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-overhang interaction to improve
siRNA specificity. A combined experimental and
modeling study†

Adele Alagia, ‡*ab Andreia F. Jorge, ‡*c Anna Aviñó, ab Tânia F. G. G. Cova, c

Ramon Crehuet, a Santiago Grijalvo, ab Alberto A. C. C. Pais c

and Ramon Eritja *ab

The understanding of the dynamical andmechanistic aspects that lie behind siRNA-based gene regulation is

a requisite to boost the performance of siRNA therapeutics. A systematic experimental and computational

study on the 30-overhang structural requirements for the design of more specific and potent siRNA

molecules was carried out using nucleotide analogues differing in structural parameters, such as sugar

constraint, lack of nucleobase, distance between the phosphodiester backbone and nucleobase,

enantioselectivity, and steric hindrance. The results established a set of rules governing the siRNA-

mediated silencing, indicating that the thermodynamic stability of the 50-end is a crucial determinant for

antisense-mediated silencing but is not sufficient to avoid sense-mediated silencing. Both theoretical

and experimental approaches consistently evidence the existence of a direct connection between the

PAZ/30-overhang binding affinity and siRNA’s potency and specificity. An overall description of the

systems is thus achieved by atomistic simulations and free energy calculations that allow us to propose

a robust and self-contained procedure for studying the factors implied in PAZ/30-overhang siRNA

interactions. A higher RNAi activity is associated with a moderate-to-strong PAZ/30-overhang binding.

Contrarily, lower binding energies compromise siRNA potency, increase specificity, and favor siRNA

downregulation by Ago2-independent mechanisms. This work provides in-depth details for the design of

powerful and safe synthetic nucleotide analogues for substitution at the 30-overhang, enabling some of

the intrinsic siRNA disadvantages to be overcome.
Introduction

The discovery of the RNA interference (RNAi) pathway1 and the
identication of the small interfering RNA (siRNA) molecule as
an RNAi trigger2 have simplied the study of gene function and
attracted a great deal of attention to the development of next-
generation medicine, able to treat any disease-related gene.3,4

Over the past 15 years, remarkable advances were reported in
the development of siRNA-based therapeutics, enlarging the
number of ongoing clinical trials and patents in this eld.5,6 The
challenges in converting siRNA molecules into efficient drugs
are their easy degradation under physiological conditions, their
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unwanted gene silencing, commonly called off-target effects,
their potential to trigger innate immune responses, and their
low ability to be internalized in cellular compartments. To
circumvent these intrinsic siRNA disadvantages, two strategies
are commonly adopted: (i) the chemical modication of the
basic building blocks of the natural siRNA and (ii) the incor-
poration of siRNAmolecules into smart vehicles to facilitate cell
delivery.6,7 The development of chemical modications has
been the focus of recent research, in which attention has been
directed towards RNA modications that enable the avoidance
of sense strand-mediated and miRNA-like off-targeting
effects.8–12

In more detail, the ability of the RNAi machinery to control
gene expression essentially relies on preventing translational
initiation,13 while in contrast, the introduction of synthetic
siRNA molecules into cells results in sequence-specic endo-
nucleolytic cleavage of the target mRNA.14 The siRNA molecules
are short double-stranded RNAs, approximately 21 nucleotides
(nt) in length, bearing 2-nt overhangs at both 30-ends. One
strand is named antisense (AS) or guide, whereas the comple-
mentary strand is termed sense (SS) or passenger. The siRNA
molecule is initially incorporated into the RISC in double
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 The chemical modifications used in this study. (a) 20-Deoxy-
thymidine (dT); (b) 20-O-methyl-uridine (OMe); (c) phosphorothioate
thymidine (PS); (d) b-L-20-deoxythymidine (MIR); (e) 1,4-anhydro-2-
deoxy-D-ribitol (RIB); (f) acridinyl-L-threoninol (ACR); (g) thymine
glycol nucleic acid (GNA) and (h) L-threoninol-thymine (THR). The
schematic representation of siRNA illustrates the nucleotide sequence,
where X defines the position for chemical modification conjugation.
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stranded fashion, then a process called RISC maturation results
in the dissociation of siRNA SS from AS, permitting the recog-
nition of the target messenger RNA (mRNA).15 The process of
siRNA loading requires the action of the RISC-Loading Complex
(RLC), which includes the DICER, Argonaute2 (Ago2) and TRBP
(HIV-1 TAR RNA Binding Protein) proteins.16,17 The Ago2
protein, known as the slicing effector of the RNAi process, is
a cradle-shaped protein of four domains: MID (middle), PIWI
(P-element-induced wimpy testes), PAZ (Piwi/Argonaute/Zwille),
and N-terminal. The PIWI domain folds into an RNase H-like
structure and contains the catalytic triad “DDH” necessary for
slicing activity. The N-terminal domain, acting as a molecular
wedge, supports the siRNA unwinding process during the RISC
maturation step. Both termini of the siRNA AS bind to the MID
and PAZ domains; the MID anchors the 50-phosphorylated end
whereas the 30-overhang is buried into the PAZ cle.16,18–20 The
incorrect loading of the siRNA strand into RISC has double
negative effects (i) the downregulation of those RNA sequences
complementary to SS and (ii) the reduction of the freely avail-
able RISC for AS-mediated silencing.21 The synthetic siRNA may
in addition function like a natural microRNA (miRNA), sup-
pressing the translation of genes through the interaction
between the seed region of siRNA AS, in positions 2–8 from 50-
end, with the 30-UTR of mRNA only requiring partial
homology.21

The combination of computational and experimental
methodologies has recently permitted description of the Ago2
conformational changes (e.g. the two-state model of the PAZ/30-
overhang assembly and the lodge/dislodge motion of the AS 30-
overhang from the PAZ domain) essential for siRNA unwinding,
target recognition and slicer-dependent silencing.22,23 To ach-
ieve valuable insights about the role of the Ago2’s PAZ domain
in gene silencing, diverse theoretical approaches, such as
protein-siRNA docking,24–26 all atom molecular dynamics (MD)
simulations27,28 or the combination of more than one approach,
have been employed.23,29–31 The introduction of natural and
chemical modications at the 30-overhang,24,26–28 50-end,25,32,33

central positions and seed region29,34 of the siRNA molecule has
allowed for understanding their effect on the Ago2 functional
mechanisms. In addition, the siRNA properties, such as ther-
modynamic asymmetry, A-form helix, central mismatches/
bulges, and target strand accessibility have been determined
as pivotal hallmarks for siRNA-mediated gene silencing.35–38 A
direct correlation between the PAZ/30-overhang binding affinity
and siRNA potency/specicity has been suggested through
experimental and theoretical approaches.34,39,40 Nevertheless,
there is still controversy about whether the presence of a PAZ
domain is important for siRNA recognition, and also, whether
stronger or weaker binding with the PAZ domain facilitates or
hampers RNAi activity.24,30,41–43 Despite recent advances,
a systematic study on how the PAZ/30-overhang binding affini-
ties are modulated by the 30-overhang structure is still lacking.
Also, no systematic studies on SS-mediated off-target silencing
have been reported.

Herein, we aim to analyze experimentally the contribution of
the 30-overhang structure in the AS-/SS-mediated silencing of
siRNA molecules bearing chemical modications at the 30-
This journal is © The Royal Society of Chemistry 2018
overhang, including thymidine (dT), 20-O-methyl-uridine (OMe),
phosphorothioate thymidine (PS), L-threoninol-acridine (ACR),
2-deoxyribitol (RIB), thymine glycol nucleic acid (GNA), b-L-
thymidine (MIR) and L-threoninol-thymine (THR) (see Fig. 1).
The importance of both siRNA overhangs is also assessed using
siRNA with blunt ends. Further insights into the potential role
of TRBP and Ago2 in AS-/SS-mediated silencing and cleavage-
dependent gene downregulation are also provided. In
a complementary part, a complete theoretical study based on
MD simulations is performed to evaluate the thermodynamic
and structural parameters involved in the interaction of the
most representative analogs studied experimentally with the
PAZ domain of human Argonaute (hAgo).
Results
Silencing potencies of 30-modied siRNAs

To investigate the contribution of the 30-overhang to siRNA
potency, we rst modied the end nucleotides of the AS- and SS-
siRNA strands, see Fig. 1 and Tables S1 and S2† for the siRNA
design details. The 30-overhang modications can be generally
sorted into ve classes: (i) thymidine (dT), 20-O-methyl-uridine
(OMe), and phosphorothioate (PS), belonging to commonly
used residues; (ii) thymine glycol nucleic acid (GNA) and L-
threoninol-thymine (THR), two acyclic nucleotide mimetics; (iii)
b-L-thymidine (MIR), an enantiomer of the natural thymidine;
(iv) L-threoninol-acridine, an acyclic derivative attached to
a bulky aromatic ring system (ACR), and (v) 2-deoxyribitol (RIB),
an abasic derivative. These modications were selected to
provide complete insight into the role of the physico-chemical
nature of modied nucleotides on the siRNA potency, such as
sugar constraint, lack of nucleobase, distance between the
Chem. Sci., 2018, 9, 2074–2086 | 2075
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phosphodiester backbone and nucleobase, enantioselectivity,
and steric hindrance.

As a measure of the siRNA potency, the half-maximal
inhibitory concentration (IC50) values were quantied in the
HeLa cells using dual luciferase assay (see Table 1). siRNA
modied with two dT nucleotides at the 30-overhang (wt) was
considered as the control. As shown in Table 1, the lack of
nucleobase at the AS 30-overhang (RIB2) has a detrimental effect
on the siRNA efficiency causing a drastic reduction in the IC50

values to about 5-fold lower with respect to the wt (RIB2 ¼ 34.1
pM vs. wt ¼ 6.3 pM). A reduction in the siRNA potency was also
observed for the siRNA carrying MIR (MIR2 ¼ 8.2 pM) and ACR
(ACR2 ¼ 7.7 pM) demonstrating that there might be some
degree of enantioselectivity in PAZ recognition and conrming
the negative effect of the bulky aromatic derivatives at the 30-end
of the AS, as described elsewhere.38,44 The GNA and PS moieties
gave rise to similar IC50 values, GNA2 ¼ 6.4 pM and PS2 ¼ 5.1
pM, resembling the value obtained for wt. OMe and THR are
clearly the most active modications applied (OMe2 ¼ 4.4 pM
and THR2 ¼ 3.3 pM), but the conjugation of THR in the 30-
overhang of AS leads to the highest degree of siRNA silencing.

Theoretically, due to the rational design of our siRNA
sequence,4,38 the modication of AS 30-overhang with high-
affinity derivatives for PAZ binding should enhance the prefer-
ential incorporation of the AS leading to weaker SS-mediated
silencing. The values of IC50 obtained for siRNAs modied at
the SS present a narrow distribution, showing a lower contri-
bution of the complementary strand to the overall potency of
siRNA. In fact, the potency of siRNA is considered to be inter-
connected with the binding affinity of the PAZ/30-overhang
siRNA, according to the two-state model of Argonaute action.22,23

A rationale for these results will be provided by MD simulations.

The 30-overhang structural features of the canonical siRNA
duplex affect the SS-mediated off-target silencing

For the success of siRNA therapeutics, the development of
chemical modications able to attain, simultaneously, high
Table 1 The half maximal inhibitory concentration (IC50, pM) of
30overhang-modified siRNAs

siRNA
30-End,
AS strand

30-End,
SS strand Potency (IC50 � SD)

wt dT dT 6.3 � 0.5
OMe2 OMe dT 4.4 � 0.6
PS2 PS dT 5.1 � 0.3
RIB2 RIB dT 34.1 � 0.5
ACR2 ACR dT 7.7 � 0.5
MIR2 MIR dT 8.2 � 0.7
GNA2 GNA dT 6.4 � 0.4
THR2 THR dT 3.3 � 0.6
OMe3 dT OMe 5.6 � 0.5
PS3 dT PS 7.3 � 0.2
RIB3 dT RIB 8.2 � 0.4
ACR3 dT ACR 4.3 � 0.7
MIR3 dT MIR 9.1 � 0.4
GNA3 dT GNA 5.9 � 0.5
THR3 dT THR 7.5 � 0.4

2076 | Chem. Sci., 2018, 9, 2074–2086
silencing efficiency and on-target specicity is required to
overcome the inherent siRNA hindrances. In order to evaluate
the inuence of the chemical modications anchored at the 30

overhang, either in the AS- or SS-mediated silencing, psi-
CHECK2 vectors assay was carried out.

Comparing the data shown in Fig. 2A and B, a high consis-
tency between the values is obtained for AS-mediated silencing,
revealing in all cases high silencing efficacy. This suggests that
siRNA specicity is mainly driven by the thermodynamic
stability of the siRNA duplex and secondarily affected by the 30-
overhang composition. SS-mediated silencing is generally less
efficient in Renilla knockdown, and interestingly, this response
is strongly inuenced by the composition of the 30-overhang.
For instance, the introduction of RIB (RIB3) and ACR (ACR3)
moieties at the SS 30-overhang produces a reduction of the SS-
mediated silencing, enhancing the siRNA silencing specicity
(Fig. 2B). In the presence of OMe3 and PS3, the values of AS- and
SS-mediated silencing are comparable. A fairly degree of
silencing specicity is found for SS modied with MIR3, GNA3
and THR3. Interestingly, the modication of AS with THR,
correspondent to THR2, promotes the highest silencing potency
(Table 1), and in addition, its level of silencing specicity is also
the highest among all modications tested (Fig. 2A).

Our data demonstrates that through chemical modication
of the 30 overhangs of both AS and SS, we can modulate the
extent of SS-mediated off-target silencing, proving not only the
importance of this overhang to RISC incorporation but also that
Fig. 2 The AS/SS-mediated silencing analysis of the canonical siRNA
molecules bearing chemical modifications at the 30-overhang. The
knockdown efficiency of the antisense (AS) and sense (SS) strands is
plotted as a percentage (SD; n ¼ 3) of the normalized Renilla luciferase
expression. The luciferase activity of the mock transfected cells (only
vectors) was designed as 100%. All tested siRNAs were transfected at
a concentration of 1 nM and the silencing activities were measured at
24 h post-transfection. (A) unmodified (wt) and AS 30-overhang
modified siRNAs (OMe2, PS2, RIB2, ACR2, MIR2, GNA2, and THR2), (B)
SS 30-overhangmodified siRNAs (OMe3, PS3, RIB3, ACR3, MIR3, GNA3,
and THR3), (C) unmodified (wt5) and AS 30-overhang modified siRNAs
(OMe5, PS5, RIB5, ACR5, MIR5, GNA5, and THR5) and blunt-ended SS,
and (D) unmodified (wt4) and SS 30-overhang modified siRNAs (OMe5,
PS5, RIB5, ACR5, MIR5, GNA5, and THR5) and blunt-ended AS.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 The AS-mediated silencing of the antisense 30-overhang
modified siRNA molecules in the presence of non-active siRNA
competitors; SCR (scrambled non-active siRNA bearing both 30-
overhangs), BLT (scrambled non-active siRNA without both 30-over-
hangs) and FREE (non-active RISC-free siRNA). siRNA competitors
were added 4 h prior to siRNA transfection at a concentration of
30 nM. The AS 30-overhang modified siRNA molecules were trans-
fected at a concentration of 1 nM and the silencing activities were
measured at 24 h post-transfection (n ¼ 3 � SD). As a control, the
luciferase activity of the cells transfected with the vector alone and
vector plus competitors were assessed. No downregulation of the
Renilla expression was observed. The luciferase activity of mock
transfected cells (vector plus competitors for AS + SCR, AS + BLT, AS +
FREE, or the vector alone for AS) was set as 100%.
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this approach is valuable for improving siRNA-driven
specicity.

The presence and nature of the 30-overhang regulate the SS-
mediated off-target silencing

To further examine the correlation between the modication at
the 30-overhang and siRNA silencing specicity, the 30-overhang
was trimmed from both the siRNA strands and the AS-/SS-
mediated silencing was measured, see Fig. 2C and D.

Comparing the references of the blunt-ended siRNAs, wt4
and wt5, with the general reference, wt (Fig. 2A), differences in
the Renilla expression can be seen, especially when the SS
overhang is trimmed. Indeed, looking at the AS/SS silencing
prole of the SS-blunt ended siRNAs (Fig. 2C), a general
improvement of the siRNA specicity is observed, compared to
the canonical siRNAs (Fig. 2A), conrming that the design of
structurally asymmetric siRNAs could be exploited for the
production of siRNA molecules with a higher degree of
specicity.

An exception is found for OMe modication (OMe5), where
the results with blunt-ended SS mirror the AS/SS silencing
abilities of the canonical siRNAs OMe2 and OMe3. A large
improvement of the siRNA specicity is obtained by the modi-
cation of the AS 30-overhang with THR residues with blunt-
ended SS, eliminating almost completely the SS-mediated off-
target silencing. In addition, data illustrates that the impair-
ment of SS-mediated silencing depends on the nature of the AS
30-overhang, and a good correlation exists between the data of
Fig. 2A and C, despite the distinct magnitudes.

On the other hand, if the 30-overhang belonging to AS is
trimmed, regardless of the modication in the SS 30-overhang,
the SS-mediated silencing of the blunt-ended antisense siRNAs
(Fig. 2B) is powerful, and the siRNA specicity is poor. These
ndings provided further evidence on the hypothesis claiming
a rule hierarchy for strand incorporation and SS-mediated
silencing. The strong activity of AS ($95% of Renilla expres-
sion) leads to consideration of the siRNA thermodynamic
asymmetry as the principal determinant for siRNA activity,
while the composition and presence of the siRNA 30-overhangs,
acting as auxiliary elements, are especially important for siRNA
specicity.

The AS-mediated silencing prole of the AS 30-overhang
modied siRNAs depends on the cellular competitive
environment

Next, we sought to evaluate how the silencing prole of our
modied siRNA molecules might change in the presence of
non-active siRNAs with different competitive characteristics. In
what follows, we focused our attention on the modications
that were shown to be more relevant in terms of their silencing
potency and specicity. We reasoned that the competition
between an active and non-active (scramble) siRNA bearing
both 30-overhangs might impact stronger on the siRNA activity
compared to a competitor lacking both 30 dangling ends. In
light of this hypothesis, we assessed the AS-mediated silencing
of the siRNAs bearing the dT, OMe, PS, RIB, ACR, and THR
This journal is © The Royal Society of Chemistry 2018
modications in the presence of canonical scrambled siRNA
(SCR), blunt-ended scrambled siRNA (BLT), as well as free-RISC
siRNA (unable to be loaded into the Ago proteins) (Fig. 3).

As expected, the competition is more pronounced in the
presence of scramble siRNA bearing both 30-overhangs (AS +
SCR) compared to the blunt-ended competitor (AS + BLT). The
trend obtained for modied siRNA is reproducible for all
competitors tested, showing an AS-mediated silencing activity
of the wt, OMe2, PS2, and THR2 siRNAs stronger than for RIB2
and ACR2 siRNA. Interestingly, ACR2 siRNA is always the most
effective in silencing and maintains approximately the same
percentage of silencing in the presence of any competitor.

These data indicate that the incorporation of siRNA with
overhangs is preferred over the incorporation of their struc-
turally blunt-ended variants, thereby corroborating the AS- and
SS-mediating ndings. Furthermore, the different behavior
found for ACR might suggest additional non-specic interac-
tions that should be explored in more detail.
The presence of the TRBP protein plays a role in AS/SS-
mediated silencing

The TRBP protein is an important RNAi co-factor involved in
Dicer processing and in sensing the siRNA asymmetry.17 The
Dicer/TRBP complex binds the siRNA directionally: siRNA’s less
stable end is preferentially bound by Dicer, whereas TRBP
interacts with the more stable end. In order to determine
whether the TRBP asymmetry sensing features might be
important for the siRNA specicity, we transfected the MEF and
TEF TRBP�/� cells with several modied siRNA molecules
(Fig. 4A–D). In the presence of TRBP, the siRNA specicity
Chem. Sci., 2018, 9, 2074–2086 | 2077
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showed similar silencing pattern in both the MEF and HeLa
cells (Fig. 2 and 4), ACR3 being the only exception.

For SS-mediated silencing, the absence of TRBP affects the
silencing to the largest extent. As a general trend, a reduction of
the SS-mediated silencing is observed for the modications of
OMe, PS and THR conjugating to AS (OMe2, PS2, and THR2).
Conversely, the siRNAs RIB2 and ACR2 preserve the percentages
of silencing either in the presence or absence of TRBP. In the
case of having the SSs modied, in general, a reduction can be
seen in SS-mediated silencing for modications OMe3, PS3,
ACR3 and THR3 and there is no effect on RIB3. Thus, the
selection carried out by TRBP seems to depend on the nature of
the 30-overhang modications and on the strand selected.

These data suggest that, without the TRBP protein, the 30-
overhang structural asymmetry plays a stronger role in siRNA
specicity, but interestingly, there are exceptions for RIB2 and
ACR2. Likely, the absence of TRBP that bridges Dicer to Ago2
might preferentially commit the sensing of the siRNA asym-
metry to the Ago2 protein.
The structure of the 30-overhang is decisive for Ago2-
dependent gene silencing

Upon observing large differences in the silencing potencies and
specicities imposed by our modied siRNAs, along with some
pieces of evidence supporting the existence of different path-
ways of silencing, we wondered how these modications might
impact on the Ago2 function. To investigate whether the
improper recognition by Ago2 and/or altered hybridization with
target mRNA is the basis of the silencing outcomes, the Ago2-
mediated silencing was inspected (Fig. 5).

Interestingly, our results show that the RIB2 and ACR2 siR-
NAs are able to downregulate the target mRNA in the MEF and
Fig. 4 The AS/SS-driven silencing profile of the canonical siRNA
molecules in the MEF and TEF TRBP�/� cells. The knockdown effi-
ciency of the antisense (AS) and sense (SS) strands is plotted as
a percentage (n ¼ 3 � SD) of the normalized Renilla luciferase
expression. The luciferase activity of the mock transfected cells (only
vectors) was designed as 100%. All the tested siRNAs were transfected
at a concentration of 1 nM and the silencing activities were measured
at 24 h post-transfection in the MEF and TEF TRBP�/� cells.

2078 | Chem. Sci., 2018, 9, 2074–2086
MEF Ago2�/� cells. Indeed, RiB2 can effectively reduce mRNA
silencing in ca. 50% in the absence of Ago2. In contrast, OMe2,
PS2 and THR2 are shown to completely abolish their silencing
effect, when transfected in cells without Ago2. The Ago2-
independent silencing ability of ACR2 and RIB2 might rely on
Ago1-mediated silencing or enhanced mRNA decay. Thereby,
these results clearly demonstrate that, depending on the
modications introduced at the 30-overhang of siRNA, different
siRNA silencing pathways are activated.
The interaction between the modied siRNA 30-overhangs and
the PAZ domain is modeled by molecular dynamics

The experimental ndings consistently indicate a dependency
of the measured parameters on the nature of the chemical
modications introduced at the last two nucleotides of the 30-
overhang. During the mechanism of silencing, the 30-region of
the siRNA binds, releases and rebinds to the PAZ domain in
a cyclic manner, making this dynamic interaction reportedly
essential for RNAi activity.45,46 Here, hypothesizing that the PAZ/
30-overhang interaction plays a role in the trends reported
experimentally, we carried out MD simulations to quantitatively
evaluate the ability of each modied compound to bind PAZ
domain. All the siRNA molecules modeled are equivalent to
those studied experimentally in terms of the 30-overhang
modications and nucleotide sequence. The simulated systems
are summarized in Table 2. We compared the energetic data
obtained from the simulation of the two distinct X-ray crystal
coordinates for PAZ/30-overhang RNA (PDB ID: 1SI2 (set I)47 and
PDB ID: 4F3T (set II))18 see Fig. 6A and B.

To cover a broader conformational space, we decided to start
sampling from these two alternative crystal structures and
perform a set of independent short simulations for all the
modied siRNAs, each starting with different initial velocities.
It is known that Ago1 and Ago2 share 82% of their amino acid
sequence.48 In this section we will assess whether the
Fig. 5 The siRNA silencing ability in the MEF and MEF Ago2�/� cells.
The RenillamRNA reduction in theMEF andMEF Ago2�/� cells. 1 nM of
the unmodified (wt) and modified (OMe2, PS2, RIB2, ACR2, and THR2)
siRNAs were co-transfected with a psiCHECK2 (AS) reporter. After
24 h, the cells were harvested for RNA extraction and qRT-PCR
measurement [n¼ 3� SD]. The mock transfection, only the psicheck2
AS vector, was set as 1.

This journal is © The Royal Society of Chemistry 2018
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Table 2 Summary of the PAZ/siRNA complexes under study

Set/PDB code Simulated structure
Simulation length
(ns) Number of replicates

Set I/1SI2 PAZ: RNA dT–dT30 31 6
PAZ: RNA RIB–RIB30 31 6
PAZ: RNA ACR–ACR30 31 6
PAZ: RNA PS–PS30 31 6
PAZ: RNA OMe–OMe30 31 6
PAZ: RNA THR–THR30 31 6

Set II/4F3T PAZ: RNA dT–dT30 31 6
PAZ: RNA RIB–RIB30 31 6
PAZ: RNA ACR–ACR30 31 6
PAZ: RNA PS–PS30 31 6
PAZ: RNA OMe–OMe30 31 6
PAZ: RNA THR–THR30 31 6
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differences between the proteins affect their interaction with
siRNA. Eventually, if differences occur in the interaction of the
substituted siRNA and PAZ domain from the distinct Ago
families, they might provide some insight on the pathway fol-
lowed by RIB and ACR modied siRNAs. The details of the
simulation procedures are provided in the Materials and
methods section of the ESI.†

For all simulated systems, the conformational uctuations
of the PAZ and RNA structures were inspected in terms of the
root-mean-square displacement (RMSD) with respect to the
starting structures (Fig. 6, S1 (set I) and S2 (set II)†). In set II,
both PAZ and 4-nt RNA dT–dT30 were found to be stable along
the production run (Fig. 6C and D), and also for other modied
siRNAs (Fig. S2†). A notable exception was detected for the PAZ
domain in the presence of siRNAmodied with ACR (Fig. S2C†),
where a higher uctuation of the RMSD values is observed. In
set I, the lower uctuation of the RMSD values indicates a stable
behavior of PAZ and the RNA AS, whereas a higher dri was
detected for SS (Fig. S1†). This may be related to a poor SS/PAZ
contact and a low base pairing with AS (with only 7-bpmatches).
In general, the use of independent simulations allowed us to
explore a large conformational space, as shown by the distinct
RMSD ranges attained individually. The low stability observed
in some replicas can be ascribed to the starting structures,
which were randomly generated by computing different initial
velocities to produce independent runs. In all cases, stable
values of the RMSD were observed in 31 ns, indicating a suffi-
ciently long simulation time.

The dynamic character of the PAZ domain is supported by
tracking the Ca atoms of the PAZ backbone for all systems,
using standard root-mean-square uctuation (RMSF) analyses
(Fig. 6E and F). In the literature, the PAZ domain is reported as
the most exible domain of Ago proteins.30,31 Comparing with
the unmodied system, siRNA with 30-overhang bearing dT,
similar RMSF trends are observed in the modied siRNA
systems, with deviations associated only with the exible loops.
For set I, the destabilization of the loops comprised between a-
helix-I and II (HI–HII) and b-strands 4 and 5 (b4–b5) is higher in
the presence of RNAmodied with PS, albeit quite similar to the
ones modied with OMe, dT and THR. In contrast, ACR and RIB
This journal is © The Royal Society of Chemistry 2018
tend to stabilize the region comprised between b4–b5. For set II,
the substitution with PS promotes a reduction in the PAZ
residue uctuation in almost all exible loops. siRNA-THR–
THR30 follows exactly the same trend as siRNA modied with
PS. The ACR modication induces a destabilization of the
residues located in the loop formed between b4–b5 and a-helix 3
(HIII).
The modication in the 30-overhang affects the affinity of
binding in the PAZ/siRNA complexes

The free energies of binding were calculated from simulations
through the Generalized Born and surface area continuum
solvation (MM-GBSA) methodology. MM-GBSA has been used
for the prediction of the binding energies of protein–small
ligand and nucleic acid–small ligand systems,49–51 since it offers
a good compromise between efficiency and accuracy, providing
relevant information on the distribution of the binding energies
of comparable systems and rationales for energy differences.52

Multiple short simulations with different initial velocities were
performed to maximize the conformational sampling. This
approach has been routinely implemented.49,52–55

Fig. 7 presents the mean values of the free energies esti-
mated through the MM-GBSA method and from the 6 replicated
simulations of set I and set II. The data were computed for all
the PAZ/30-overhang complexes, considering the last 10 ns of the
production runs. The binding free energies were further
decoupled into the individual components (see Tables S5 and
S6†).

From Fig. 7, it is suggested that the interaction between PAZ
and siRNA is an energetically favorable process (DGbind < 0) for
all chemical modications. It should be noted that different
crystal structures (set I and set II) show binding energies that
follow comparable trends, although they present shied abso-
lute values.

In set I, the positioning of the dT and OMe analogues in the
last 2-nt of the 30overhang displays high affinity to the PAZ
domain, with mean values of �124 and �119 kcal mol�1,
respectively. Slightly lower affinity (DGbind¼�112 kcal mol�1) is
shown when PS is used. In an opposite trend, the inclusion of
nucleic acid derivatives either destitute of any nucleobase (RIB)
Chem. Sci., 2018, 9, 2074–2086 | 2079
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Fig. 6 The feasibility and structural stability of the MD simulations. (A)
and (B) represent the crystal structures used as the initial atomic
coordinates for MD simulations after addition and minimization of the
missing amino acid residues. In (A), the structure of PAZ from hAgo1
bound to the double-stranded 9-mer siRNA was taken from PDB ID
1SI2. In (B), the PAZ domain from hAgo2 bound to 4-mer miRNA was
obtained from PDB ID 4F3T. The RNA strands are colored in green
whereas the PAZ domains are colored in orange. The 30-overhang of
siRNA is bound to the PAZ cleft generated by a-helix 3 (HIII) and b-
sheet 4 (b4) along one face and the b7 and the loop produced between
along the opposite face. (C) and (D) are the RMSD profiles for PAZ and
siRNA-dT–dT30 corresponding to set II, calculated from the heavy
atoms with the Ca atoms pertaining to the PAZ backbone and from
RNA heavy atoms (P, O30, O50, C30, C40, and C50). The first frame of
production simulation was used as the RMSD reference structure.
Each RMSD curve corresponds to the 6 independent MD replicas. (E)
and (F) show the RMSF for the backbone atoms of the PAZ domain
from the hAgo1 and hAgo2 bound to the unmodified and modified
siRNAs, respectively. Each RMSF curve represents the average of the
analyses from the 6 MD simulations.

Fig. 7 The binding energies, calculated using the MM-GBSA meth-
odology, for all systems under study. The white dots represent the
mean values of the free energy, calculated from 6 independent MD
simulations (the values represented as black dots). The kernel distri-
butions, represented by different colors, correspond to the estimated
statistical distribution of the binding energies. Blue denotes the
simulations started from the crystal coordinates of PDB ID 1SI2 and
orange corresponds to those started from the crystal coordinates of
PDB ID 4F3T. Tables S5 and S6 in the ESI† summarize the specific
values obtained individually for each simulation and for the averaged
data compiled from the 6 replicates.
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or with a bulky nucleobase modication (ACR), combined with
a deep modication of the ribose ring, reduces the binding
affinity (RIB: DGbind ¼ �94 kcal mol�1 and ACR: DGbind ¼
�96 kcal mol�1). In the case of substitution of the 30-overhang
with THR, an intermediate strength of binding to the PAZ
domain is observed, with DGbind¼�103 kcal mol�1. In set II, all
the modications proved to bind effectively to the PAZ domain
2080 | Chem. Sci., 2018, 9, 2074–2086
following the same trend of set I (wt: DGbind ¼ �67 kcal mol�1,
PS: DGbind ¼ �68 kcal mol�1, THR: DGbind ¼ �61 kcal mol�1,
ACR: DGbind ¼ �60 kcal mol�1, OMe: DGbind ¼ �59 kcal mol�1

and RIB: DGbind ¼ �44 kcal mol�1), with the exception of OMe,
for which the binding affinity of Ago2 to PAZ is lower. The
binding energies for PAZ/30-overhang siRNA are in good agree-
ment with the experimental data (see Table 1). The MD results
also suggest similar low binding affinities for ACR and RIB. The
stronger binding associated to dT, PS, OMe and THR seems to
dictate their higher potency of silencing (dT: IC50 ¼ 6.3 pM, PS:
IC50 ¼ 5.1 pM, OMe: IC50 ¼ 4.4 pM, THR: IC50 ¼ 3.3 pM), while
the weaker affinities of PAZ to RIB and ACR (RIB: IC50 ¼ 34.1
pM, ACR: IC50 ¼ 7.7 pM) are reected by the respective lower
values of the RNAi activity.

The energy differences between set I and II can be correlated
with the level of structural complexity of the siRNA molecules,
i.e., the distinct RNA secondary structures and chain lengths.
The DGbind values obtained for set I have a wide dispersion,
although this is smaller in set II. This results in the sampling of
a larger region of the conguration space for MD trajectories of
the same overall length; this is supported by the RMSD proles
(Fig. S1 and S2†). The higher number of siRNA nucleotides in
set I promotes an increase in the degrees of freedom upon
binding and, thus, a higher uctuation. Furthermore, while the
MM-GBSA binding energies may have signicant absolute
errors, the relative energies between similar compounds
binding the same host are much more accurate.56–58 This also
explains the large shi between the two crystal structures,
despite following the same trend.

The decomposition of the binding free energy into different
components (see eqn (S2)†) gives additional information about
This journal is © The Royal Society of Chemistry 2018
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the nature of the interaction. DGbind was calculated as the sum
of the gas-phase energies, including the coulombic and van der
Waals energies, and solvation free energies. The electrostatic
contribution was calculated using GB theory, a non-polar part
calculated using the solvent accessible surface area, and the
translational entropy, including the rotational and vibrational
terms. Focusing initially on data compiled for set I (Table S5†),
it can be seen that, irrespective to the modied siRNAs, favor-
able DGnonpol are obtained, suggesting that non-polar and
hydrophobic interactions are relevant components for complex
formation. An additional contribution of electrostatics is also
identied, but to a lower extent (low negative values for DGpol).
DGpol for ACR modication is unfavorable, while DGnonpol

remains close to the value found for the unmodied counter-
part, as a direct consequence of the partially hydrophobic
character of the ACR moiety. The threoninol backbone is also
shown to hamper the electrostatic contribution, considering the
reduced contribution of the DGpol calculated for both the THR
and ACR analogues.

Set II (Table S6†) shows the same behavior for the energetic
contributions, but for these complexes polar interactions
become almost always unfavorable. In fact, the direct inter-
molecular electrostatic interactions, DEELE, are favorable, as in
set I, but they are largely surpassed by the desolvation penalties
upon binding.
Different binding modes in complexes of PAZ bound to
modied 30-overhang siRNA are found

To inspect in detail the contribution of the structural and
chemical features of modied 30-overhang in PAZ binding, we
conducted a characterization of the most contributive residues
in the complex interface by means of per-residue decomposi-
tion analysis. In addition, hydrogen bond analysis was also
performed. The values obtained for per-residue decomposition
using MM-GBSA method are summarized in Tables S7 (set I)
and S8 (set II).† Taken together, the analysis of the per-residue
free energy and H-bonds allows the complete identication of
the residues involved in PAZ–siRNA interaction.

For set I (Table S7†), the residues that stand out for their
contribution in the formation of the PAZ/siRNA wt complex are
the basic K264, R275, K276, R278, K313, and K333 and the
hydrophobic M273, all with DGbind signicantly lower than
�2 kcal mol�1. This is observed in all systems, with some uc-
tuations in the respective intensity, as may be anticipated by the
differences in DGbind. All these residues seem to be involved
through hydrogen bonds/salt bridges (distance # 3.5 Å) in the
anchorage of siRNA, as represented in Fig. S3A† and establish
interactionsmainly with the intermediate residues of siRNA, UAG.
Specically, the hydrophobic M273 was found to interact with the
sugar ring of the 50-end of the siRNA complementary strand. The
aromatic ring of F292 further contributes to the AS anchorage, to
a lower extent, by interacting with the nucleobase of the last nt,
dT30. Less relevant in terms of the individual free energy contri-
bution is an ensemble of other proteic residues, mainly located in
the PAZ binding pocket that collectively strongly interacts with the
last 2-nt of siRNA. By inspecting the per-residue free energy andH-
This journal is © The Royal Society of Chemistry 2018
bond behavior in set II, a high similarity between the two sets of
simulations was found (Table S8 and Fig. S3B†). As observed in set
I, the short AS of siRNA is attached to PAZ by the cooperative
action of the H-bonds (not discarding also the possibility of salt
bridge formation), Fig. S3B,† in which R277, Y311 and K335 show
high relevance, as conrmed by the individual free energies (Table
S8†). The range of free energies calculated to the last and second-
last thymidine, varying from�4 to�15 kcal mol�1, displays good
agreement with the DGbind values, obtained by ITC measure-
ments, for the PAZ domain from hAgo2 complexed to deoxy-
nucleosides monophosphate.41

Information about the underlying H-bonds in the interface
of the complex was obtained by the analysis of the instanta-
neous bond-formation using an in-house algorithm, leading to
the representation of H-bond prevalence during the last nano-
seconds of production run. Fig. 8A shows the most prevalent H-
bonds in complex PAZ/siRNA-dT–dT30 (set II), which display
a pattern compatible with the individual binding affinities re-
ported in Table S8.† Some interactions are found to be dynamic,
with variable lifetimes in the range of picoseconds, conrming
that adequate sampling was achieved. The recognition of the
siRNA 30-overhang by the PAZ domain of Ago2 is guided by the
interaction of electronegative oxygens from the phosphodiester
group and the amide groups of H271, H316, and R315, and by
the carbonyl group of Y311 (Fig. 8D). Also, the terminal 30-
hydroxyl group of dT30 binds to Y338. The last two 30-overhang
residues are oriented in parallel and well anchored to the
hydrophobic amino acid P295 and polar Q297, which are
located in b4, and to the charged amino acids K335, T337 and
Y338 located in b7 of PAZ. This structural orientation of
unmodied RNA is in good agreement with crystal data.18

The RIB and ACR modications reduce the intermolecular
contact, maintaining the interaction solely by two or three
stable hydrogen bonds, and contact with b4 is avoided (Fig. 8B
and C). If the nucleobase is removed from the nucleoside, as in
RIB, contact between PAZ and siRNA is preferentially estab-
lished by RIB30 and the protein residues Y311 and Y338. With
ACR, contact is preferentially made with the protein residues
located in the loop’s b2–b3 and b7, such as H316, K335, H336
and T337. ACR perturbs the b5 and a short part of HIII, as
indicated by RMSF analysis (Fig. 6F).

For modication with PS, the contributions of the amino acids
are quite similar to the ones found for unmodied siRNA (Fig. 9A),
indicating a negligible impact of this modication on the inter-
action with PAZ. The PS groups reside in the same positions as the
equivalent phosphates in siRNA with dT, but less H-bonds are
formed, due to the presence of sulphur atoms. The simulation of
siRNA modied with OMe presents less ability to form H-bonds
(Fig. 9B). The loss of H-bonds and reduction of DGbind consis-
tently demonstrate the same trend. The complexes formed
between PAZ/siRNA modied with THR possess a moderate
number of H-bonds that occur in a transient mode (Fig. 9C).
Resembling ACR and RIB, THR30 does not interact with b4.

In the case of set I (see Fig. S4 and S5†), for complex PAZ/
unmodied siRNA, the bonds linking the non-bridging
oxygens of the phosphodiester backbone of the last nt and the
polar AAs, H269 and Y309, and the linking between the terminal
Chem. Sci., 2018, 9, 2074–2086 | 2081
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Fig. 8 The interaction of the PAZ domain from hAgo2 with the modified siRNAs. Panels (A)–(C) represent the occupancies of the most
prominent hydrogen bonds formed between the PAZ binding pocket and 2-nt modified nucleotides in the siRNA 30-overhang, dT–dT30, RIB–
RIB30, and dT–ACR30, respectively. The data represented correspond to the last 11 ns from one MD simulation arbitrarily selected from the 6 MD
replicas. The best representative snapshots of the complexes modified with dT–dT30, RIB–RIB30 and dT–ACR30 are illustrated in panels (D), (E),
and (F), respectively. The phosphorus atoms are colored in yellow, oxygen atoms in red, nitrogen atoms in blue, and hydrogen atoms in white.
The protein side chains are represented in violet as cartoons and the siRNA bound amino acids are highlighted and shown as thin lines. The black
dash lines represent the hydrogen-bonding interactions between the last two RNA nucleotides and the PAZ amino acid residues.
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30-hydroxyl group and Y336 are among the more stable H-
bonds. In addition, the sugar ring of dT30 is tightly anchored
to Q295 and Y336. With shorter lifetimes, other H-bonds are
established between the phosphodiester backbone of dT30 and
the adjacent amino acids, K313 and Y314. The second-last nt,
dT, is tethered to the binding pocket through interaction with
Y277. These ndings are consonant with the hydrogen bonds
identied in the crystal structure.47

The substitution with RIB and ACR, as observed in set II,
minimizes the contribution of almost every protein residues
(see Fig. S4B and C†). Specically for the modication with
OMe, and in contrast to set II, there is conservation of the
pattern obtained for unmodied siRNA, but with a slight
reduction in the number of H-bonds and the free energy
contribution of the terminal residues (Fig. S5B and E, Table
S7†). PS and THR reduce the number of H-bonds with PAZ cle
(Fig. S5A and C†). As found for set II, the low number of H-
bonds detected for the PAZ/siRNA-THR–THR30 complex
displays a dynamic pattern.
Discussion

The use of siRNA in therapeutics holds tremendous potential,
but is still hampered by limiting bottlenecks, such as physical
2082 | Chem. Sci., 2018, 9, 2074–2086
instability, low potency in vivo, and unwanted side effects
arising from wrong strand selection. The chemical modication
of siRNA is currently a prerequisite for the optimization of
siRNA performance, aiming essentially to increase the siRNA
silencing potency and reduce the SS-mediated off-targeting
effects, i.e. increase specicity.

In this work, we performed a systematic study covering
a complete set of chemical modications at the 30-overhang of
siRNA to analyze in detail how modications in these regions of
SS and AS affect siRNA potency. Moreover, the study of the
impact of the asymmetry of the siRNA strands was pursued to
unravel how chemical modications can be useful to circum-
vent siRNA poor specicity. To explore these questions, the
siRNA molecules included in this study were carefully designed
to include chemical modications involving unique physico-
chemical properties, such as a lack of nucleobase, enantiose-
lectivity, and steric hindrance, among others. Some of the
modications used, such as OMe and PS, are known to increase
the siRNA potency and resistance to nucleases and are report-
edly effective and fairly tolerated irrespective of their posi-
tioning in the siRNA chains.47,59,60 Abasic nucleotides have been
incorporated in siRNA molecules both in external and internal
positions and, contradictorily, shown to be detrimental or
benecial for siRNA potency.9,61,62 Interestingly, the presence of
This journal is © The Royal Society of Chemistry 2018
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Fig. 9 The interaction of the PAZ domain from hAgo2 with the modified siRNAs. Panels (A)–(C) represent the occupancies of the most
prominent hydrogen bonds formed between the PAZ binding pocket and 2-nt modified nucleotides in the siRNA 30 overhang, PS–PS30, OMe–
OMe30 and THR–THR30, respectively. The data represented correspond to the last 11 ns from one MD simulation arbitrarily selected from the 6
MD replicas. The best representative snapshots of the complexes modified with PS–PS30, OMe–OMe30 and THR–THR30 are illustrated in panels
(D), (E) and (F), respectively. The phosphorus atoms are colored in yellow, oxygen atoms in red, nitrogen atoms in blue, hydrogen atoms in white,
and the sulphur atoms in green. The protein side chains are represented in violet as cartoons and the siRNA bound amino acids are highlighted
and featured in thin lines. The black dash lines represent the hydrogen-bonding interactions between the last two RNA nucleotides and the PAZ
amino acid residues.
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this analogue at some of the seed region positions prevents
miRNA-like off-target effects.9,62 The study of bulky derivatives is
also documented, but the compound synthesized in this work
was never studied before in detail.63 The THR analogue has
been explored in our lab recurrently due to its good silencing
performance.38,64 The unusual analogues MIR and GNA were
newly incorporated at the siRNA 30 overhangs.

The results revealed that the introduction of an abasic
residue, RIB, in the 30-overhang of AS caused the most drastic
reduction of the on-target activity and concomitantly induced
the lowest repression of the SS-mediated off-targeting effects
detected among all modications. On the other hand, the
modication with acyclic derivative, THR, resulted in the most
effective increase in the silencing potency and efficiently
reduces the SS-mediated off-targeting effects. As expected, OMe
and PS modications enhance the siRNA silencing effect
compared to the siRNA wild type, while the modications GNA
and MIR maintain or produce a decline in the gene silencing
activity. These results indicate the existence of a negative effect
in siRNA potency if the nucleobase is either removed (RIB) or
increased its steric hindrance (ACR) or even substituted by an
enantiomer (MIR). On the other hand, modications in the
sugar (GNA, THR, and OME) and phosphodiester (PS)
This journal is © The Royal Society of Chemistry 2018
backbones tend to increase or at least maintain the siRNA
potency. By the comparison of THR and GNA, in terms of the
siRNA activity, a positive effect arising from a larger distance
between the phosphodiester backbone and nucleobase is
observed.

When SS is modied instead, all the siRNAs are equivalently
potent in silencing, although the SS-mediated silencing is
highly restricted only for modications RIB and ACR. If the
asymmetry of the siRNA molecules is further increased, holding
one 30-overhang chemically modied and the opposite 30-over-
hang blunt-ended, results further underpin the importance of
the 30 regions. Therefore, having the AS of siRNA chemically
modied and the complementary SS blunt-ended largely
enhances the specicity of silencing. The use of blunt-ended
overhangs has been demonstrated to have a negative effect in
RISC loading and can predominantly increase the selection of
overhang-containing strands.65–67 Again, the modication of AS
with THR in the 30-overhang is shown to be the most powerful
modication in reducing SS-mediated silencing, especially
when SS is blunt-ended. Interestingly, OMe is always ineffective
in controlling the unwanted SS-mediated silencing.

The effect of the presence of non-active siRNA molecules
indicated the negative contribution of a crowded and
Chem. Sci., 2018, 9, 2074–2086 | 2083

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sc00010g


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ja

nu
ar

y 
20

18
. D

ow
nl

oa
de

d 
on

 6
/9

/2
02

6 
5:

57
:1

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
competitive environment to siRNA silencing. Specically, non-
active competitors holding 30-overhang causes a higher drop
in siRNA activity than blunt-ended ones, stressing the impor-
tance of 30 protuberances on the success of siRNA activity. On
the other hand, if the non-active competitor is in turn not able
to be loaded into Agos, modied siRNAs still produce some
decrease of silencing, pointing out possible RISC-independent
mechanisms as the basis of siRNA silencing under these
conditions. Interestingly, an siRNA holding bulky modication
(ACR) is only modestly affected when exposed to any kind of
competitive environment.

To fully understand the impact of the chemical modication
of the 30-overhang on siRNA activity, we studied separately the
consequences of cancelling the action of some of the key players
in the silencing process, the TRBP and Ago2 proteins. In the
absence of a TRBP protein, which is essential to bridge DICER
to the Ago2, the SS-mediated silencing for the siRNAs modied
with RIB and ACR in AS is not affected, which is the opposite to
what was observed for other modications. This result might
suggest that TRBP preferentially commits the sensing of siRNA
asymmetry to the Ago2 protein. Consistent with this result is the
nding that these same modications are the only ones
resulting in downregulation of the target mRNA in both the
MEF andMEF Ago2�/� cells. These remarkable ndings provide
new mechanistic insights into the modied siRNA activity,
highlighting the dependency of the pathways followed during
the RNAi process on the character of the modications used.

On the basis of these experimental observations, we
hypothesized that the interaction of the siRNAs 30-overhangs
with the PAZ domain plays a determinant role. To inspect this
contribution we have carried out MD simulations. As such, the
most relevant modied 30-overhang siRNAs were modeled with
the PAZ domain of both Ago1 and Ago2. From the MD results,
we could devise a reliable description of complex PAZ/RNA
either using different protein families (Ago1 and Ago2) or RNA
substrates (single- or double-stranded), outlining the same
overall trend for both families. Based on the structural analysis,
a coherent picture emerges, in which the hampering of the H-
bond formation in the active site of PAZ leads to reduction of
the complex binding affinity. Thus, deeper structural modi-
cations of the nucleotides, as made for RIB and ACR, present
a detrimental effect in the PAZ/siRNA binding affinity, as well as
a reduced number of H-bonds established with the PAZ binding
pocket. RIB presents the weakest binding with the PAZ domain
and the lowest silencing potency found experimentally. The
positioning of one bulky nucleotide in the 30-overhang impaired
the efficient interaction with the hydrophobic cle of the PAZ
domain. The low binding affinities found computationally for
RIB and ACR seem to establish a good correlation with the
siRNA strand selection, in which an increment of the silencing
specicity is promoted by a weak interaction between PAZ and
the 30-overhang of the SS. The subtle modications, such as PS
and OMe, moderately inuence the accommodation of an
siRNA 30-overhang. Surprisingly, the OMe analogues present
different abilities to interact with the Ago proteins, displaying
a stronger binding to the PAZ domain of Ago1 than to the PAZ
domain of Ago2. This difference might be correlated to the
2084 | Chem. Sci., 2018, 9, 2074–2086
ability of the PAZ domains from distinct families to accommo-
date natural RNA modications, as described in the litera-
ture.68,69 Despite the lower binding affinity of the synthetic
siRNAs modied with OMe to PAZ from Ago2, this modication
can strongly induce silencing exclusively via an Ago2-dependent
mechanism, as outlined experimentally. Likewise, siRNAs
modied with THR were found to bind moderately to the PAZ
domain and experimentally they present the highest gene
silencing efficacy. These observations indicate that a moderate
binding between PAZ and the siRNAs is a requirement for the
success of the RNAi activity, most likely to facilitate the
consecutive dynamic steps previous to Ago slicing activity.

Conclusions

The combined results presented here provide an overview into
the dependency of the nature of the nucleotide analogues at the
30-overhang on the siRNA potency and specicity. They also
provide some hints on the propensity of some modications to
selectively downregulate mRNA following endonucleolytic
cleavage and/or translational repression. The computational
and experimental results hint at a direct connection between
the PAZ/30-overhang binding affinity and the siRNA potency/
specicity. Thus, the higher RNAi activity is associated with
amoderate-to-strong binding. On the other hand, lower binding
energies may compromise the siRNA potency and favor siRNA
downregulation by Ago2-independent mechanisms. A large
enhancement in the avoidance of SS-mediated silencing can be
achieved by modication of the SS 30 overhang with a weaker
binder to PAZ or simply using a SS that is blunt-ended. This
work strongly demonstrates that the 30-overhang is a key
component of siRNA and highlights that the efficient modi-
cation of this terminus is a requirement to achieve more potent
and specic siRNA-based therapeutics.
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44 Á. Somoza, M. Terrazas and R. Eritja, Chem. Commun., 2010,

46, 4270–4272.
45 T. Kawamata and Y. Tomari, Trends Biochem. Sci., 2010, 35,

368–376.
46 S. Willkomm and T. Restle, Int. J. Mol. Sci., 2015, 16, 14769–

14785.
47 J.-B. Ma, K. Ye and D. J. Patel, Nature, 2004, 429, 318–322.
48 K. Nakanishi, M. Ascano, T. Gogakos, S. Ishibe-Murakami,

A. A. Serganov, D. Briskin, P. Morozov, T. Tuschl and
D. J. Patel, Cell Rep., 2013, 3, 1893–1900.

49 S. Wan, B. Knapp, D. W. Wright, C. M. Deane and
P. V. Coveney, J. Chem. Theory Comput., 2015, 11, 3346–3356.

50 N. M. Henriksen, H. S. Hayatshahi, D. R. Davis and
T. E. Cheatham III, J. Chem. Inf. Model., 2014, 54, 1758–1772.

51 V. R. Krishnamurthy, M. Y. Sardar, Y. Ying, X. Song,
C. Haller, E. Dai, X. Wang, D. Hanjaya-Putra, L. Sun and
V. Morikis, Nat. Commun., 2015, 6, 6387.
Chem. Sci., 2018, 9, 2074–2086 | 2085

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sc00010g


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ja

nu
ar

y 
20

18
. D

ow
nl

oa
de

d 
on

 6
/9

/2
02

6 
5:

57
:1

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
52 S. Genheden and U. Ryde, Expert Opin. Drug Discovery, 2015,
10, 449–461.

53 D. W. Wright, B. A. Hall, O. A. Kenway, S. Jha and
P. V. Coveney, J. Chem. Theory Comput., 2014, 10, 1228–1241.

54 M. Adler and P. Beroza, J. Chem. Inf. Model., 2013, 53, 2065–
2072.

55 S. K. Sadiq, D. W. Wright, O. A. Kenway and P. V. Coveney, J.
Chem. Inf. Model., 2010, 50, 890–905.

56 G. Rastelli, A. D. Rio, G. Degliesposti and M. Sgobba, J.
Comput. Chem., 2010, 31, 797–810.

57 T. Hou, J. Wang, Y. Li and W. Wang, J. Chem. Inf. Model.,
2010, 51, 69–82.

58 H. Sun, Y. Li, S. Tian, L. Xu and T. Hou, Phys. Chem. Chem.
Phys., 2014, 16, 16719–16729.

59 S. Harikrishna and P. I. Pradeepkumar, J. Chem. Inf. Model.,
2017, 57, 883–896.

60 N. T. Schirle, G. A. Kinberger, H. F. Murray, W. F. Lima,
T. P. Prakash and I. J. MacRae, J. Am. Chem. Soc., 2016,
138, 8694–8697.

61 Y. Nagaya, Y. Kitamura, R. Nakashima, A. Shibata, M. Ikeda
and Y. Kitade, Nucleosides, Nucleotides Nucleic Acids, 2016,
35, 64–75.
2086 | Chem. Sci., 2018, 9, 2074–2086
62 J. Liu, H. Pendergraff, K. J. Narayanannair, J. G. Lackey,
S. Kuchimanchi, K. G. Rajeev, M. Manoharan, J. Hu and
D. R. Corey, Nucleic Acids Res., 2013, 41, 8788–8801.
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