively to the protein including a single
water molecule or to the water-free protein. However, this
o approach can be practically used for proteins containing up to
o two water molecules but cannot be exploited in the present study
where four to five water molecules can simultaneously be

involved in the binding of aminoglycosides. Placing discrete
Scaled Electrostatic Interaction Energy water molecule while docking ligands has also been envis-
aged®” 58 Crystallographic water molecules (Figure 2) are found
in most of the aminoglycoside/RNA crystal structures and will
now be considered in the docking process. To complete the
solvation shell of the RNA strands, quick MD simulations in
S explicit water were first carried out. Each crystallographic water

molecule was restrained to its position and the RNA heavy
0 atoms were fixed during the simulations. The final nine
structures were energy-minimized and used in the subsequent

docking study. These quick simulations aimed to remove close
’ contacts between crystallographic water molecules and ad-

_ _ ditional water molecules and by no means to study the first
Figure 5. (a) Electrostatic (blue), van der Waals (green), and total gplvation shell in details. Indeed, the first shell is mostly
(red) interaction energy for two different conformations (different 4ctituted of crystallographic molecules or molecules added

positions); (b) Boltzmann weighting scheme applied to these two . . .
conformations; (c) scaled electrostatic potential for one structure. van by analogy with water molecules observed in the other eight

der Waals potential (green), electrostatic potential (blue), and scaled Crystallographic structures. Longer MD simulations could also
electrostatic potential (red). The smoothing effect included in the be used to further improve the positioning of water molecules
AutoDock scoring function is not shown on this graph. around the RNA strand.

The next step was to select the water molecules that will be
RMSDs ranging from 0.5 to 1.0 A for eight of the nine structures considered in the following docking studies. Detailed MD
and an RMSD of 1.7 A with structure We then prepared a  simulations could allow the selection of water molecule with
standard set of grids for this new representative conformation. the longer half-life time at specific locations. However, some
Docking to this single average structure did not improve the water molecules may have higher density only when the RNA
AutoDock accuracy, showing an average RMSD of 3.51 A and strand is bound to a specific aminoglycoside. For this proof-
a success rate of 44% (column F, Figure 3). Soft van der Waalsof-concept, we chose a simpler approach. One could have
parameters have also been considered and applied to this averageonsidered the B-factors as a criterion of selection; however,
structure. Such a set of parameters (Lennard-Jorésrdplace these factors are directly related to the bound aminoglycosides
of Lennard-Jones 126) tends to reduce the steric clashes and and should significantly differ with any other designed binders.
models the fit of the macromolecule by softening the repulsive With the main goal of this work being to identify a docking
term of the Lennard-Jones potential. When applied to the method for further drug design, we decided to restrict our
docking of aminoglycosides to RNA, this approach improved selection to water molecules that can potentially bridge a small
slightly the accuracy (column G, Figure 3). Soft van der Waals molecule to the RNA and retained any water molecule within
parameters have also been used with a standard (nonsmoothe@.5 A of any RNA atom. Despite the fact that sometimes water
see above) Lennard-Jones potential, affording an increase inmolecules interact with both the RNA and the small molecule,
accuracy (column H, Figure 3). When applied to the averaged keeping explicit water molecule in the docking process might
structure, the nonsmoothed potential, in combination with soft be problematic. In fact, large molecules might need to displace
van der Waals parameters, allowed for the docking of five them for an optimal binding. To tackle this problem, we had to
aminoglycosides5—9) with RMSDs below 1.70 A from the  consider the inclusion of “displaceable” water molecules. The
observed binding modes. The collected data also indicate thatproposed approach made use of a combination of grids
docking to conformational ensembles (combining grids) or to corresponding to solvated and dry RNA.

Maon-bended Energy (kcalimal

Hon-bonded Energy (kcalimol

L

MNon-bonded Energy (kealimal)




1028 Journal of Medicinal Chemistry, 2006, Vol. 49, No. 3 Moitessier et al.

at a van der Waals distance from the base oxygen atem O
With these first two potentials, the water molecule cannot be
displaced. To model the two situations in one set of grids (Figure
7c), we developed a new weighting scheme where the scaled-
electrostatic grid described previously was used. The potential
’ O-(“ energy well due to favorable interaction with water molecules
/ is observed and at a shorter distance the interaction with the

distance

O H; base is computed with the water molecule being displaced. As

Figure 6. The three-atom system used to illustrate the weighting a consequence, both the interaction and the displacement of the
scheme. water molecule are considered simultaneously.

a) No water molecule Although we expect this approach to increase the accuracy

e of the docking process, shortcomings were identified. First, an
artifact can appear if two atoms are positioned at these two
positions. However, the close proximity of these two wells
prevents the presence of two positively charged groups at these
two positions. Second, although it is known that some bound

ke water molecules have higher free energies of binding compared
to others?? the shape of the curve will be similar for any water
molecule. As a consequence, the described scoring may

overestimate some interactions with water molecules.

The use of these “displaceable” water molecules in the
docking process has next been investigated. We will use the
word pseudo-solvation in the following sections to describe this
type of water model, each water molecule being described as a
“displaceable” water molecule.

Docking to Pseudo-Solvated RNATo evaluate the reli-
ability of the developed potential energy function, each ami-
noglycosidel—9 was docked to each structuae-i with explicit

Listance water molecules or with the developed two-well interaction
~—" energy. The binding energy and the RMSD, compared to the
observed binding mode, were evaluated. This set of calculations
is summarized in Figure 8.

The observed increased accuracy in respect to the docking
to dry RNA highlighted the role that water plays in the docking
process. For any aminoglycoside, the predicted binding mode
was correct when the proper solvated structure was used (self-
docking). The positions of the exploited water molecules were
defined by first optimizing each complex in the presence of a
drop of water then by selecting a layer of water molecules
” retained as a part of the binding site for this docking study.
Distance Since the water molecules are now part of the binding site, they

reduce the size and shape of the binding pocket fitting the
aminoglycoside. Thus, back docking the aminoglycoside into
this “cushion” of water is expected to be highly accurate. The
self-docking is obviously biased, and when other solvated
structures were used (cross-docking), the docking was less
) ) ) ) ) accurate. For instance, the flexible arm of aminoglycosdde
Figure 7. Interaction energies as a function of the distance of the o
ammonium hydrogen (H and the purine base oxygen fOvan der was not po_3|t|0|_'1ed as obse_rved wiBanas _docked_to structures
Waals (green), electrostatic (blue), and total nonbonded energy (dotted®b andd—i. It is worth noting that the side chain 8fshows
red line) when the water molecule is considered (a), removed (b) and large B-factors revealing its flexibility. Predicting the exact
when both situations are considered (c). location of this chain is therefore expected to be challenging.
The region of space where this arm was observed contains at

To illustrate the method, we selected a three-atom systemleast one water molecule in each structure but struatuhels
shown in Figure 6 (@ O,, and H). In a real binding process,  Precluding the correct positioning of this arm in the other eight
two configurations can be adopted. The ammonium ion can structuresa,b andd—i. As a result, the average RMSD for the
either displace the water molecule and interact with the RNA cross-docking 08 was 3.12 A in solvated RNA, and 3.00 A in
molecule (Figure 7a) or interact with the water molecule (Figure dry RNA. Although the presence of explicit water molecules
7b). When water molecules are considered, no ligand atom issignificantly increased the accuracy of the docking relative to
tolerated at the same position (interpenetration) and a wall is the docking to dry RNA, these water molecules would not allow
therefore observed at a van der Waals distance from the waterfor proper docking of larger molecules and are therefore not
oxygen atom (Figure 7b). When no water molecules are useful for designing new structures. The use of “displaceable”
considered, the potential interaction with the bridging molecule water molecules would address this issue.
is lacking and the ammonium nitrogen atom of the aminogly-  More interestingly, the developed approach demonstrated a
coside interacts with the base (Figure 7a). The wall is observedsignificant increased accuracy comparatively to the original

=0+

Man-bonded Energy (kealfmol)
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molecules. The Boltzmann weighting scheme was used to
compute the van der Waals interaction grids while the electro-
Figure 8. Self- and cross-docking using explicit (top) and “displace- static grids were first scaled (Figure 5) then combined. When
able” (bottom) water molecules. Column A shows the average cross- combining the electrostatic grids, high weights must be attributed
docking RMSD for each aminoglycoside-9. to highly conserved water molecules while the grid points
around water molecules not strongly bound to RNA should have
AutoDock protocol. When considering the cross-docking (Figure |ow electrostatic potentials. The Boltzmann scheme was there-
9), a 44% success rate was calculated for the developed approactbre not appropriate for combining the electrostatic maps. In
at RMSDs below 1.5 A to be compared with 33 and 29% with fact, a simple averaging scheme was found to be more
the solvated (explicit water) and dry RNA, respectively. A 65% appropriate. Finally, addition of the water grids to the grids of
success rate at RMSDs below 2.0 A is to be compared with 58 the flexible RNA (from either the average structure or the
and 42% with the solvated and dry RNA, respectively. conformational ensemble) led to grids modeling flexible and
Thus, the docking of the nine selected aminoglycosides to solvated RNA.
rigid and dry RNA was achieved with an average RMSD of  The accuracy of the docking to a “flexible and pseudo-
3.25 A and a 49% success rate, while the docking to rigid and solvated” RNA is illustrated in Figure 11. The first column
pseudo-solvated RNA was achieved with an average RMSD of (column B, Figure 11) summarizes the RMSDs for the highest
1.95 A and a 78% success rate. The synergetic effect of thescore among the nine docked complexes of each aminoglycoside
developed potential accounting for displaceable water molecules(docking to multiple conformations). The RMSDs ranged from
and the RNA flexibility should now be investigated. 0.67 A 8) to 2.67 A @) with three aminoglycosidedl(3, 4)
Docking to Flexible and Pseudo-Solvated RNAAs pres- being docked with RMSDs above 2.0 A. A more interesting
ently coded, AutoDock considers the water molecules as observation is the high accuracy of the docking to the pseudo-
“disordered hydroxyl groups” and does not recognize the solvated average RNA structure (column C, average RMSD
phosphate oxygen bonds. These groups are therefore not making..33 A). This set of grids has been prepared by adding the grids
proper directional hydrogen bonds. New atom types (P, phos-computed for the water molecules to the grids previously
phorus, W, water oxygen, and Y, water hydrogen) were developed for the average structure. With this set of grids eight
incorporated in the Autogrid code and used for the study of (1, 2, 4-9) of the nine aminoglycosides were docked with
docking to flexible and solvated RNA. RMSDs below 1.5 A with the ninth3} being docked with
We illustrate the method used to investigate the flexibility reasonable accuracy (RMSD of 2.52 A). This last result
of the pseudo-solvated RNA macromolecule in Figure 10 with validated the developed approach. Only the flexible side chain
two structures (the nine structures of the training set were used).of compound 3 was not properly positioned. When the
Grids were first computed for each set of water molecules. Thesedeveloped set of grids for the water molecules was prepared
nine sets were next combined into a single one, which virtually using the new atom types for the water molecules (“ordered
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Figure 12. Accuracy of the developed approaches: docking to flexible

and solvated RNA (red) cross-docking to rigid and solvated RNA (blue)
177 ‘ 1.66 | 1‘33‘ compared to the cross-docking to rigid and dry RNA (green).

m the smoothed potential may act as does the soft van der Waals

Figure 11. Accuracy of the developed docking approach potential and these two soft repulsive van der Waals should
' ' not be used simultaneously.

water molecules”) making directional hydrogen bonds, the When comparing the accuracy of the developed protocol to
accuracy dramatically dropped (column D). It is not clear why the initial docking study (Figure 12), one can observe a
the accuracy dropped while it was expected to increase. A bettersignificant improvement in the accuracy. These data demonstrate
distribution of the water molecules through longer MD simula- that AutoDock appears as an accurate tool for docking ami-
tions may address this issue. Other successful attempts wergioglycosides to RNA when both the flexibility and solvation
carried out using soft van der Waals parameters with smoothedare considered. The red curve in Figure 12 represents the
(column E) or nonsmoothed Lennard-Jones potential (column accuracy of the docking to “pseudo-solvated” and flexible RNA
F). However, these sets of grids were much less successful incompared to the accuracy of the docking to “pseudo-solvated”
docking aminoglycosidé properly. The same observation was and rigid RNA (blue curve) and to the dry and rigid RNA (green
made when using the conformational ensemble of structurescurve). However, although the accuracy increased, the transfer-
developed previously that was “soaked” using the set of water ability of the method to other classes of molecule will have to
grids (column G). Interestingly, the combination of soft van be assessed. As illustrated in Figure 13, the docking of
der Waals parameters and smoothed potential was the leasparomomycin was more accurate when the pseudo-solvated
successful approach of the ones tested. As hypothesized earlielRNA structure was used. The least accurate positioning was

A ‘1.57‘1.33 6
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in 10 and11) cannot be accurately docked if water molecules
are explicitly included in the docking process.

Although these results appeared to validate the proposed
approach, it should be stressed that the present study focused
on a restricted class of RNA binders and that others issues may
arise with other systems.

Conclusion

Although efforts have been dedicated to the improvement of
scoring functions for docking compounds to nucleic aéidhjs
work represents the first attempts to account for the role of water
molecules in the binding of compounds to RNA.

AutoDock was initially found to poorly predict the binding
modes of aminoglycosides in the 16S RNA major groove
showing an average RMSD of 3.25 A for the cross-docking
study and a success rate lower than 50%. Consideration of the
flexibility of the RNA (average RMSD of 2.49 A and 55% of
success) or of the bridging water molecules (average RMSD of
1.95 A and 78% of success) revealed the role of the mobility
of the RNA structure and of key water molecules in the docking
accuracy.

The flexibility was considered through the use of soft van
der Waals parameters and the use of grids modeling confor-
mational ensembles. Implementation of a new potential for
virtually “displaceable” water molecules and of a protocol to
combine water grids into a continuum grid allowed us to include
key water molecules in the docking process. When the available
AutoDock scoring approach was used a success rate of 48%
and an average RMSD of 3.25 A was measured for cross-
docking. Instead, with the developed method, the nine ami-
noglycosides of the training set along with the two from the
validation set were properly docked with an average RMSD of
Figure 13. (a) Docking to “dry” RNA. (b) Docking to “pseudo- 141 A . . .
solvated” RNA. Paromomycin carbon code: blue: crystallographic [N conclusion, this work supports the use of AutoDock with
structure, green: cross-docking to rigid RNA, yellow: self-dockingto the proposed modifications as an accurate tool for docking
rigid RNA, pink: docking to flexible RNA. aminoglycosides to ribosomal A-site RNA. Further studies using

) ) . larger and more diverse testing sets are needed to assess the
observed for ring 1V, which also exhibits the largest B-factors transferability to other RNA or DNA binders.

in the crystallographic structure.

Validation. For the purpose of validation, the two crystal Experimental Section
structures of the .testmg set (RNA cocrystallized vﬂl(hanq General. The molecules were manipulated using Insightll version
11) were used. It is worth mentioning that the conformatigns ( oggcst (Accelrys) and modeled using the Insightll/Discover package
andk, Table 1) adopted by the RNA structures when bound to yjth AMBER94 as a force field (MD simulations). Structures for
100r 11 were not included in the averaged structure developed docking studies (AutoDock) were generated from Sybyl version
previously and used in this validation study. In addition, these 6.9.1 (Tripos Inc.f?
two aminoglycosides feature a highly flexible side chain and  Relaxation by Molecular Dynamics Simulation.The Cartesian
predicting their correct binding modes was expected to be coordinates of the complexes were used as starting points. The

challenging. The data collected is presented as Supportinghydmge” atoms were added and visually inspected..The set of
Information. complexes were superimposed, and the crystallographic molecules

The conclusions drawn with the training set—©) were were compared. This superposition revealed that some positions

. . . are favored for crystallographic water molecules. When missing
confirmed with the testing sedQ-11). (1) The accuracy was e crystal structure, water molecules were added at each of these
highly dependent on the conformation used-{i RMSDs

. ! positions to each of the complexes. A water solvent layer (TIP3P)
ranging from 1.83 to 5.86 A). (2) Therefore, accounting for the of 15 A around each of the complexes was added and the complexes
flexibility (combined grids or soft van der Waals parameters) were allowed to relax following the procedure described below.
of the dry RNA improved the predictions (RMSDs ranging from The RNA, the aminoglycoside, and the crystallographic molecules
1.55to 2.28 A). (3) The use of the developed scoring function were held fixed, the added crystallographic molecules and the added
with dynamically bound water molecules also lead to increased solvent water molecules being free to move. A preliminary
accuracy. (4) The use of flexible and pseudo-solvated RNA led Minimization was performed to remove close atom contacts by

to the best accuracy (RMSDs of 1.47 A b0 and 2.05 A for 10 000 cycles of minimization using conjugate gradients using a
11) ' ' dielectric constant of 1.00. The obtained complexes were next

. . . . - subjected to Newtonian molecular dynamics (MD) simulations with
More interestingly, the introduction of _epr|C|t water m(_)l- 500 steps of initialization followed by 5000 steps of simulation at
ecules decreased the accuracy comparatively to the docking to;gnstant temperature (300 K). During these simulations, steps of
dry RNA. This observation strongly supports the need for 1.0 fswere used. The simulations at 300 K were followed by 3000
dynamically bound water molecules. As previously hypoth- steps of minimization using conjugate gradients with the heavy
esized, larger aminoglycosides (introduction of side chains asatoms of the RNA, the aminoglycoside, and the crystallographic
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molecules being held fixed. The whole process was reiterated to
lead to the models used for the subsequent docking studies.

Docking. The structures obtained through the relaxation process
were next prepared for docking. For this purpose, either the water
molecules were removed (for the dry systems) or kept if within
2.5 A from any RNA atom. AutoDock is a fully automated
docking suite of programs, which employs a Lamarckian genetic
algorithm (LGA) as a search engine and a LUDI-type scoring
function. The grids were prepared using the autogrid facility
provided with the AutoDock package. All the energy scoring grids
have the same size (60 60 x 60 points, spacing 0.375 A) and
the same position in space. The RNA oligomers and ligands were
charged according to AMBER®4charges and Gasteiger-Marsilli
charge$? respectively. Using the same approach as Detering and
Varani, a charge of+1 was added to each phosphorus atom to
neutralize the systems. Perl scripts were prepared to merge the grids
into “hybrid” grids. 25 (smallest aminoglycosides into the dry RNA)
to 50 runs (docking to flexible and/or solvated RNA, validation
study) with a maximum of 5000 000 energy evaluations were
performed. The default parameters for the LGA and Sollis and Wet
local search were used. In practice, when combining grids, a
minimal weight is used to account for the conformations with high
repulsive interactions. In the present study, minimal weights of
0.0001, 0.00001, or 0.000001 led to similar results.
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