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ABSTRACT: The use of chemical modifications in small
interfering RNAs (siRNAs) is warranted to impart drug-like
properties. However, certain chemical modifications especially
those on the sugar have deleterious effects on the RNA
interference (RNAi) when they are placed at key positions in
the seed region of an siRNA guide strand. In order to probe the
effect of chemically modified siRNAs [(2′-O-methyl, 4′-C-
aminomethyl-2′-O-methyl, 2′-O-(2-methoxyethyl), and 2′-O-
benzyl] on human Argonaute 2 (hAGO2), the catalytic engine
of RNAi, we have developed a model of its open conformation.
Results from microsecond MD simulations of 15 different
siRNA−hAGO2 complexes provide insights about how the key
noncovalent interactions and conformational changes at the seed
region are modulated, depending upon the nature and position of
chemical modifications. Such modification induced structural changes can affect siRNA loading into hAGO2, which may
influence RNAi activity. Our studies show that microsecond MD simulations can provide useful information for the design of
therapeutically relevant siRNAs.

■ INTRODUCTION
Small interfering RNAs (siRNAs) comprise 21−22 nucleotides
(nt) of which 19 nt are base paired to form a duplex with 2 nt
overhangs present at the 3′-ends of both the strands.1 The key
endonuclease protein, human argonaute 2 (hAGO2), in the
RNA induced silencing complex (RISC), cleaves target mRNA
that has base-complementarity to the sequence of the guide
strand of siRNA. This leads to gene silencing termed as RNA
interference (RNAi).2−5 Therefore, siRNAs possess high
therapeutic potentials; however, the canonical RNAs have
several limitations that prohibit their use as drugs.6 Chemical
modifications have been introduced into siRNAs to enhance
nuclease resistance, improve RNAi potency, reduce off-target
effects, and to facilitate intracellular delivery.7−9 However, it has
been observed that the effect of chemical modifications (Figure
1) on RNAi is position-dependent, especially at the seed region
(position 2−8 from 5′-end) of the siRNA guide strand.9−11 For
example, the 2′-deoxy-2′-fluoro (2′-F) and 2′-O-methyl (2′-
OMe) modifications are well tolerated at most of the positions in
the guide strand,11−13 whereas the bulkier 2′-O-(2-methox-
yethyl) (2′-MOE) modification is not tolerated in the seed
region.11 siRNAs containing 2′-O-benzyl (2′-OB) modification
in the guide positions g5, g8, g15, and g19 enhances the RNAi
activity compared to the unmodified counterpart.14 On the other
hand, the 2′-OB group at position g2 is detrimental to the RNAi
activity.15 The bifunctional 4′-C-aminomethyl-2′-O-methyl (4′-
AM-2′-OMe) modification at position g3 affects the gene

silencing activity.16 A nucleotide walk-through (replacing every
nucleotide in the siRNA) that is required to identify the optimal
positions for introducing modifications is cost prohibitive and
labor intensive. Therefore, a structure based rationalization on
the position-dependent tolerance of chemical modifications
utilizing a model of siRNA−hAGO2 complex could help in the
design of therapeutically useful siRNAs. In this direction, recent
reports highlighted the use of computational approaches to
design chemically modified siRNAs.17−19

One of the key steps involved in the RNAi is the loading of
siRNA into hAGO2, where, the passenger strand in the siRNA
has the same sequence as the target mRNA. Thus, the siRNA−
hAGO2 binary complex is the mimic of hAGO2-guide strand/
target mRNA ternary complex.2,20 Structural studies on the
archaeal, yeast and human AGOs shed light on the domain
architecture, siRNA binding, conformational changes associated
with guide strand loading, target mRNA binding as well as the
mechanism of target cleavage.21−29 The AGO family in both
prokaryotes and eukaryotes shares a similar bilobed four domain
architecture (N-terminal, PAZ, MID, and PIWI along with two
linkers L1 and L2).20,22,29,30 The MID domain is involved in the
recognition and binding of 5′-phosphorylated end of the guide
strand.31 The PIWI domain is responsible for the cleavage of
passenger strand/target mRNA.32 PAZ domain binds and
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releases the 3′-end of the guide strand after the cleavage of
passenger strand or target mRNA.33 The N-terminal domain is
required for the unwinding of siRNA duplex at the 5′-end of the
passenger strand.34 The noncovalent contacts of the siRNA
guide strand (sugar−phosphate backbone) with hAGO2
domains are critical for the activity of this enzyme.21,30 A
comprehensive siRNA−hAGO2 molecular dynamics (MD)
simulations in microsecond time scale is required to probe the
structural effects of various chemical modifications on hAGO2
binding. Only a few MD studies have been reported so far on the
siRNA−Thermus thermophilus argonaute (TtAGO) and siRNA−
hAGO2 complexes.35−39 But none of these studies investigated
the role of chemically modified siRNAs in RNA−hAGO2
binding. While this manuscript was under preparation, a crystal
structure of siRNA guide strand alternatively modified with 2′-
OMe and 2′-F modification in complex with hAGO2 was
reported.40 This structure shows that these modifications do not
affect the noncovalent interactions between siRNA and hAGO2
severely. It should be noted here that 2′-OMe and 2′-F are less
bulky modifications, and they are reported to be tolerated
throughout the siRNA.11,12 Another crystal structure of the
siRNA guide strand containing an unnatural triazolyl mod-
ification at the g1 position in complex with hAGO2 was also
reported.41 This structure revealed that the modification
interacts strongly with the 5′-phosphorylated binding site and
controls the base pairing of the seed region and thereby provides
target specificity. Though these structures provide useful insights
on the effects of chemically modified guide strand binding to
hAGO2, structures of modified siRNA duplex in complex with
hAGO2 are yet to be reported.
The crystal structure reported for the hAGO2with unmodified

miRNA−target mRNA duplex reveals only 8 nt base pairs.22

Therefore, modeling an open conformation of hAGO2 is
required to study the binding interactions of the hAGO2 and
siRNA having 19 base pairs of guide/target complex.23,37,39 Since
the hAGO2 extensively makes contacts with the sugar−
phosphate backbone of the siRNA in particular at the seed
region22 and the presence of chemical modifications at these

region is sensitive toward RNAi, we studied the effect of sugar
modifications located at those sites. Modifications (2′ and 2′-4′
dual) and positions in the guide strand of the siRNA (g2, g3, g5
and g14) were chosen (Figure 1) based upon their reported
effect on RNAi activity as revealed by experiments.11,14−16,42

Recent achievements in the molecular dynamics (MD)
simulations of large biomolecules43,44 and force field develop-
ments45−49 permit us to study the time dependent conforma-
tional changes in the siRNA−hAGO2 complex at a microsecond
scale.50−52 Here, we report the firstMD simulations of hAGO2 in
the presence of canonical siRNAs and a number of chemically
modified siRNAs (Figure 1) in microsecond time scale. The
effects of chemical modifications on hAGO2 binding were
probed53 to unravel the position-dependent tolerance of
chemical modifications in the guide strand of siRNAs that
could assist in the design of therapeutic siRNAs

■ MATERIALS AND METHODS
Modeling the Open Conformation of hAGO2. The

accommodation of the double stranded siRNA into the hAGO2
structure was performed through comparative modeling (PDB
entries: 4NCB, 3HJF, and 3HVR)27,29 using MODELER,54 and
the domain reorientations were performed using AIDA.55 The
missing amino acid residues in the PDB entries 4W5O, 3HJF,
4NCB, and 3HVR were added using MODELER. Nucleic acids
in the TtAGO structures were removed and used as a template to
model the open conformation of hAGO2. The orientation of N-
terminal domain is different in the case of TtAGO bound guide
RNA and hAGO2 bound guide RNA (Figure M1, Supporting
Information). Therefore, in the present model the orientation is
retained as found in the hAGO2 crystal structure. This could
facilitate the unobstructed guide-target pairing in hAGO2, as
reported for the Kluyveromyces polysporus AGO (KpAGO)
structure (PDB entry: 4F1N).23 Sequence alignment of hAGO2
and TtAGO was gathered from a previous report.23 Since the
loops in the PIWI domain largely hinder the binding of the target
RNA, the PIWI domain was reoriented and modeled using
MODELER to accommodate the guide-target base pairing

Figure 1. Chemical structure of sugar modifications and siRNA sequences used in our MD simulations study. (A) Structure of canonical (2′-OH) and
2′-sugar modifications: 2′-O-methyl (2′-OMe), 4′-C-aminomethyl-2′-O-methyl (4′-AM-2′-OMe), 2′-O-(2-methoxyethyl) (2′-MOE), and 2′-O-benzyl
(2′-OB) uridine. (B) siRNA sequences in which the modifications are present in the guide strand positions: siRNA3 (position g3), siRNA2 (position
g2), siRNA5 (position g5), and siRNA14 (position g14). Themodified positions are highlighted in red color. The g1 nt in the siRNA3 guide strand starts
base pairing with a 3′-overhang nt of the passenger strand; therefore, the numbering of position is different from the typical siRNA. All the siRNA
sequences employed in the MD simulations are listed in Table S1 of the Supporting Information.
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beyond 8 nt as suggested elsewhere.35,56 Afterward, the
orientation of the linker and PAZ domains with respect to the
MID and the PIWI domains was modeled (AIDA program)
using the distance restraints between the domains as seen in the
TtAGO open conformation (Figure M1, Supporting Informa-
tion). The TM-Score (>0.8) was used to filter the final model. A
similar kind of domain−domain distance increment approaches
to develop the open conformation of hAGO2 has been reported
earlier.35,57 The model obtained from AIDA was subjected then
to 2000 steps of conjugate and steepest descent minimization
using SANDER module of AMBER 14.58 PROCHECK was
utilized to validate the model.
Molecular Docking of siRNA and hAGO2. ModeRNA59

was used tomodel different sequences of siRNA (6−18 nt) based
on the guide DNA templates in the TtAGO crystal structure
(PDB entry: 4NCB). Then the 2 nt overhangs at the 3′-end of
the passenger and guide strand were removed. The backbone
coordinates of the guide-target RNA from 1 to 5 nt were directly
adopted from the hAGO2 crystal structure (PDB entry: 4W5O),
because the conformational changes in the RNA were required
beyond 6 nt.56 The backbone of the guide RNA was aligned with
the guide DNA in the TtAGO, then the open conformation of
hAGO2 was aligned with the TtAGO to yield a superimposed
primary model.57 The guide-target base pairs were docked with
hAGO2 using the Hex docking package by maintaining the
default parameters.60 From the 500 RNA conformers generated
by Hex, the final conformation was selected based upon the
RMSD between the reference structure and the conformers
obtained (RMS cutoff ∼1.0 Å). The crystal structures of TtAGO
(PDB entries: 4NCB, 3HM9, and 3HVR) were used as reference
for the validation of docked poses. For the unmodified, and
chemically modified siRNA3 and siRNA14 (Table S1,
Supporting Information), precision docking was carried out
using Hex and Glide. Using the Hex generated conformer, a grid
inside the protein was created manually from the backbone of a
nucleotide to a distance of 4 Å. The side chains of the amino acids
selected under the grid was kept flexible during docking, along
with the backbone atoms in the nt using Glide (SP and XP).61

The input partial charges were assigned using the AMBER force
field.62 The scaling cutoff for van der Waals radii was set to 0.1 Å.
Final output was set as 100 pose for the single docking. All other
parameters were set as default in Glide. The docked poses were
filtered based upon the best docking score andmaximumnumber
of intermolecular interactions. The resulting binary siRNA−
hAGO2 complex was subjected minimization to eliminate the
close contacts. For the chemically modified siRNA5 and siRNA2
(Table S1, Supporting Information), precision docking was
carried out using Autodock 4.2.63 During each round, only two
base pairs were docked36 based upon the specific grid in the
binding site obtained from the superimposition of the reference
structure and model of hAGO2. The maximum number of
generations were set as 5000 and the number of iterations in the
local search were set as 1000. And the number of evaluations
were set as 2 500 000. All other parameters were set as default in
Autodock 4.2.
Protonation State.The protonation state of the amino acids

ARG, LYS, GLU and ASP side chains were assigned using PDB
2PQR program64 at pH 7.0 in AMBER force field. The
protonation states of the HIS side chains were manually assigned
by examining the structures. Protonation state of histidines
utilized were as follows: (HID−δ, HIE−ε, HIP−double) HID56,
HID77, HIE81, HID144, HIE 168, HID 203, HID 271, HIE 291,
HIE 316, HID 324, HIE 336, HID 443, HID 466, HIE 506, HIE

600, HIE 621, HIP 634, HID 681, HIE 682, HIE 711, HID 712,
HIP 742, HID 753, HID 764, HIP 766, HIE 788, HIE 807, HID
816, HID 822, HID 829, HID 839, HIP 849.

Preparation of Protein−RNAComplex.The topology and
coordinate inputs of protein and RNA complex were prepared
using the xleap module in AMBER 14.58 The system was
neutralized using K+, Cl− ions and excess ions (100 mM) were
added to mimic the physiological conditions. The net charge of
the system was neutral. Mg2+ ions at the cleavage site were
parametrized using a reported procedure.65 The conformation of
5′-phoshphate end in the guide strand is retained as in the crystal
structure and the parameters were assigned using an earlier
report.46 The partial charges for the 2′-O-benzyl modifications
was calculated at the nucleotide level using Gaussian 09 (HF/6-
31G*) package.66 The calculated charges were then fitted using
the RESP algorithm (Figure S1, Supporting Information).67 The
force field parameters for 2′-OMe, 4′-AM-2′-OMe, and 2′-MOE
were derived from the previous reports.16,46,67,68 The force fields
used for the RNA and the protein are bsc0χOL3

45,48,62,69 and
ff12SB,58 respectively, as suggested in a recent study.51 Using
TIP3P water molecules, the system was solvated up to 8 Å from
any of the solute atoms.70 The number of water molecules
included were ∼55500.

MD Simulation Protocol. The equilibration and MD
simulations were performed as reported earlier.51,71 Briefly, the
water molecules and ions in the solvated complex were
minimized in 2500 steps of the steepest descent, and in 2500
steps of the conjugate gradient with 50 kcal/mol restraint on the
solute atoms. Solvent molecules were relaxed using short MD
simulations (250 ps) with 30 kcal/mol restraint on the solute
atoms at a temperature of 100 K. The system was then heated
from 100 to 300 K in 150 ps. Followed by this, 10 stages of
minimization (2000 steps) and 10 stages of MD simulations (30
ps) were carried out with restraints of 20, 16, 12, 10, 6, 5, 4, 3, 2,
and 1 kcal/mol on solute atoms. Afterward, a 300 ps of restrained
(0.05 kcal/mol on solute atoms)MD simulations was performed.
Finally, unrestrained production MD simulations were per-
formed for 1 μs using CUDA version of pmemd72 in a GPU
accelerated version73,74 of AMBER 14.58 Particle mesh ewald
method was utilized for calculating the contributions from the
nonbonded interactions with a cutoff of 10 Å. SHAKE was used
to treat the bonds involving hydrogen atoms. The unrestrained
MD simulations were performed in NPT ensemble of 2 fs time
step. A constant pressure of 1 atm was maintained using
Bendersen weak-coupling barostat with a time constant of 1 ps.75

The MD simulation temperature (300 K) was maintained by
Bendersen thermostat with a time constant of 4 ps. MD
trajectories were saved for every 10 ps and then extracted at every
100 ps time interval for further analysis.

Structural Analysis.Root mean square deviations (RMSDs)
were calculated for the backbone heavy atoms of protein (CA, C,
and N) and RNA (P, O5′, C5′, C4′, C3′, and O3′) using
CPPTRAJ module in AMBER 14.76 All the frames were
superimposed to the initial structure after removing water
molecules from the MD trajectories. Root mean square
fluctuations (RMSF) of protein during MD simulations were
then calculated for the heavy atoms using CPPTRAJ. MD
snapshots depicting the averaged structures were calculated
using CPPTRAJ. The X3DNA package was utilized to compute
the RNA helical parameters and backbone dihedral angles.77 van
der Waals interaction energies between the 2′-OB modification
in siRNA5 and the hydrophobic binding sites in the protein, and
electrostatic energies between 4′-AM-2′-OMe and the AAs in the
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protein were computed using MMPBSA pairwise energy
decomposition analysis using a reported procedure.78 Hydrogen
bonds were considered based upon the heavy atom distance
(donor−acceptor) cutoff of≤3.3 Å and an angle cutoff of≥135°.
The distance between the two heavy atoms were calculated using
PTRAJ module. All the structural alignments were carried out
using combinatorial extension algorithm.79 Two residues are
considered to be stacked, if the distance between the center of
masses is less than 5 Å and the angle between the planes of the
residues is less than 30°. Distances were computed using
PLUMED plugin.80 MD trajectories were visualized using UCSF
Chimera.81

Principal Component Analysis. Principal component
analysis (PCA) of the protein motion was calculated from the
last 800 ns of the MD simulation trajectories of the three
unmodified siRNA−hAGO2 complexes. The translational and
rotational motions of the system was removed by least-squares fit
on the average MD structure. The eigen vectors were calculated
as

= ⟨ − ⟨ ⟩ − ⟨ ⟩ ⟩C x x x x( )( )ij i i j j

xi and xj are the coordinates of the ith and jth Cα atoms in the
protein. The total number of Cα atoms in the system was 838.
The ⟨xi⟩ and ⟨xj⟩ is the time average over all the configuration of
the atoms during the MD simulations.82 This calculation was
carried out using parallel version of the CPPTRAJ module in
AMBER 14. The principal motions of the protein are shown in
graphical representations using VMD tools.83

Cluster Analysis. Average-linked hierarchical clustering
algorithm was used for the cluster analysis and performed
based on a previous report.84 The representative structures were
obtained from the major cluster emerged from the MD

trajectories. The RMSD cutoff for the neighboring cluster set
was given as 2 Å. This analysis was performed using CPPTRAJ
module.

Binding Free Energy Calculation and Decomposition.
For this calculation, 1000 snapshots were extracted from the last
500 ns MD simulations at a time interval of 500 ps. The free
energy of siRNA−hAGO2 complex binding was computed using
Molecular Mechanics/Poisson−Boltzmann Surface Area (MM/
PBSA) method.85 The ΔG is given by the following equation

Δ = − ++G G G G( )hAGO2 siRNA hAGO2 siRNA

where GhAGO2+siRNA, GhAGO2, and GsiRNA are the free energies of
the siRNA−hAGO2 complex, the isolated hAGO2 and siRNA,
respectively.78 In the MM/PBSA method, each free energy term
is calculated as the sum of bond energy (bond, angle and
dihedrals), van der Waals energy, electrostatic energy, polar and
nonpolar contributions to the solvation energy, absolute
temperature and entropy. The contributions from the polar
and nonpolar terms were calculated using Adaptive Poisson−
Boltzmann Solver (APBS) method. The external or the dielectric
constant of the solvent was set to 80, the internal or the dielectric
constant of the solute (protein and RNA) was set to 1. The
nonpolar solvation energy was assumed to be proportional to the
surface area constant, which is equal to 0.0072 kcal·mol−1·Å−2.
Normal-mode analysis was used to estimate the entropy of the
siRNA−hAGO2 complexes. Water molecules were removed
from the trajectories. The extracted structures were then
minimized with no cutoff for nonbonded interactions by
conjugate gradient and then Newton−Raphson minimizations.
The cutoff for root-mean-square of the elements of gradient
vector was set to attain <10−4 kcal/mol.86 The per-residue energy

Figure 2. RMSD graphs, RMSF plot, and model of the siRNA3−hAGO2 binary complex, in which the siRNA3 duplex has a 19-mer guide and 18-mer
passenger RNA (17 base pair). (A) Root mean square deviation of the backbone atoms in the protein (black) and siRNA (red) during the MD
simulations of unmodified siRNA3−hAGO2 complex. (B) Root mean square deviation of the backbone atoms in the protein (black) and siRNA (red)
during the MD simulations of 2′-OB modified siRNA3−hAGO2 complex. (C) Root mean square fluctuations (RMSF) of the backbone atoms in the
protein during the MD simulations of siRNA3−hAGO2 complex calculated from the last 800 ns of MD simulations. The domains are marked in the
graph on the basis of the residue numbers. (D) MD snapshot of hAGO2 averaged from the last 200 ns of the 1 μs MD simulations. The magenta line
between the N-terminal and PIWI domain indicate the nucleic acid binding channel, which facilitates the unobstructed guide-target base pairs. Protein is
represented in surface (20% transparency). RNA is represented in cartoon. (E) Structural alignment (RMSD ∼ 2.4) of the siRNA3−hAGO2 model
(red; 17 base pair) and hAGO2 crystal structure (green; 9 base pair; PDB entry: 4W5O). Protein and RNA are represented in cartoon.
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decomposition was carried out using previously reported
methods.78

■ RESULTS AND DISCUSSION

The global structural differences in the open and closed
conformations of the structurally well studied prokaryotic
AGO are due to the orientations of the L1 and L2 linkers,
PAZ, and N-terminal domains with respect to theMID and PIWI
domains.20,24,25 The closed conformation of hAGO2 cannot be
docked with the complete double stranded siRNA. Hence, using
an iterative refinement of domain orientations55 (AIDA) and
comparative modeling54 (MODELER 9v7), an energetically
favorable open hAGO2 conformation was developed.20,23 The
open conformation of hAGO2 was then utilized to dock with the
unmodified and chemically modified (2′-OMe, 4′-AM-2′-OMe,
2′-MOE, and 2′-OB, Figure 1A) 21−22 nt siRNAs (siRNA2,
siRNA3, siRNA5, and siRNA14, Figure 1B and Table S1,
Supporting Information) using Hex and Glide precision docking
protocols.61 The crystal structure of the KpAGO23 revealed that
the orientation of N-terminal domain allows the extended
nucleic acid binding channel having unobstructed guide−target
pairs. Exploiting this feature, we could dock hAGO2 with 22 nt
siRNA. However, theMD simulations (200 ns) revealed that this
complex was unstable at the 3′-end of the guide strand (beyond
17 nt) and N-terminal domain of the protein. This was reflected
in the RMSD graph of the siRNA−hAGO2 complex (Figure
S2B, Supporting Information). To avoid this fluctuation, the
siRNA was trimmed to 17 nt in further studies. The positions
(g2, g3, g5, and g14) of the four different chemical modifications
and the siRNA sequences utilized in this study are shown in
Figure 1 and Table S1, Supporting Information. Each complex
was subjected to equilibrations, followed by this an unrestrained
MD simulations (particle mesh ewald)72 was performed for 1 μs
using GPU accelerated version73,74 of AMBER 14.58

Structural Stability. The structural stability of the
complexes was assessed by calculating the RMSD of the
backbone atoms of the protein and RNA. The complexes were
found to be globally stable, which were evident from the RMSD
graphs acquired from the MD trajectories (Figure 2A and B and
Supporting Information). The small fluctuations observed in the
RMSD graphs indicate sufficient sampling and time scale
employed in the simulations. To understand the protein-RNA
recognition at the atomistic level, the dynamic features of the
amino acids were calculated. The RMSF values of the protein
backbone reveal that the PAZ domain is most flexible domain the
hAGO2 followed by the PIWI and N-terminal domains. MID
domain was found to be the rigid during the course of MD
simulations (Figure 2C).

Model of hAGO2 and Unmodified siRNA with 17 Base
Pairs. The averaged structure obtained from MD simulations of
siRNA−hAGO2 model (open conformation) is shown in Figure
2D and Figure S3 of the Supporting Information. Structural
alignment of the siRNA−hAGO2 complex and the crystal
structure of hAGO2 (PDB entry: 4W5O) showed notable
differences in the helix-7 and the orientation of the PAZ domain
(Figure 2E). At the domain level, the structural alignment
showed similar secondary structural features (Figure S4,
Supporting Information). The model showed that the binding
pocket of the 5′-phosphate in the guide RNA is recognized by
number of amino acids (AAs)21,22,30 with >98% occupancies
during the course of MD simulations. For the three unmodified
siRNA−hAGO2 complexes studied, the overall siRNA−hAGO2
interactions were found to be similar (Figure S5, Supporting
Information). The RNA base pair parameters and the intra-
molecular contacts in the siRNA were analyzed using X3DNA77

and PTRAJ76 modules. The results showed that 2′-OH of g1
make H-bond with the phosphate backbone of g2, and also the
2′-OHs of other nts at various positions make H-bonds with O4′
in the sugar as reported in the crystal structures (Figure S6,

Table 1. Binding Free Energy Components siRNA−hAGO2 Complexes Calculated from the Last 500 ns of the 1 μs MD
Simulationsa

ΔEELEC ΔEVDW ΔEMM ΔGPB ΔGNP ΔGSOLV ΔHPB TΔS ΔG (ΔΔG)

siRNA3 (2′-OH) −2446 ± 21 −316 ± 9 −2762 ± 23 2472 ± 22 −13 ± 0.6 2459 ± 21 −303 ± 9 −57 ± 3 −246 ± 8

siRNA3 (2′-OMe) −2413 ± 20 −293 ± 12 −2706 ± 22 2443 ± 21 −12 ± 0.4 2431 ± 21 −287 ± 11 −53 ± 4 −234 ± 12 (+12 ± 10)

siRNA3
(4′-AM-2′-OMe)

−2410 ± 23 −274 ± 13 −2684 ± 22 2420 ± 21 −11 ± 0.6 2409 ± 22 −275 ± 8 −51 ± 4 −224 ± 11 (+21 ± 10)

siRNA3 (2′-MOE) −2411 ± 22 −268 ± 11 −2679 ± 21 2418 ± 24 −12 ± 0.6 2406 ± 23 −273 ± 10 −56 ± 3 −217 ± 16 (+28 ± 12)

siRNA3 (2′-OB) −2409 ± 22 −263 ± 10 −2672 ± 22 2411 ± 23 −11 ± 0.7 2400 ± 23 −272 ± 10 −53 ± 4 −219 ± 13 (+27 ± 10)

siRNA2 (2′-OH) −2445 ± 23 −309 ± 11 −2754 ± 23 2469 ± 25 −14 ± 0.8 2455 ± 24 −299 ± 7 −55 ± 3 −244 ± 9

siRNA2
(4′-AM-2′-OMe)

−2391 ± 27 −243 ± 13 −2634 ± 24 2388 ± 21 −12 ± 0.6 2376 ± 20 −258 ± 9 −49 ± 4 −209 ± 14 (+35 ± 11)

siRNA2 (2′-OB) −2388 ± 26 −247 ± 11 −2635 ± 23 2391 ± 25 −10 ± 0.7 2381 ± 22 −254 ± 8 −50 ± 5 −204 ± 13 (+39 ± 11)

siRNA5 (2′-OH) −2445 ± 23 −309 ± 11 −2754 ± 23 2469 ± 25 −14 ± 0.8 2455 ± 24 −299 ± 7 −55 ± 3 −244 ± 9

siRNA5 (2′-OMe) −2452 ± 23 −301 ± 13 −2753 ± 23 2469 ± 24 −13 ± 0.6 2456 ± 20 −297 ± 9 −55 ± 5 −242 ± 10 (+2 ± 9)

siRNA5
(4′-AM-2′-OMe)

−2450 ± 18 −296 ± 12 −2746 ± 24 2464 ± 23 −12 ± 0.8 2452 ± 22 −294 ± 8 −55 ± 4 −239 ± 7 (+5 ± 8)

siRNA5 (2′-MOE) −2404 ± 23 −253 ± 11 −2657 ± 22 2399 ± 21 −10 ± 0.7 2389 ± 21 −268 ± 10 −49 ± 4 −219 ± 14 (+24 ± 12)

siRNA5 (2′-OB) −2445 ± 24 −301 ± 13 −2746 ± 23 2462 ± 22 −13 ± 0.7 2449 ± 21 −297 ± 11 −54 ± 5 −243 ± 8 (+1 ± 8)

siRNA14 (2′-OH) −2450 ± 19 −298 ± 12 −2748 ± 23 2464 ± 24 −14 ± 0.6 2450 ± 23 −298 ± 9 −56 ± 3 −242 ± 7

siRNA14 (2′-OMe) −2455 ± 21 −296 ± 11 −2751 ± 21 2469 ± 22 −13 ± 0.8 2456 ± 24 −295 ± 9 −55 ± 4 −240 ± 8 (+2 ± 7)

siRNA14
(4′-AM-2′-OMe)

−2452 ± 21 −293 ± 10 −2745 ± 22 2466 ± 21 −13 ± 0.8 2453 ± 23 −292 ± 8 −55 ± 5 −237 ± 10 (+5 ± 9)

aAll the values are mentioned in kilocalories per mole. ΔEELEC, electrostatic energy; ΔEVDW, van der Waals energy; ΔEINT internal energy is negligible
in all the cases; ΔEMM = ΔEELEC + ΔEVDW + ΔEINT; ΔGPB, polar solvation free energy; ΔGNP, nonpolar solvation free energy; ΔGSOLV = ΔGPB +
ΔGNP ; ΔHPB = ΔEMM + ΔGSOLV ; TΔS, total entropy contribrution; ΔG = ΔHPB − TΔS, total binding free energy; ΔΔG = ΔGmodified −
ΔGunmodified, difference in the binding free energy. Averaged over 1000 snapshots. All these values are determined using MM-PBSA approach,85

entropy contribrutions using normal-mode analysis.
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Supporting Information).22 The helical parameters of the
siRNAs were similar to those of a typical A-form RNA duplex
(Figure S7, Supporting Information). The motions of the
domains in hAGO2 during the dynamics were analyzed using
principal component analysis of MD trajectories, which revealed
considerable fluctuations in the PAZ domain.87,88 In addition,
two different stretches of loops including one from the PAZ
(N283−G301) and the other from PIWI (H816−R837)
domains were found to fluctuate more as revealed from RMSF
values and cluster analysis (Figures 2C and S8, Supporting
Information).35,39,84 The MM/PBSA energy calculations85 were
performed for all the complexes to find the energy penalties for
the formation of modified RNA−hAGO2 complexes. It was
evident that the electrostatic (ΔEELEC) and van der Waals

interactions (ΔEVDW) are the major factors involved in the
complex formation (Table 1). The polar solvation (ΔGSOLV)
energies were unfavorable in all the cases. To further confirm the
modification induced perturbations in the noncovalent inter-
actions, per-residue energy decompositions78 were estimated for
guide strand nucleotide positions (Table 2). The key results and
their structural and functional implications are discussed below.

Bulky 2′-Sugar Modifications at Position g3 Disturbs
hAGO2 Binding. We have employed four different chemical
modifications at position g3 in the seed region of the guide strand
(Figure 3 and Table S1, Supporting Information). The MD
results of the unmodified siRNA3−hAGO2 complex showed
that, this position is recognized by R792, R795 and Y790, which
make noncovalent interactions with the phosphate backbone and

Table 2. Per-Nucleotide Decomposition Energy (Electrostatic and van derWaals) of Guide Strand Nucleotides in siRNA−hAGO2
Complexes Calculated from the Last 500 ns of the 1 μs MD Simulationsa

g1 g2 g3 g4 g5 g6 g13 g14 g15

siRNA3 (2′-OH) −133 ± 7 −72 ± 3 −96 ± 7 −87 ± 4 −74 ± 2 −59 ± 3 −36 ± 4 −41 ± 4 −33 ± 4
siRNA3 (2′-OMe) −130 ± 9 −73 ± 4 −91 ± 5 −82 ± 5 −73 ± 4 −61 ± 5 −34 ± 7 −40 ± 6 −31 ± 6
siRNA3 (4′-AM-2′-OMe) −106 ± 6 −57 ± 4 2 ± 10 −66 ± 6 −69 ± 2 −59 ± 4 −34 ± 7 −40 ± 5 −32 ± 6
siRNA3 (2′-MOE) −92 ± 7 −54 ± 3 −21 ± 11 −39 ± 4 −67 ± 2 −58 ± 5 −35 ± 4 −41 ± 6 −30 ± 5
siRNA3 (2′-OB) −98 ± 7 −55 ± 4 −23 ± 8 −44 ± 7 −67 ± 4 −58 ± 4 −34 ± 5 −40 ± 3 −33 ± 4
siRNA2 (2′-OH) −135 ± 8 −71 ± 5 −95 ± 9 −89 ± 5 −71 ± 5 −58 ± 6 −35 ± 6 −41 ± 5 −31 ± 6
siRNA2 (4′-AM-2′-OMe) −89 ± 11 −47 ± 7 −69 ± 6 −82 ± 4 −68 ± 3 −53 ± 7 −33 ± 8 −38 ± 5 −28 ± 4
siRNA2 (2′-OB) −76 ± 9 −41 ± 9 −66 ± 7 −74 ± 5 −67 ± 6 −54 ± 7 −28 ± 8 −42 ± 4 −31 ± 4
siRNA5 (2′-OH) −133 ± 9 −66 ± 7 −90 ± 7 −85 ± 4 −68 ± 6 −55 ± 8 −31 ± 9 −40 ± 9 −34 ± 9
siRNA5 (2′-OMe) −128 ± 5 −64 ± 6 −91 ± 5 −84 ± 9 −62 ± 4 −52 ± 6 −33 ± 6 −42 ± 4 −28 ± 4
siRNA5 (4′-AM-2′-OMe) −124 ± 7 −67 ± 7 −87 ± 7 −81 ± 4 −56 ± 11 −51 ± 8 −32 ± 8 −41 ± 6 −32 ± 3
siRNA5 (2′-MOE) −129 ± 5 −66 ± 7 −85 ± 5 −56 ± 5 −7 ± 2 −17 ± 8 −32 ± 11 −39 ± 8 −28 ± 8
siRNA5 (2′-OB) −126 ± 11 −67 ± 5 −94 ± 8 −83 ± 6 −76 ± 9 −57 ± 7 −35 ± 7 −38 ± 7 −29 ± 6
siRNA14 (2′-OH) −133 ± 9 −70 ± 6 −91 ± 11 −88 ± 5 −69 ± 7 −61 ± 7 −36 ± 6 −42 ± 7 −32 ± 4
siRNA14 (2′-OMe) −134 ± 6 −71 ± 6 −92 ± 7 −87 ± 7 −66 ± 7 −59 ± 9 −29 ± 9 −37 ± 6 −33 ± 7
siRNA14 (4′-AM-2′-OMe) −134 ± 7 −70 ± 7 −90 ± 8 −90 ± 7 −70 ± 6 −55 ± 5 −28 ± 9 −31 ± 9 −26 ± 8

aAll the values are mentioned in kilocalories per mole and determined using the MM-PBSA per-residue energy decomposition method.78 The
positions in bold are the modified positions in the correspoding siRNA−hAGO2 complex.

Figure 3. Effect of sugar modifications at position g3 of siRNA3−hAGO2 complexes. Best representative structures from the last 200 ns of the MD
simulations of (A) unmodified, (B) 2′OMe (green), (C) 4′-AM-2′-OMe (magenta), (D) 2′-MOE (yellow) and (E) 2′-OB (brown)modified siRNA3−
hAGO2 complexes. (F) Comparison of RMSFs (Å) from ensemble average of key residues (790−795) in hAGO2 which is interacting at the position g3
of the unmodified (black) and modified siRNAs. Protein is represented in cartoon, interacting AAs residues are represented in sticks. RNA (blue) atoms
and bonds are represented in spheres and sticks, respectively. The black dashed lines indicate the noncovalent interactions between nucleotides of
siRNA and AAs residues of hAGO2.

Journal of Chemical Information and Modeling Article

DOI: 10.1021/acs.jcim.6b00773
J. Chem. Inf. Model. 2017, 57, 883−896

888

http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.6b00773/suppl_file/ci6b00773_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.6b00773/suppl_file/ci6b00773_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.6b00773/suppl_file/ci6b00773_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.6b00773/suppl_file/ci6b00773_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.6b00773/suppl_file/ci6b00773_si_001.pdf
http://dx.doi.org/10.1021/acs.jcim.6b00773


with the 2′-OH group as shown in Figure 3A. Introduction of 2′-
OMe modification at g3 reorients the R795 side chain, however,
all other major interactions are retained. In the case of 4′-AM-2′-
OMe modification, due to the presence of positive charge in the
sugar, electrostatic interactions of both R792 and R795 with the
RNA backbone are severely affected (Figure 3B and C, Figure S9,
Supporting Information). The 4′-C-aminomethyl group of 4′-
AM-2′-OMe nt make a H-bond with N562 (OD1) (Figures 3C
and S9, Supporting Information). The modification leads to the
deviation in the backbone torsions, loss of one W−C base pair
due to the C2′-endo sugar conformation16 and also leads to
electrostatic repulsions with arginine side chains (Figure S10,
Supporting Information). These observations were also
supported by the MM-PBSA free energy calculations (Table 1)
and the per-residue energy decomposition analysis (Table 2).
This could indeed affect the seed region recognition and loading
of modified siRNA into hAGO2, which can lead to the reduced
RNAi activity as observed in experiments.16 Bulky modifications
such as 2′-MOE and 2′-OB disturbs the electrostatic interactions
of R792 and R795 with the backbone of the siRNA as well
(Figure 3D and E, Tables 1 and 2). In the modified siRNA3−
hAGO2 complexes, the amino acids (AA) V791−R795 move
away (∼3 Å) in comparison to the unmodified siRNA−hAGO2,
to avoid the steric clash between AAs (V791 and C793) and
MOE or OB moieties (Figures S10 and S11, Supporting
Information). These observations were also supported by the
fluctuations observed in the RMSF values for the interacting AAs
(Figure 3F).
In addition to the above-described perturbations between

modified siRNA and hAGO2, the 2′-OB and 2′-MOE
modifications also disturb the key electrostatic contacts between
the residue K566with the phosphate backbone of g3 and with the

5′-phosphate of g1.20 The distance between g1 and g3 P atoms in
the unmodified complex was ∼6.5 Å (Figure S12, Supporting
Information). However, in the modified complexes, the
corresponding distances were found to be ∼7.2 Å (2′-OB) and
∼7.6 Å (2′-MOE). These enlarged distances are responsible for
the loss of RNA contacts with K566. Overall, these results show
that bulky and charged sugar modifications at g3 adversely affect
the hAGO2 interactions with siRNA.

Modifications at Position g2 Destabilize 5′-Phosphate
Binding.Depending upon the chemical nature, modifications at
position g2 of the siRNA have deleterious effects on RNAi
activity.14,15 We have performed MD simulations of the
hAGO2−siRNA2 complex, in which the modification (2′-OB
or 4′-AM-2′-OMe) is placed at g2 (Table S1, Supporting
Information). The MD results show that the 5′-phosphate
backbone of g1 and g2 in unmodified siRNA2 make multiple H-
bonds/electrostatic contacts with Q545, Y529, R814, K570,
K566, N551, K550, T526, and Q548, which are important for the
5′-recognition of siRNA by hAGO2 (Figures S4 and S13
Supporting Information). In the presence of the 4′-AM-2′-OMe
modification, noncovalent interactions of siRNA with R814,
K570, N551, K550, and T526 were lost during the course of MD
simulations (Figures 4A and S13, Supporting Information). In
addition, the noncovalent interactions between g1U and the
nucleotide specific loop (P523−P527)31 present in the MID
domain are lost. The 2′-OB modification disturbs the contacts
between g2 and R814, K570, N551, K550, T526 and Q548 AA
residues (Figures 4B and S13, Supporting Information). The loss
of multiple noncovalent interactions, which are necessary for the
5′- phosphate recognition, can lead to inefficient loading of
siRNA into hAGO2, which in turn could affect the RNAi
activity.14 These effects are also reflected in the binding free

Figure 4.MD snapshots showing the binding interactions and conformational effects of 2′-modifications in the clover leaf (position g1 and g2) junction
present at the 5′-guide of siRNA2. The 5′-guide RNA binding pocket in the MID domain (orange) averaged from the last 100 ns of the MD simulations
of (A) 4′-AM-2′-OMe (magenta) (B) 2′-OB (ruby) modified siRNA2−hAGO2 complexes. The black dashed lines indicate the noncovalent
interactions between nucleotides of siRNA and AAs residues of hAGO2. Protein is represented in ribbon and interacting atoms are represented in sticks.
RNA (light blue) is represented in stick and sphere. The conformation of dinucleotide junction in the (C) unmodified, (D) 4′-AM-2′-OMe (magenta),
and (E) 2′-OB (ruby)modified siRNA2−hAGO2 complexes. The dashed line indicates the distance between the 2′-oxygen atoms in position g1 and g2.
(F) Time dependent variations of distance between 2′-oxygen atoms in the g1U and that in g2A of the unmodified (black), 4′-AM-2′-OMe (magenta),
and 2′-OB modified (brown) siRNA2−hAGO2 complexes.
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energies of the modified siRNA2−hAGO2 complexes (ΔΔG ∼
+35 kcal/mol, Table 1), and the loss of noncovalent interactions
is also clearly visible from the per-residue energy decomposition
values (Table 2).
The loss of noncovalent interactions between RNA and

hAGO2 at position g2 can be ascribed to the changes in the
clover leaf shaped unique sugar−phosphate backbone con-
formation formed by position g1 and g2 (Figure 4C).30,89,90 The
clover leaf junction comprises of eight sugar−phosphate
backbone torsions. These torsions in the unmodified siRNA
did not fluctuate throughout the course of MD simulations
(Figure 5). In presence of 4′-AM-2′-OMe, deviations were
observed in the βg2, γg2, and δg2 torsions. These torsional
deviations can be attributed to the C2′-endo sugar conformation
induced by 4′-AM-2′-OMe modification.16 Furthermore, devia-
tions were observed in ζg1 and αg2 torsions, due to the presence of
this modification. In case of the 2′-OB, larger deviations were
observed in ζg1 and αg2 (Figure 5) to minimize the steric clashes
between the modification and the interacting AAs of hAGO2. As
a result the orientation of the nucleotide at the 5′-end of the
guide strand is perturbed (Figure 4B and E). These observations
indicate that studies on the backbone conformations of the
modified nucleotides in an siRNA−hAGO2 complex can be
helpful to place appropriate modification at position g2. These
results also illustrate the possible reasons behind the tolerance of
less bulky modifications having C3′-endo sugar conformation
such as 2′-OMe and 2′-F at position g2.11 It should be noted here
that the ribose sugar in position g1 adopts DNA-like C2′-endo
conformation and from position g2 onward the siRNA adopt
sugar C3′-endo conformation.22,24,25,30,31 Hence, a preorganized
C2′-endo sugar conformation like 2′-deoxy-2′-fluoroarabino

nucleic acid (2′-FANA) at the 5′-end of siRNA is tolerated at
g1 without affecting RNAi.91

Along with backbone torsional changes, the distance between
the 2′-oxygen atoms of g1 and g2 increases or decreases due to
the presence of modifications (Figure 4F). The average distance
between these atoms in the unmodified siRNA was found to be
9.3± 0.3 Å. In the case of 4′-AM-2′-OMe, this distance decreased
(6.1 ± 0.2) due to the C2′-endo sugar conformation at positions
g1 and g2. Whereas in the case of 2′-OB, the distance increased
(11.2 ± 0.5 Å), due to the torsional changes in the clover leaf
geometry induced by modification (Figure 4F). These results
clearly show that depending upon the chemical nature of 2′-
modification, the geometry of clover leaf junction varies, which
could in turn affect the loading of the siRNA into the MID
domain of hAGO2. Therefore, 5′-phosphate modifications
which could impart conformational preorganization at the g1
and g2 positions would facilitate hAGO2 recognition without
sacrificing RNAi activity. This is in fact supported by the
enhanced RNAi activity reported for the 5′-phosphate
modifications such as R-C5′-Me and -C5′-malonyl.92,93

2′-O-Benzyl Moiety at Position g5 Creates a Hydro-
phobic Binding Site in the PIWI Loop. The bulky 2′-MOE
modification in the seed region of siRNA drastically reduces the
RNAi activity.11 Surprisingly, 2′-OB modification and its
derivative (2′-O-methyl-4-pyridine) were tolerated and enhances
the in vivoRNAi activity, when they are placed at positions g5, g8,
g15, and g19.14,15 To unravel the contrasting role of these bulky
modifications, the 2′-OB and 2′-MOE were placed at position g5
in the siRNA5. In the unmodified siRNA5−hAGO2 complex, the
loop of PIWI domain (H753−S760) interacts with the RNA
backbone (Figures 6A and C and S14, Supporting Information).
The 2′-OB modification at g5 had a striking effect on the

Figure 5. Time-dependence of backbone dihedral angles in the clover leaf geometry of the 5′-dinucleotide during the MD simulation of siRNA2−
hAGO2 complexes. The dihedral angle is measured as the angle between the four heavy atoms as depicted on the plots. The dihedrals in the unmodified
(black), 4′-AM-2′-OMe (magenta), and 2′-OB (brown) modified siRNA2 are highlighted using different colors.
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orientation of this loop (Figure 6B and 6D). As a result, the size
of the loop (distance between the Cα atoms in G755 and T759)
widens to a maximum of ∼11 Å, compared to the size of ∼5 Å in
the unmodified siRNA (Figure 6E and F). In this enlarged loop,
H753 restricts the mobility of the benzyl moiety of 2′-OB
modification by forming stacking interactions as shown in Figure
6F. While the loop creates the hydrophobic binding site for the
modification (Figure S15 Supporting Information), a H-bond
between H753 and the RNA backbone is broken. However, the
enlarged loop is stabilized by the formation of internal H-bond
between H753 (NE2) and S760 (OG) (Figure 6G). Stacking of
H753 with the benzyl moiety and the van der Waals interactions
(A754, I756 and Q757) between the loop residues and the
benzyl moiety facilitate the formation of a hydrophobic binding
pocket to accommodate the modification (Figure S15,
Supporting Information). On the other hand, the 2′-MOE
modification at g5 disturbs the H- bond between the H753
(NE2) and RNA backbone. Due to the rigid gauche
conformation adapted by the MOE group,68 the hydrophobic
loop of the PIWI domain moves ∼2.5 Å to avoid the steric clash
with the MOE moiety (Figures S16 and S17, Supporting
Information). The contrasting effects of these two modifications
were also confirmed by the free energy and per-residue energy
decomposition calculations (Tables 1 and 2).
To compare the effects of the two bulky modifications (2′-OB

and 2′-MOE) with the less bulky ones, we introduced 2′-OMe
and 4′-AM-2′-OMe in position g5 of siRNA5. Noncovalent
interactions were preserved during the course of dynamics

without any substantial disturbances with these modifications
(Figure S14 and S16, Supporting Information). The positively
charged 4′-C-aminomethyl group in 4′-AM-2′-OMe does not
disturb the electrostatic interaction between K709 and
phosphate backbone, because K709 points away from the C4′
in sugar moiety (6.2 Å). These observations were further
supported by corresponding free energies obtained from MM-
PBSA and per-residue energy decomposition calculations (Table
1 and 2). Based on these findings, though experimental data is
not available, we speculate the dual modifications such as 4′-AM-
2′-OMe and 4′-C-aminomethyl-2′-deoxy-2′-fluoro (4′-AM-2′-
F)94 will be tolerated at position g5. It is interesting to note here
that an amide modification in the backbone is tolerated at
position g5 of the siRNA.95 This may be attributed to the
orientation of the CO bond in the modification, which is
similar to that of the P−O bond in A-type RNA. Furthermore,
only small changes in the minor and major groove widths were
observed in the central part of the amide modified RNA in
comparison to a typical A form RNA.95

Altogether, the results presented here suggest that structure
sensitive chemical modifications in appropriate positions of
siRNA could modulate the atomic level interactions between
siRNA and hAGO2. Also, our results underscore the deficiencies
in using static computational models to map the effect of
chemical modifications in siRNA on hAGO2 binding. For
example, based upon a docked structure, one could envision that
the introduction of bulky 2′-OB moiety at the g5 position of
siRNA would affect the noncovalent contacts with hAGO2.

Figure 6. MD snapshots and distance graphs depicting the hydrophobic binding site in the PIWI loop of hAGO2 formed in the presence of 2′-OB
modification. Best representative structure from the last 200 nsMD simulations of the (A) unmodified siRNA5 and (B) 2′-OBmodified siRNA5 and the
PIWI loop (751−764) in hAGO2. Protein (PIWI loop) is represented in cartoon (green, with loop radius setting of ∼0.6). RNA is represented in
cartoon; guide (blue) and passenger (red) strands are highlighted. The approximate position of G755 and T759 residues are highlighted using red dots,
and black line indicate the distance between these residues. The best representative structures from the last 200 ns of the MD simulations of (C)
unmodified and (D) 2′-OB (ruby) modified siRNA5−hAGO2 complexes. The black dashed lines indicate the noncovalent interactions between
nucleotides of siRNA and AAs residues of hAGO2.MD snapshot of the (E) unmodified (blue) and (F) 2′-OB (ruby) modified nucleotide at position g5
along with the loop (green) from the PIWI domain. The orange line indicates distance between H753 (NE2) and S760 (OG). Black dashed line
indicates the distance between C-alpha atoms in the G755 and T759 residues. AAs in the protein is represented in sticks, RNA is represented in spheres
and sticks. (G) Time-dependence of H-bond distance fluctuations between the heavy atoms of H753 (NE2) and S760 (OG) in the 2′-OB-siRNA5−
hAGO2 (brown) complexes. (H) Time-dependence of distance between the C-alpha atoms in G755 and T759 (highlighted as red circle in parts E and
F) from the simulations of unmodified siRNA5 and 2′-OB-siRNA5−hAGO2 complex.
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However, the MD simulations presented here give unique
insights on the accommodation of this modification by the
formation of hydrophobic pocket.
Modification at Position g14 Retains the Noncovalent

Interactions with hAGO2. A recent report suggested that the
incorporation of chemical modifications including 2′-OMe and
2′-F units at position g14 of siRNA decreases RNAi efficiency.42

A static model of siRNA−hAGO2 complex was used to
rationalize these findings. Based on this model, it was suggested
that the steric clashes between the glutamine rich region in the
PIWI domain, and the modification is responsible for decrease in
the RNAi activity.42 This observation led us to explore the
binding interactions between 2′-OMe and 4′-AM-2′-OMe
modifications at g14 using our model. MD results showed that
Q633, F676, Q677, and Q678 make H-bonds with the backbone
of the unmodified siRNA14 (Figures 7 and S18, Supporting
Information). Presence of 2′-OMe at g14 leads to loss of
noncovalent interactions with Q633, however, I638 makes H-
bond with the backbone. All other interactions were retained
without any substantial deviations. In the case of 4′-AM-2′-OMe,
the interaction with Q678 with the backbone is lost after 200 ns
of simulations, and all other interactions were retained as in the
unmodified siRNA14 (Figure S18, Supporting Information). In
addition, there were no significant difference in the ΔΔG values
(Table 1 and 2) in the presence of modifications at position g14,
which indicate the favorable binding of modified siRNA with
hAGO2. The effect of modifications at position g14 on RNAi
may be due to the unfavorable interactions between the siRNA
and hAGO2 during the other steps involved in the RNAi

mechanism.2,96,97 It should also be noted here that a number of
other studies showed moderate to high tolerance of sugar
modifications at position g14.11,98,99

■ SUMMARY AND CONCLUSIONS

The hAGO2, endonuclease protein, involved in the RNAi
machinery was modeled to accommodate the double stranded
siRNA (2−17 nt base pairs, guide-passenger/target) using recent
crystal structures andmodeling results.22,23,30 This model mimics
the hAGO2−siRNA or the hAGO2-guide-target mRNA
complex involved in the RNAi pathway. Using this model and
microsecond MD simulations, modification induced structural
changes of hAGO2 were studied using a set of 2′-sugar modified
(2′-OMe, 2′-MOE, 2′-OB, and 4′-AM-2′-OMe) siRNAs. At
positions g2, g3, and g5, of the siRNA guide strand, we were able
to delineate how the key siRNA−hAGO2 noncovalent
interactions are modulated depending upon the nature of
chemical modifications (Table 3). The structural perturbations
on hAGO2 imparted by chemical modifications, when they are
present at the seed region of siRNA guide strand, can affect the
siRNA loading and which in turn may affect RNAi activity.
At position g3, as in siRNA3, the 2′-bulky or positively charged

modifications (2′-MOE, 2′-OB, 4′-AM-2′-OMe) disturb the key
noncovalent interactions of siRNA and hAGO2. Sugar
modifications (4′-AM-2′-OMe and 2′-OB) at position g2
(siRNA2), which is next to the 5′-end of the guide strand lead
to the loss of key noncovalent interactions with the hAGO2, and
induce deviations in the sugar−phosphate backbone torsions
(clover leaf geometry). Hence, at positions g2/g3 less bulkier and

Figure 7. MD snapshots depicting the siRNA14-hAGO2 interactions in the presence of modifications at position g14 of siRNA. Best representative
structure from the last 200 ns of the MD simulations of (A) unmodified, (B) 2′-OMe (light green), and (C) 4′-AM-2′-OMe (magenta) modified
siRNA14- hAGO2 complexes. The black dashed lines indicate the noncovalent interactions between nucleotides of siRNA and AAs residues of hAGO2.
The representations of protein and RNA are described as in Figure 3.

Table 3. Summary of Tolerance of the Chemical Modifications at Various Positions in siRNA Observed in the Experiments (exp)
and from the MD Simulation (model) Study

2′-OH 2′-OMe 4′-AM-2′-OMe 2′-MOE 2′-OB

mod. positions model exp model exp model exp model exp model exp

g2 + + nda − − − nd − − −
g3 + + + + − − − − − −
g5 + + + + + nd − − + +
g14 + + + − + nd nd − nd −

and denotes not determined. The + represents the chemical modification in siRNA is tolerated. And − represents the modification is poorly or not
tolerated. The gn represents the nth position of the nucleotide in the guide strand. The position g3 in siRNA3 and the positions g2, g5, and g14 in
siRNA2, siRNA5, and siRNA14, respectively, are shown above. The sequences of all siRNAs are shown in Figure 1B.
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neutral chemical modifications such as 2′-deoxy-2′, 4′-
difluoro100 and 2′-F, 4′-Me could be used to retain RNAi
activity. At position g5, to accommodate bulky aromatic
modification such as 2′-OB, formation of a hydrophobic binding
pocket was observed. Therefore, we predict that incorporation of
modification like 2′-O-imidazolylmethyl at this position could
enhance the stacking of imidazole ring of the histidine side chain
with the modification and thereby facilitate the siRNA loading
into hAGO2. At position g14, our model show that modifications
(2′-OMe and 4′-AM-2′-OMe) do not alter the key siRNA−
hAGO2 contacts.
The model of hAGO2−siRNA complex presented here could

be used for the structure based design of novel therapeutically
appealing siRNAs. Importantly, the conformational changes of
hAGO2 in the presence of chemical modifications in siRNAwere
observed only after 200−300 ns of MD simulations. This
warrants the use long time-scale simulations in the microsecond
range to probe the precise effect of chemical modifications on
hAGO2 binding. Altogether, the present study offers a
benchmark for the MD simulations of hAGO2 with chemically
modified siRNAs. Structural evidence of the modified siRNA−
hAGO2 complexes is required to further validate the defined
conformational changes and atomic contacts observed from the
MD simulations.
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Analysis of domain orientations in AGO protein. This analysis was performed in order to 

gather the domain distance parameters required to generate an open conformational model of 

hAGO2. The crystal structure of hAGO2 reported in complex with only guide RNA/miRNA (PDB 

entry: 4F3T) in which the 3'-end of the RNA interacts with the PAZ domain (Figure M1A). In this 

structure, the distance between the PIWI and PAZ (central cleft) domain (24.9 Å) is measured as a 

distance between the C-alpha atoms of Q632 and K263. The distance between the MID and PAZ (21.7 

Å) domain is measured as a distance between the C-alpha atoms of R527 and T251. The distance 

between the N-terminal and PAZ domain (18.4 Å) is measured as a distance between the C alpha atoms 

of P67 and V330. Structure of hAGO2 reported in complex with guide-target (2-9 nt base pairing; PDB 

entry: 4W5O), in which the 3'-end of the RNA is interacting at the PAZ domain (Figure M1B). The 

domain distances were calculated using the same C-alpha atoms as in the hAGO2-guide RNA/miRNA 

complex structures. The distance between the MID and PAZ, PIWI and PAZ domains were increased 

from 8 to 10 Å upon the binding of target RNAs. In Thermus thermophilus AGO (TtAGO) in complex 

with guide: target DNA (2-19 base pairing; PDB entry: 4NCB), the distance between the PIWI and PAZ 

(central cleft) domain (24.9 Å) is measured as a distance between the C-alpha atoms of S572 and T201 

(Figure M1C). The distance between the MID and PAZ domain (27 Å) is measured as a distance 

between the C-alpha atoms of S572 and T201. The distance between the N-terminal and PAZ domain 

(33 Å) is measured as a distance between the C-alpha atoms of G61 and K230. The accommodation of 

duplex in TtAGO increases the distances between the N-terminal and PAZ around 15 Å, but the 

accommodation of guide: target DNA duplex in hAGO2 increases the distance between PIWI and PAZ 

domain around 12 Å (Figure M1D). Structural alignment of hAGO2 in complex with guide-target (2-9 

nt base pairing; PDB entry: 4W5O) and TtAGO in complex guide: target DNA (2-19 nt base pairing; 

PDB entry: 4NCB) shows that the major conformational changes are in the PAZ domain (Figure M1E). 

The RMSD between the two structure is 4.5 Å. The significant difference was seen in the orientation 

of PAZ and N-terminal domains in the enzymes (Figure M1F). All these structural alignments were 

carried out using DALI algorithm.1 
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Figure M1. Distances between the domains and structural alignment of the argonaute proteins, N-

terminal (blue), MID (orange), PIWI (green), PAZ (magenta), L1 (wheatish), L2 (cyan) domains and 

the guide or miRNA (blue) and the target RNA (red). The protein is represented in cartoon with ribbon 

or cylindrical helices. RNA is represented in spheres and sticks. (A) The guide RNA/miRNA-hAGO2 

complex (PDB entry: 4F3T), in which the 3'-end of the RNA is interacting at the PAZ domain. (B) The 

guide-target RNA-hAGO2 complex (2-9 nt base pairing; PDB entry: 4W5O), in which the 3'-end of 

the RNA is interacting at the PAZ domain. (C) The guide: target DNA-Thermus thermophilus AGO 

complex (2-19 nt base pairing; PDB entry: 4NCB). (D) Structural alignment of guide:target-hAGO2 
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complex (2-9 nt base pairing; green; PDB entry: 4W5O) and guide: target DNA-TtAGO complex (2-

19 base pairing; magenta; PDB entry: 4NCB). (E)  Structural alignment of guide RNA-hAGO2 

complex (yellow; PDB entry: 4F3T) and guide RNA-TtAGO complex (green; PDB entry: 3DLH). 

Black lines indicate the distance between the PIWI and N-terminal domain in hAGO2 and TtAGO. (F) 

Structural alignment of TtAGO and hAGO2 to show the conformational changes (black line) observed 

upon target RNA binding to the guide RNA in TtAGO. Similar conformational changes were not 

observed in the hAGO2 during target mRNA binding.2 

Energy optimized structure and RESP charge of 2’-O-benzyl nucleotide  

 
Atom name ESP charge Atom name ESP charge 

P    1.104552 O2’ − 0.261245 

O1P − 0.679190 CM2 − 0.078544 

O2P − 0.679190 1HM’    0.051256 

O5’ − 0.286067 2HM’    0.051256 

C5’ − 0.166710 CB1    0.154247 

1H5’    0.052807 CB2 − 0.188974 

2H5’    0.052807 1HB’    0.140662 

C4’    0.352368 CB3 − 0.159608 

H4’    0.045827 2HB’    0.131426 

O4’ − 0.540710 CB4 − 0.155290 

C1’    0.248076 3HB’    0.122372 

H1’    0.112758 CB5 − 0.159608 

N1    0.121107 4HB’    0.131426 

C6 − 0.363940 CB6 − 0.188974 

H6    0.235136 5HB’    0.140662 

C5 − 0.302491 C3’    0.065419 

H5    0.169742 H3’    0.146812 

C4    0.602168 O3’ − 0.421742 

O4 − 0.574387   

N3 − 0.364529   

H3    0.319754   

C2    0.453765   

O2 − 0.543213   

C2’    0.015673   

H2’    0.092313   
Figure S1. Energy optimized geometry and calculated RESP charges for the 2’-O-benzyl (2’-OB) 

nucleotide using HF/6-31G* basis set in Gaussian 09 program.3-5 
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Docked structure and RMSD graph of the siRNA3-hAGO2 complex 

 
Figure S2. Docked structure and RMSD graph from the MD simulations of siRNA3 (22 nt) and 

hAGO2 complex. (A) Docked structure of the unmodified siRNA3-hAGO2 complex. Protein is 

represented in cartoon, RNA backbone in cartoon and atoms in sticks. siRNA guide strand is shown 

in red and the passenger strand is shown in blue. (B) RMSD graph of hAGO2 (black) and siRNA 

(red) from the MD simulations. RMSD is calculated using the equilibrated structure as the reference. 
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Model of siRNA3-hAGO2 complex emerged from the MD simulations 

 

Figure S3. Model of siRNA3-hAGO2 complex emerged from the MD simulations. (A) Overall 

structure of siRNA3-hAGO2 complex. Protein is represented in cartoon and siRNA is represented in 

sticks and spheres. (B) Best representative structure of the hAGO2 protein, in which the siRNA was 

removed to show the central nucleic acid binding channel. The tunnel is highlighted in grey. Protein 

is represented in surface. (C) Best representative structure of siRNA3 to show the A-type RNA 

duplex. siRNA is represented in cartoon (D) Superimposed crystal structure of siRNA guide strand 

(green, PDB entry: 4W5O) and the siRNA3 (red) emerged from the MD simulations. (E) Structural 

alignment of TtAGO crystal structure (blue, PDB entry: 4NCB) and hAGO2 model (red). (G) 

Structural alignment of hAGO2 crystal structure (green, PDB entry: 4W5O) and hAGO2 model (red). 
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Structural comparison between the hAGO2 model and the crystal structure  

 
Figure S4. Architecture of the 5’-binding pocket in the MID domain and the structural alignment of 

domains between the crystal structure of hAGO2 (green, 2-9 nt base pairing, PDB entry: 4W5O) and 

the hAGO2 model (purple) emerged from the MD simulations. The 5'-guide RNA binding pocket in 

the MID domain of the protein averaged from the last 200 ns of the MD simulations of (A) siRNA2-

hAGO2 complex and (B) the hAGO2 crystal structure.  Protein is represented in ribbon, interacting 

atoms are represented in sticks. RNA is represented in stick and spheres. Water molecules are shown 

as small non-bonded red coloured spheres. Inter molecular H-bonds are shown in dashed lines. Water 

mediated contacts made by R814 with the 5'-phosphate in which the side chain is significantly 

rotated. All the intermolecular contacts are ≤ 3.3 Å and are present during 98 % of the total simulation 

time. (C) Structural alignment of the linker 2, which acts as a hinge and shifts around 4 Å to 

accommodate the target RNA binding. Protein domains are represented in cartoon. (D) Alignment of 

the MID domain (RMSD ~1.5 Å) shows the rigidity of the domain indicated by the less 

conformational changes. (E) Alignment of N-terminal domain (RMSD ~2.3 Å) shows the moderate 

flexibility of the domain. (F) Alignment of PIWI domain(RMSD ~3 Å).  
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Schematic representation of the noncovalent interactions in unmodified siRNA-

hAGO2 complex 

 

   
Figure S5. Schematic representation of the siRNA-hAGO2 noncovalent interactions observed from 

the MD simulations of (A) siRNA3-hAGO2, (B) siRNA2/siRNA5-hAGO2 and (C) siRNA14-

hAGO2 complexes. The interactions represented here are present >40 % of the last 800 ns MD 

simulations. All other interactions having < 25 % occupancies were discarded. 

H-bond interactions in the siRNA3 

 
Figure S6. Intramolecular H-bond interactions in the siRNA3 during the course of MD simulations 

of siRNA3-hAGO2 complex. (A) H-bonds between 2’-OH and O4’ in the consecutive nucleotides 

represented by black dashed lines. siRNA is represented in cartoon, guide strand in blue and the 

passenger strand in red. (B) H-bond interaction between 2’-OH and oxygen (OP1) between g1 and 

g2 indicated by black dashed lines. (C) Time-dependence of H-bond distance between g1 (2’-OH) 

and g2 (5’-phosphate) as shown in Figure S6B. The average H-bond distance is 2.6 Å.  
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Local base pair parameters of siRNA2/5 

 

  
 

 

 

 
 

 

 

 

Figure S7. Local RNA base pair parameters from the MD simulations of the unmodified 

siRNA2/siRNA5-hAGO2 complex. The parameters are calculated from the ensemble averaged 

structure from the last 200 ns of the MD simulations using X3DNA. These parameters for the 

unmodified siRNA3 and siRNA14 were found to be similar with those of the unmodified siRNA5. 

The translational intra base pair helical parameters such as stretch, shear and stagger are mentioned 

in Å. And the rotational intra base pair helical parameters such as propeller, buckle and opening are 

mentioned in degrees.  
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Principal component and cluster analysis of the hAGO2  

 

 
 

Figure S8. Principal component and cluster analysis of the hAGO2 and the unmodified siRNAs from 

the MD simulations. (A) First principal component mode of motion for the protein. Similar results 

were seen in RMSF of the protein (Figure 2C, main text). Arrows indicate direction of the motion 

and the length of the arrows indicate the amplitude of the motion. The arrows in L1 and PAZ domain 

indicates that 50% motion in the first principal component. Protein is represented in cartoon. (B) 

Second principal component mode of motion of the protein. The first two principal component of the 

protein motion corresponds to the 80% motion of the MD trajectory. The most rigid domains are 

MID and PIWI. (C) Best representative structures from the 10 clusters are shown to depict the 

stability and motion of the protein domains. Protein is represented in ribbon. The disordered loops in 

PAZ and PIWI domains are highlighted in magenta. (D) Rotated (55°) view of the best representative 

structures from the 10 clusters, which reveal the nucleic acid binding channel.  
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Time-dependence of key H-bond/electrostatic interaction distances in the siRNA3-

hAGO2 complexes  

 
K566 (NZ)•••(OP2) g3 

 
 

R792 (NH1)•••(OP1) g4 

 

Y790 (OH)•••(OP1) g4 

 

R795 (NH1)•••(O2’) g3 

 
  

N562 (OD1)•••(4’-C-NH2) g4 

 
 

 

 

Figure S9. Time-dependence of key H-bond distances during the course of MD simulations of the 

siRNA3-hAGO2 complex. The H-bonds are measured as the distances between the heavy atoms as 

mentioned above the graph. Black line indicates the H-bond distance with a cut-off value of 3.3 Å. 

The distances in the unmodified (grey), 2'-OMe (green), 4’-AM-2'-OMe (magenta), 2’-MOE 

(yellow), and 2’-OB (brown) modified siRNAs are highlighted using different colours.  
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Electrostatic and van der Waals energies of the siRNA3-hAGO2 complexes 

  

A 
R792 

 

B 
R795 

 
C 

V791 

 

D 
C793 

 
Figure S10. Electrostatic and van der Waals interaction energies betweeen g3 in siRNA3 and AAs 

in hAGO2 during the course of MD simulations. (A) Electrostatic interaction energies between g3 of 

siRNA and R792 in the PIWI domain. (B)  Electrostatic interaction energies between g3 of siRNA 

and R795 in the PIWI domain. (C) Van der Waals interaction energies between g3 of siRNA and 

V791 in the PIWI domain. (D)  Van der Waals interaction energies between g3 of siRNA and C793  

in the PIWI domain of hAGO2. The energies in the unmodified (grey), 2'-OMe (green), 4’-AM-2'-

OMe (magenta), 2’-MOE (yellow), and 2’-OB (brown) modified siRNAs are highlighted using 

different colours. The interacting AAs are mentioned above the graph. 
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MD snapshots around g3 of the unmodified and the modified siRNA3-hAGO2 

complexes 

 

 
Figure S11. Averaged MD snapshots from the last 200 ns of simulations depicting the key 

interactions between and position g3 in the siRNA3 and the AAs in the PIWI domain. (A) 

Unmodified (blue), (B) 2’-MOE (yellow), and (C) 2’-OB (brown) modified siRNAs. Only the 

interacting AAs are shown for clarity. AAs in the protein are represented in green sticks. RNA atoms 

and bonds are represented in spheres and sticks, respectively. The unmodified and the modified 

nucleotides are highlighted using different colours. The black dashed lines indicate the non-covalent 

interactions. 

 

Phosphate distance between g1 and g3 in the siRNA3-hAGO2 complexes 

A 

 

B 

 
 

Figure S12. Phosphate distance between the guide strand nucleotides (g1 and g3) in the 

unmodified and in the modified siRNA3-hAGO2 during the course of MD simulations. (A) 

Electrostatic interaction between lysine (K566) in the MID domain and the phosphate 

backbone in g1 and g3 of siRNA. Black dashed lines indicate the electrostatic contacts. Cyan 

dashed line indicates the distance between the two phosphate atoms in g1 and g3. Protein is 

represented in cartoon and RNA is represented in spheres and sticks. (B) Time-dependence of 

distance between the phosphate atoms in g1 and g3 during the course of MD simulations. The distances 

in the unmodified (grey), 2'-OMe (green), 4’-AM-2'-OMe (magenta), 2’-MOE (yellow), and 2’-OB 

(brown) modified siRNAs are highlighted using different colours. 
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Time-dependence of key H-bond/electrostatic interaction distances in siRNA2-hAGO2 

complexes  

K533 (NZ)•••(5’-P) g1 

 

R814 (NH1)•••(5’-P) g1 

 
K570(NZ)•••(5’-P) g1 

 

Q545 (NE2)•••(5’-P) g1 

 
Q548 (NE2)•••(O2') g1 

 

K566(NZ)•••(5’-P) g1 

 
N551 (ND2)•••(OP2) g2 

  

K550(NZ)•••(OP1) g2 

 
Figure S13. Time-dependence of key H-bond distances during the course of MD simulations of 

siRNA2 -hAGO2 complexes. The H-bond is measured as the distance between the heavy atoms as 

mentioned above the graphs. Black line indicates the H-bond distance with a cut-off value of 3.3 Å. 

The distances in the unmodified (black), 4’-AM-2'-OMe (magenta), and 2’-OB (brown) modified 

siRNAs are highlighted using different colours. 
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Time-dependence of key H-bond/electrostatic interaction distances in the siRNA5-

hAGO2 complexes  

K709 (NZ)•••(OP1) g6 

 

R792 (NH1)•••(OP2) g4 

 

Y804 (OH)•••(OP1) g5 

 

S798 (OG)•••(OP2) g5 

 

H753 (ND1)•••(OP2) g6 

 
 

 

Figure S14. Time-dependence of key H-bond distances during the MD simulations of siRNA5- 

hAGO2 complexes. The H-bond is measured as the distance between the heavy atoms as mentioned 

above the graphs. Black line indicates the H-bond distance with a cut-off value of 3.3 Å. The 

distances in the unmodified (black), 2'-OMe (green), 4’-AM-2'-OMe (magenta), 2’-MOE (yellow), 

and 2’-OB (brown) modified siRNAs are highlighted using different colours.  
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Van der Waals interaction energies between 2'-OB modification in the siRNA5 and 

amino acids in the PIWI domain of hAGO2  
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Figure S15. Van der Waals interaction energies between 2’-OB and the AAs in the PIWI domain 

during the course of MD simulations of siRNA5-hAGO2 complex. The interacting AAs are 

mentioned above the graphs.   
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MD snapshots of position g5 in the unmodified and in the modified siRNA5 -hAGO2 

complexes 

MD snapshots of the loops around g5 in the unmodified and in the 2’-MOE modified 

siRNA5-hAGO2 complexes 

A 

 

B 

 

C 

 
Figure S17. MD snapshots depicting the orientation of the hydrophobic loop around position g5 in 

the unmodified and 2’-MOE modified siRNA5-hAGO2 complexes. Best representative structures 

from the last 200 ns of the MD simulations of (A) unmodified and (B) 2’-MOE modified siRNA5-

hAGO2 complexes. (C) Superposition of the averaged structure of unmodified (blue) and 2’-MOE 

(yellow) modified siRNA5-hAGO2 complexes.  

 
Figure S16. MD snapshots depicting the binding interactions around position g5 of the unmodified 

and the modified siRNA5-hAGO2 complexes. Best representative structures from the last 200 ns of 

the MD simulations of (A) unmodified, (B) 2’-OMe (green), (C) 4’-AM-2’-OMe (magenta) and (D) 

2’-MOE (yellow) modified siRNA5-hAGO2 complexes. Protein is represented in cartoon, 

interacting AAs are represented in sticks, RNA is represented in spheres and sticks.  The black 

dashed lines indicate the non-covalent interactions between nucleotides of the siRNA and 

the AAs of hAGO2. 
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Time-dependence of key H-bond distances in the siRNA14-hAGO2 complexes  

Q633 (N)•••(OP1) g14 
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Q678 (NE2)•••(OP2) g15 

 
Figure S18. Time-dependence of the key H-bond distances during the MD simulations of siRNA14 

and hAGO2 complexes. The H-bond is measured as the distances between the heavy atoms as 

mentioned above the graphs. Black lines indicate the H-bond distance with a cut-off value of 3.3 Å. 

The distances in the unmodified (black) and 2'-OMe (green), 4’-AM-2'-OMe (magenta) modified 

siRNAs are highlighted using different colours. 
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Time-dependent RMSD graphs of the siRNAs and the hAGO2 

Time-dependent root-mean-square deviation (RMSD) graphs of backbone heavy atoms in 

the siRNA (P, O5’, C5’, C4’, C3’, and O3’; red) and in the hAGO2 (CA, C, and N; black) 

calculated with respect to the initial structure after equilibrations. Each graph is labelled with 

the specific name of the complex used (Table S1, Supporting Information) 
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siRNA sequances used in the MD simulations 

No Sequence (passenger: guide) Modification siRNA code  

1       5'-GGCCUUUCACUACUCCUACUU-3' 

 3'-UUCCGGAAAGUGAUGAGGAUGA-5'        

Unmodified siRNA3 (2’-OH) 

2       5'-GGCCUUUCACUACUCCUACUU-3' 

 3'-UUCCGGAAAGUGAUGAGGAUGA-5'        

2'-OMe siRNA3 (2'-OMe) 

3       5'-GGCCUUUCACUACUCCUACUU-3' 

 3'-UUCCGGAAAGUGAUGAGGAUGA-5'        

4'-AM-2'-OMe siRNA3 (4'-AM-2'-

OMe) 

4       5'-GGCCUUUCACUACUCCUACUU-3' 

 3'-UUCCGGAAAGUGAUGAGGAUGA-5'        

2'-MOE siRNA3 (2'-MOE) 

5       5'-GGCCUUUCACUACUCCUACUU-3' 

 3'-UUCCGGAAAGUGAUGAGGAUGA-5'        

2'-OB siRNA3 (2'-OB) 

6      5'-AUAAGGCUAUGAAGAGAUAUU-3'      

3'-UUUAUUCCGAUACUUCUCUAU-5'            

Unmodified siRNA2/siRNA5 

(2’-OH) 

7      5'-AUAAGGCUAUGAAGAGAUAUU-3'      

3'-UUUAUUCCGAUACUUCUCUAU-5'            

4'-AM-2'-OMe siRNA2 (4'-AM-2'-

OMe) 

8      5'-AUAAGGCUAUGAAGAGAUAUU-3'      

3'-UUUAUUCCGAUACUUCUCUAU-5'            

2'-OB siRNA2 (2'-OB) 

9      5'-AUAAGGCUAUGAAGAGAUAUU-3'      

3'-UUUAUUCCGAUACUUCUCUAU-5'            

2'-OMe siRNA5 (2'-OMe) 

10      5'-AUAAGGCUAUGAAGAGAUAUU-3'      

3'-UUUAUUCCGAUACUUCUCUAU-5'            

4'-AM-2'-OMe siRNA5 (4'-AM-2'-

OMe) 

11      5'-AUAAGGCUAUGAAGAGAUAUU-3'      

3'-UUUAUUCCGAUACUUCUCUAU-5'            

2'-MOE siRNA5 (2'-OMe) 

12      5'-AUAAGGCUAUGAAGAGAUAUU-3'      

3'-UUUAUUCCGAUACUUCUCUAU-5'             

2'-OB siRNA5 (2'-OB) 

13       5'-GGUUAACAGCGAUCUGAUAUU-3'     

 3'-UUCCAAUUGUCGCUAGACUAU-5' 

Unmodified siRNA14 (2’-OH) 

14       5'-GGUUAACAGCGAUCUGAUAUU-3'    

 3'-UUCCAAUUGUCGCUAGACUAU-5' 

2'-OMe siRNA14 (2'-OMe) 

15       5'-GGUUAACAGCGAUCUGAUAUU-3'     

 3'-UUCCAAUUGUCGCUAGACUAU-5'  

4'-AM-2'-OMe siRNA14 (4'-AM-

2'-OMe) 

Table S1. siRNA sequences and position of the modifications used in the MD simulations 

studies. The sequences of the siRNA are shown completely (22nt), but only 17 nt (from 5'-end 

of guide RNA) base pairing was used in MD studies. The position of modification is 

highlighted in red color. 
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