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Abstract

The control of expression in genetic regulation is a fundamental process for

cell life. In RNA-mediated silencing, human Argonaute-2 protein (hAgo2) uses

sequence information encoded in small RNAs (guide) to identify complemen-

tary sites in messenger RNAs (target) for repression. The specificity of this

molecular recognition lies at the basis of the mechanisms that control the

expression of thousands of genes, which necessarily requires a fine tuning of

complex events. Among these, the binding of the first nucleotide of the target

RNA (t1) is emerging as an important modulator of hAgo2-mediated machin-

ery. Using atomistic molecular dynamics-derived analyses, we address the

mechanism behind t1-dependent regulation and study the impact of different

t1 nucleotides (t1A, t1C, t1G, t1U) on the conformational dynamics of both

hAgo2 and guide–target RNAs. Only when an adenine is found at this posi-

tion, t1 directly interacts with a specific hAgo2 binding pocket, favoring the

stabilization of target binding. Our findings show that hAgo2 exploits a

dynamic recognition mechanism of the t1-target thanks to a modulation of

RNA conformations. Here, t1-adenine is the only nucleobase endowed with a

dual binding mode: a T-shape and a co-planar conformation, respectively,

orthogonal and parallel to the following base-pairs of guide–target duplex. This
triggers a composite set of molecular interactions that stabilizes distinctive

conformational ensembles. Our comparative analyses show characteristic traits

of local and global dynamic interplay between hAgo2 and the RNA molecules

and highlight how t1A binding acts as a molecular switch for target recogni-

tion and complex stabilization. Implications for future mechanistic studies are

discussed.
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1 | INTRODUCTION

Human Argonaute-2 proteins (hAgo2) represent the
functional core of the RNA-induced silencing complexes
(RISCs) that mediate RNA silencing in eukaryotes: Argo-
naute proteins bind small regulatory RNAs—that is,
small interfering RNAs (siRNAs) and microRNAs (miR-
NAs)—and use the encoded sequence information to rec-
ognize and silence their complementary target messenger
RNAs (mRNA). This task is achieved either by direct
cleavage via the endonucleolytic “slicing” processes or by
recruitment of additional silencing factors.1–5 Structural
studies revealed that hAgo2 adopts a two-lobe architec-
ture shaped by four different domains: the (N)-terminal
domain, the Piwi–Argonaute-Zwille (PAZ) domain, the
middle (MID) domain, and the P-element-induced
wimpy testes (PIWI) domain connected by two flexible
linkers (L1 and L2). The 3’ microRNA-guide binds PAZ
domain while its 50 end anchors the MID and PIWI
domains (Figure 1), resulting in a functional complex
that engages a dynamic interplay with the complemen-
tary mRNA.6–8 Target recognition occurs primarily
through a Watson–Crick (WC) base pairing at position
g2-g8 of the regulatory-guide RNA referred as seed
sequence (Figure 1). This complementarity is the primary
determinant of efficacy and specificity, with over 80% of
guide–target interactions occurring through seed pair-
ing.9,10 However, it has been demonstrated that addi-
tional regions outside the seed can enhance or reinforce
target-guide interactions5,11–14; very extensive pairing to
the 30 region of miRNA guide, for example, can compen-
sate for a wobble or mismatch at the seed position, con-
tributing to target recognition.15 Besides, RNA-induced
conformational rearrangements at different key hotspots
of hAgo2 domains have been shown to play roles as
molecular switches for target recognition/stabilization: in
this framework, the 3’ end of the seed (g6–g8) can adopt
different conformations, whose stabilization is controlled

by hAgo2 helix-7 that pivots to enforce rapid making and
breaking of miRNA:target base pairs, destabilizing off-
targets interactions. The resulting big picture reveals a
fine, dynamic, and multifactorial mechanism of hAgo2
regulation that underpins the precise control of mRNA
expression with crucial implications for RNA-
interference (RNAi) or gene therapy.

In this scenario, the role of an adenosine nucleotide
in the t1 position of mRNA target (t1A) (Figure 1) raises
intriguing mechanistic questions: the nucleotide is con-
served among many vertebrate target sites16 and has been
shown to stabilize target binding beyond pairing to the
seed region,17 conferring enhanced repression indepen-
dently of the identity of miRNA-guide nucleotide-1.11,18–
20 Indeed, t1 adenine is recognized through a mechanism
that differs from the WC base pairing but directly inter-
acts with a specific binding pocket within hAgo2
proteins. Using crystallographic investigations, Schirle
and colleagues have demonstrated that t1A nucleotides
binds to a solvent-accessible pocket at the interface of
hAgo2 L2 and MID domains (Figure 1).21 This interac-
tion anchors and stabilizes seed-matched sites on target
RNAs, playing a major role for targeting efficacy and
specificity control. In their study, the authors identified
t1A N6 amine as the key determinant of t1A specificity,
whose methylation in fact hampers target recognition;
they argued that t1A role of molecular switch is fulfilled
through a specific water-mediated network between the
adenosine N6 amine and hAgo2 protein. Despite such an
impact on hAgo2 fine regulation and consequently on
RNA silencing mechanisms, the contacts between hAgo2
and t1A are mainly non-specific. Moreover, the t1A bind-
ing pocket is large enough to accommodate any of the
four natural RNA bases.9,21 These observations, together
with the complex dynamics interplay between hAgo2 and
its RNA targets, suggest that possible additive recogni-
tion/regulation mechanisms, not yet characterized, could
contribute to t1A-mediated control of target specificity.
An additional important way by which proteins recog-
nize their RNA targets involves a conformational readout
of RNA 3D structure,22–24 in which RNA different confor-
mations affect the recognition process. In SRF2 splicing
factor, for example, RNA recognition is achieved thanks
to a modulation of RNA conformations: flipping the
bases of the two consecutive C or G nucleotides into
either anti or syn conformation allows SRF2 to bind two
different RNA sequences equally well without changing
the protein conformation.25 Protein Hfq, a key factor in
the RNA-mediated control of gene expression in most
known bacteria, has been proposed to utilize dynamic
recognition of RNA substrates by the selective stabiliza-
tion of different conformations of adenosines bound to
the same pocket.26

FIGURE 1 Structure of hAgo2–guide–target complex. Focus of

the 3’ RNA target at the MID-PIWl interface. Schematic

representation of guide–target RNA pairing
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Herein, using extensive molecular dynamics-derived
analyses, we demonstrate that t1A exploits a composite
set of molecular interactions between hAgo2 and its RNA
target to populate distinctive conformational ensembles.
The t1A-specific conformations may facilitate hAgo2
local-to-global conformational rearrangements that act as
molecular switches for target recognition and stabiliza-
tion on the one hand, while controlling downstream
RNAs flexibility on the other hand.

Since target binding affinity is considered a key factor
in mRNA repression by miRNAs,17 the characterization
of the possible role of t1A as a dynamic trigger may con-
tribute to shed light on the fine-tuned recognition mecha-
nism behind hAgo2-mediated regulation of gene
expression. Our study provides new mechanistic insights
on guide–target communication mechanisms that occur
during RISC regulation. Molecular recognition at hAgo2
t1-pocket and the onset of interdependent structural
adjustments echoing on the biomolecular assembly aids
the definition of novel specific structure-guided determi-
nants in RNA-interference that may be exploited in ther-
apeutic gene silencing technology.

2 | RESULTS

2.1 | Models of hAgo2–RNA complexes
with different t1 nucleotides

Argonaute proteins exist in a dynamic ensemble of struc-
tural states which are controlled by the interactions with
several binders at various steps of the RNA silencing
pathway.27,28 Among these, small RNA loading (and only
minimally target recognition) is shown to stabilize and
rigidify hAgo2 in a relatively open conformation6,29,30 In
this framework, MD simulations can provide an excellent
tool to investigate the impact of different nucleotides
at t1 (30) of the target RNA on the structural “adaptation/
response” of the protein from a local to global perspec-
tive. Building upon the recently reported crystal
structures of hAgo2 bound to a guide RNA and short,
seed-paired target RNAs with different nucleotides a t1
position,21 the full-length hAgo2–guide–target complexes
were modeled, using the protein bound to t1C target
RNA (PDB entry: 4Z4C) as a template. This is indeed the
solved structure with the minimal number of structural
gaps: consistently, coordinates of the t1C in the t1 bind-
ing cavity were used to model the other nucleobases (ade-
nine, uracil, guanine). The t1 binding pocket is large
enough to accommodate purines as well as pyrimidines21;
therefore, it may host and stabilize many different con-
formations. For example, t1-cytosine stacks over the
double-stranded RNA in a co-planar conformation with

respect to the seed region and adopts an orthogonal ori-
entation with respect to the conformation of t1-adenosine
(PDB entry 4w5o, Figure S1). The t1C co-planar binding
pose was thus used to explore different binding modes,
establishing the most stable interaction pattern, and pro-
viding an unbiased starting point.

In summary, four independent hAgo2 complexes
were built, hereafter indicated as t1A, t1G, t1U, t1C with
respect to the t1 nucleotide at the target RNA (Figure 1).
In the simulated timescale (500 ns per 3 replicas = 1,5 μs
per hAgo2 complex), all systems reached a satisfactory
level of stability (root mean square deviations—
RMSDs—computed on backbone atoms stabilize at an
average value of 3.0 Å).

Microsecond MD simulations of the four systems dis-
closed a complex variety of structural fluctuations at
either the nucleic acid or the protein levels. Specifically,
at the binding pocket, we observed an enhanced confor-
mational mobility of the unpaired t1A nucleotide com-
pared both to the smaller pyrimidines and to t1-guanine
that are stably packed to the following base (t2) (see
Figure S2). Indeed, cluster analysis carried out on the
backbone atoms of residues within 4 Å from t1 nucleo-
tide highlights two main structural poses for the
t1-adenosine: a T-shape and a co-planar conformation,
respectively, orthogonal and parallel to the following
base-pairs of guide–target duplex (Figure 2) that co-exist
along the simulation time (Figure S3). Interestingly, the
T-shape conformation well fits into the omic map (con-
toured at 1.5 σ) of the crystal structure of the hAgo2–
guide–target structure (PDB entry: 4w5o) bearing t1A
nucleotide (RMSD = 1.27 Å by aligning 629 Cα atoms) as
well as into the electron density map of the t1DAP
(2,6-diaminopurine) nucleotide bound to the hAgo2
structure (PDB entry: 4z4f) (RMSD = 1.28 Å on 628 Cα
atoms) as shown in Figure S4.

2.2 | t1 nucleotides impact on pocket
conformation

The analysis of the interactions established by t1A in the
first cluster (T-shape conformation) reveals a close corre-
spondence with the hydrogen bond network described in
the crystal structure21 (Figure 3) confirming the viability
of the modeled complex. Herein, t1A engages a direct
interaction with Ser-561 side chain via its N6 amine of
t1A matching the crystallographic data. Furthermore, an
additional network of hydrogen bonds mediated by water
molecules favors t1A binding. In particular, main chain
carbonyls of Met437, Lys440, and Ile477 are engaged in
hydrogen bonds with water molecules that in turn bind
the t1 nucleotide.
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Because of the dynamic nature of hydrogen bonding
and of the variable association strength, a dynamic
description is required to provide insight into the mecha-
nisms that drive the specific recognition of t1A nucleo-
base. It is worth noting here that the dynamic character
of the recognition is also due to the exposed nature of this
pocket, which favors exchange of water molecules. Anal-
ysis of the hydrogen bonds engaged by t1 nucleotide and
detectable at least for 5% of the simulated time pinpoints
for t1A a distinctive pattern with respect to the remaining
systems (see Table S1). Indeed, t1A stably engages a
larger network of hydrogen bonds, in particular with
Asp436 and Asp480 via strong O–H ��� O and N–H ��� O
interactions, respectively, that anchor the binding pocket

to the t1A T-shape configuration. Remarkably, Asp480
engages t1A through N6 amine that has been reported to
act as key determinant of t1A specificity.21 Notably,
sequence alignment performed over a non-redundant set
of argonaute proteins from any source organism obtained
by querying UniRef5031 confirms a large conservation for
the binding pocket region and, specifically, for all those
residues (Asp436, Met437, Asp480, Ser561) outlined as
important hotspots of t1A stabilization in our analyses
(Figure S5).

The superposition of a guanine onto the T-shape con-
formation adopted by t1A helps shed light on the reasons
behind t1A selectivity. The presence of a guanine leads to
an increased steric hindrance and electrostatic repulsion
mainly caused by the proximity of Asp480 (carboxylic
moiety) toward the t1G carbonyl at C6 position
(Figure 4). Moreover, the hydrogen bond mediated by the
Ser561-OH with adenine N3 atom is disfavored by the
steric occupancy of the amine group at C2 in the guanine
nucleotide.

Finally, to further compare the hydrogen-bonding
landscape of the t1-binding pocket in the four complexes,
we studied the conformations adopted by the t1 nucleotide
in relation to the position of Ala481, which resides at the
back of the t1-binding pocket and acts as sensor/
modulator of the hAgo2-directed solvent interactions with
the t1 adenosine. Indeed, a mutation to threonine in this
position perturbs the water placement leading to a sever
impairment of t1A recognition.21 Figure 5 shows the con-
formational ensembles sampled by the t1A, t1C, t1G, and
t1U complexes along the two significative coordinates
(RC) defining t1 and Ala481 conformations: RC1 depicts
the distance between the centres of mass (COM) computed
on t1-nucleobase and Ala861 sidechain; RC2 represents a
combined coordinate that describes t1 conformation with
respect to the ds-RNA and is obtained by summing the dis-
tance between the COM computed on t1 and t2

FIGURE 3 Hydrogen bonds network within the t1-binding

pocket shown by the first cluster of t1A system. Only backbone

atoms of the interacting amino acids are shown and labeled for

clarity. Image is given in the same orientation as in the Schirle

et al.21

FIGURE 2 Representative

structures obtained from MD

simulations. The top two most

populated clusters show the dual

t1A binding mode. Residues

within 4 Å from t1 nucleotide

are shown in sticks, bold licorice

is used for amino acids involved

in significative interactions.

Dotted red spheres represent

waters while adenosine is

rendered in ball and sticks.

Ghost surface is used for hAgo2

t1-binding pocket. See also

Figure S2
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nucleobases to the cosine of the angle spanned by the z-
axis of t1 and t2 nucleobases. The results show that t1A is
the only system where a T-shape conformer of the t1
nucleotide is explored, herein Ala481 is close enough to
impact and modulate the hydrogen bond network of the
t1-binding pocket. The remaining systems experience a dif-
ferent pattern that stabilize co-planar t1 configurations.

2.3 | t1 nucleotides impact on RNA
conformation

Next, to unravel possible alterations induced by t1 bind-
ing on the whole nucleic molecules, the conformational

mobility for the different systems was studied. The root-
mean-square deviation on atoms of the guide miRNA
shows similar patterns regardless of the nature of t1
nucleotide (see Figure S6). Notable differences, on the
contrary, arise from fluctuations on target mRNA. When
a purine is bound to the RNA backbone at t1 position,
larger RMSD values are populated, and a bimodal distri-
bution of the conformational variations is observed
(Figure 6). This behavior is significantly enhanced in the
presence of t1A, that allows the nucleic acid to populate
conformations that are unaccessible to the other t1 sys-
tems and that are linked to the structural drift of t1A
from and to the co-planar and T-shape conformations
(Figure S3). Among the four systems, while the RMSD
values computed on the central target RNA segment (t2–
t6) are rather invariant (data not shown), larger dynamics
fluctuations of the peripheral nucleotides differentiate
the complexes, suggesting a t1-dependent pattern
(Figure S7). Interestingly, the increased flexibility of the
peripheral positions are shown to act as driving forces
that mediate the recognition process.5,13 To support this
model, the root-mean-square fluctuation (RMSF) of each
system was calculated. RMSF plots confirmed enhanced
fluctuations for the nucleotides of mRNA target in the
presence of t1A, especially at t1 position (Figure 6). This
fits the degree of fluctuations required for the flexible
alignment of regions beyond the seed, that in our systems
are accessible only when t1A binds the protein.

Conformational plasticity (deformation) at the single
nucleotide level can impact on the global motions of
RNA molecules. For instance, it has been demonstrated
that RNA bending is mostly due to a collective change in
roll and slide along the sequence resulting into a global
curvature,32 where these parameters describe respectively
rotational and translational motions of base pairs with
respect to the RNA helix. The distribution of slide and
roll values averaged upon the seed region base pairs for
the four systems is reported in Figure 7. While for t1C,
t1U, t1G complexes the analyses return average values
compatible with a predominant typical A-conformation

FIGURE 4 Comparison at

the t1 nucleotide. Occupancy of

guanine (right) at t1-binding

pocket obtained by the

superposition onto the

conformation that t1A assumes

in the first cluster (T-

shape) (left)

FIGURE 5 Conformational ensemble distribution for t1A, t1C,

t1U and t1G systems along two significative coordinates: x-axis

represents a linear combination of geometrical parameters that

describe t1 versus t2 conformations; y-axis reports the distance

between the center of mass of A481 residue and t1A. RC1 describes

the distance between t1 and Ala861, while RC2 combines the

distance between t1 and t2 with a proxy of t1-t2 stacking

(i.e., cosine of inter-base angle). The contribution of the t1-t2 angle

in terms of cosine function to the RC2 value, though minimal, is

meant to emphasize the modulation of t1 conformers
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(slide = �1.6 Å, roll = +9�33), in the presence of t1A a
second population is observed characterized by increased
values of slide and roll. A more acute base pair inclina-
tion allows RNA to adopt a more compact conformation
with a narrower major groove (and a shallower minor
groove), and consequently reduced helical extension.34

These slow motions/transitions cannot be exhaustively
caught by classic MD techniques and by current force
fields.35 In this framework the application of a compara-
tive strategy is aimed at minimizing eventual caveats.
Thus, the analysis of torsional angles at 30 of the seed
reveals characteristic t1A-dependent angles distribution
(see Figure S8). In particular, delta angle values were
used to discriminate between the C3’ and C2’ endo
puckers, distinctive, respectively, of RNA and DNA con-
formations. Delta angles analysis was used due to its abil-
ity to grasp significant differences, even small ones, that
might be missed in a global analysis such as the pucker
in line with other similar studies.36 This analysis

demonstrated that a bimodal dihedral distribution is
uniquely observed when an adenosine is present at t1.

2.4 | t1 nucleotides impact on protein
conformation

The dynamic evolution of the local perturbations of
hAgo2 triggered by the different nucleotides at t1 position
shows a characteristic modulation by t1A binding. To
clarify if a local-to-global conformational effect is detect-
able, we next analyzed the dynamic pattern of hAgo2
domains. To gain insight into the main protein motions
explored in the different cases, we performed a principal
component analysis on hAgo2 protein along a unique
meta-trajectory, obtained by the concatenation of all the
single MD runs from the four systems (see Methods and
Figure S9). A common essential space allows to collec-
tively describe and compare (and possibly differentiate)

FIGURE 6 Structural flexibility analysis for t1A, t1C, t1G, and t1U systems. Time-averaged (a) RMSD distributions of the full-length

target mRNAs and (b) RMSF per nucleotide of the guide–target RNAs. Ds boxes indicate double-stranded RNAs, namely U840::A867; C841::

G866; A842::U865; C843::G866; A844::U863; U845::A862; U846::A861; G847::C860

FIGURE 7 Statistical

distribution of average slide (Å)

and roll (degree) values

calculated on double stranded

RNAs, namely U840::A867;

C841::G866; A842::U865;C843::

G866; A844::U863; U845::A862;

U846::A861; G847::C860. On the

y-axis, values are

normalized to 1
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the specific behavior of each system with respect to the
principal motions shared by the four setups, as reported
for similar cases.37,38 In line with previous results, this
analysis reveals that, when t1 pocket is occupied by an
adenine, hAgo2 explores peculiar conformational ensem-
bles that are not visited by the remaining complexes. The
concerted motions associated with the largest fluctua-
tions define a remarkable rearrangement of PAZ-MID
domains (Figure S9). Specifically, in Figure 8, the distri-
butions of the distance between the center of mass and
the angle spanned by PAZ and MID are plotted. This
characterization demonstrates that the presence of the
t1A favors the opening of the two domains, stabilizing a
conformation where their reciprocal tilt is reduced. This
in turn shifts PAZ toward the N-domain and impacts on
the N-PAZ channel where the guide is anchored to the 30.

To dissect protein regions whose internal dynamics
could be altered in the presence of t1A as well as pinpoint
distinctive elements, the study of long-range communica-
tion networks was computed by means of distance fluctu-
ations (DF) between residue pairs: the results of the
analysis can be represented as matrices.39,40 Any two resi-
dues are defined to be quasi-rigidly coordinated if their
DF is low (dark color in Figure 9). Generally, when a
purine is bound to the RNA skeleton at t1 position, the
coupling of L2 and PAZ dynamics is increased. This pat-
tern is remarkably enhanced in the presence of t1A
nucleotide (white square in Figure 9). This is particularly
interesting for the key role played by α7-helix (Figure 8).
This helix belongs to L2 domain which is adjacent to
PAZ and represents a crucial hotspot for target

recognition that propagates the conformational changes
from the duplex to the protein domains.9,41 α7-helix
forms with PAZ a single dynamics body that moves in
concert with respect to the rest of the protein and
behaves as a molecular wedge interacting with the minor

FIGURE 8 Statistical

distribution of geometrical

parameters along hAgo2

simulation time. (a). Distances

(Å) between the center of mass

(COM) calculated on MID and

PAZ domain. (b). Angle (degree)

between axes spanning MID and

PAZ domains. (c). Distances (Å)

between the centers of mass

calculated on N and PAZ

domain. On the y-axis, values

are normalized to 1

FIGURE 9 DF matrices of t1A, t1C, t1G, t1U complexes. The

white square highlights PAZ-L2 domains. The yellow and dark blue

areas in the matrices are associated with flexible and rigid regions,

respectively. The color bar on the right reports the intensity (Å2) of

the fluctuations
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groove formed by the target and guide double strand
RNA by numerous interactions with the seed region.

3 | DISCUSSION

hAgo2 specifically recognizes adenosine nucleotides by a
solvent exposed pocket defined by the MID and L2
domains with almost three-fold higher affinity than
equivalent targets with U, G, or C t1 nucleotides.9 The
mechanistic reason behind this nucleotide-dependent
affinity has been ascribed to a distinctive hydrogen bond
network that is stabilized in the presence of an adenine.21

Here, we used MD simulations to characterize the impact
of different nucleotides on the conformational dynamics
of both the protein and the nucleic acid ligand. Starting
from the characterization of local perturbations tuned by
the binding of different nucleotides at t1 position, we
aimed to shed light on the differentiating details on
internal dynamics that can ultimately be linked to the
perturbation of specific functional states and to the trig-
gering of large-scale changes. In this framework, we
showed that t1A system adopts a distinctive dynamics
pattern. Our findings showed that t1A-hAgo2 explores a
wider conformational variability of its binding pocket. As
a consequence, t1A is the only nucleobase endowed with
a dual binding mode characterized by a dynamic inter-
play between a T-shape and a co-planar conformation,
respectively, orthogonal and parallel to the guide–target
duplex. Interestingly, the T-shape conformation is able to
fit the omics map of the crystallized protein in the pres-
ence of t1A nucleotide as well as of the t1DAP
(2,6-diaminopurine) nucleotide. In the latter, the diamino
substitutions at N6 and N2 determined a twofold increase
of the binding affinity shown by t1A and forced the
nucleobase in the same T-shape conformation as t1A.21

The analysis of the interactions defined by the T-shape
conformation with its binding pocket contributed to shed
light on its binding specificity. In fact, t1A T-shape is the
only conformation that forms a stable network of hydro-
gen bonds involving Asp437 and Asp480. In particular,
the N6 amine in Asp480 has been reported to play a role
in t1A specificity as its methylation impairs target recog-
nition.21 Interestingly, these hotspots are largely con-
served among Argonaute proteins from different
organisms. Despite the similar molecular structure, the
adoption of the T-shape conformation by t1 guanine is
hampered by an increased steric hindrance and electro-
static repulsion, helping to explain the selective binding
of the two purines. The specificity of the t1A-binding
interactions reverberates on the dynamic modulation of
the RNA molecules. The presence of t1A favors larger
dynamic fluctuations of nucleotides of mRNA-target, in

particular on peripheral positions (t1, t7-t9), that have
shown to act as hotspots that mediate the recognition
process.4,10 On one hand, as already discussed, t1 binding
affinity affects target specificity. On the other hand, t9
(that in our structures, as it is in the starting PDB, is the
last modeled nucleotide of the target sequence, see
Figure S7) belongs to a paired region proven to be bulged
by clashes within hAgo2 cleft. The conformational flexi-
bility of the aforementioned region is an additional
mechanism hAgo2 exploits to tune RISC activity.14,42

Indeed, full complementarity to t9 and t10 can actively
destabilize the RISC pairing, likely by the selective stabi-
lization of unfavorable conformations. However, the
nature of the guide–target interaction remains to be clari-
fied.5,13 Our data suggest that t1A binding may favor an
increased flexibility of the central region, that in turn
assists the seed association. We showed that this pattern
results in t1A-distinct rearrangements of RNA target as
demonstrated by the distributions of both slide and roll
parameters and of torsional angles of 3’ end nucleotides.
Only when an adenine is a t1 position, the double strand
can adopt a wider range of conformations, spanning from
a regular A-like form to a more bent helix, where the
interactions with the protein might be maximized thanks
to a shallower and more accessible minor groove, that is,
the major mode of recognition exploited by hAgo2.9

Interestingly, this is consistent with recent reports, where
the target-guide pairing at the seed region is divided into
two functional ends: a highly complementary 50 end
(g2-g5) that assumes a rigid A-form to promote the WC
pairing, and a more dynamic and flexible 30 of seed
(g6-g8) that moves between kinked and A-form
conformations,41 stabilized by specific interaction of the
surrounding protein with the minor groove of the double
strand. Finally, a local-to-global conformational tuning
modulated by the nature of t1 nucleotide is detectable.
When t1 pocket is occupied by an adenine, hAgo2 adopts
peculiar conformations that stabilize the opening of PAZ
and MID domains which reverberates on the N-PAZ
channel where the guide is anchored. Moreover, DF anal-
ysis shows that t1A enhances the dynamics coupling of
L2 and PAZ domains, impacting on the motion α7, a cen-
tral helical segment of L2 that is reported to accelerate
target binding.41 α7 motion is, indeed, necessary to avoid
steric clashes that prevent guide–target pairing in the
seed downstream region, thus its removal reduces both
target binding and release rates. Experimental data on
hAgo2 mutants have shown that an increased mobility of
α7 likely uncouples its motions from the PAZ domain
and L2 stalk and this ultimately leads to a structural dis-
organization of the 30 half of the unpaired seed.41 We
demonstrated that the presence of t1A enhances the
internal coordination among these two protein regions
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and corresponds to an improved mechanical rigidifica-
tion of distal domains. Here, the t1A-induced effect could
be explained by either the stabilization of t1 local shell of
coordination, by the structural modulation of the down-
stream ds-RNA, or a combination of the two.

4 | CONCLUSIONS

MicroRNAs regulate gene expression by guiding the
Argonaute containing RNA-induced silencing complex
(RISC) to specific target mRNA molecules. The stable
association of RISC to the correct target mRNA, that is,
the target binding affinity, is the key factor that drives
hAgo2 high silencing efficiency and on-target specific-
ity.10 Besides Watson–Crick base-pairing at the 50 mi-
RNA seed region, hAgo2 exploits a combination of mech-
anisms to fine tune miRNA–target interactions. This can
enhance target-guide affinity/specificity. Recently, it has
been reported that an ubiquitous adenosine nucleotide in
the t1 position of mRNA target (t1A) plays a crucial role
in this extra-seed regulation of the target binding, regard-
less to the identity of miRNA-guide nucleotide-1. Indeed,
t1 adenine is able to directly interact with a specific bind-
ing pocket within hAgo2 proteins. Herein, using exten-
sive molecular mechanics-derived investigations, we
depicted the atomistic and dynamics mechanism behind
t1A-dependent regulation of target binding affinity. By
using a bottom-up approach, we were able to associate
small local perturbations derived by the substitution of a
single chemical moiety (i.e., replacing the nature of the t1
nucleotide) to global motions and structural rearrange-
ments of the surrounding macromolecules. The resulting
outcomes indicated that t1A binding to hAgo2 pocket
acts as a molecular trigger that activates a complex net-
work of both structural and dynamics interactions that
appear tightly interdependent. Consistent with X-ray
findings, we observed that the presence of t1A in
t1-binding pocket uniquely activates a specific H-bonds
network, previously reported to be the determinant of
t1A specificity with respect to the other nucleotides. In
addition, our data suggest a possible additive mechanism
of regulation that also exploits differential nucleotides
conformations to modulate target recognition, in line
with other examples of RNA-proteins interplay reported
in literature.24–26 We demonstrated that the t1A-specific
conformations are used by hAgo2 for a dynamic recogni-
tion of RNA substrates, that ultimately tune the target
affinity. Indeed, although t1 pocket is able to stably bind
all the four nucleotides, adenosine is the only nucleobase
endowed with a dual binding mode. To our opinion, this
conformational enrichment carries a supplementary level
of selection among different dynamical ensembles that

may explain the increased dwell time associated to t1A
nucleotides on target sites experimentally observed.10 In
this framework, the selective stabilization of the T-shape
conformation of t1A promotes local-to-global dynamical
rearrangements on both the full-length guide–target
RNA and the hAgo2 protein. Accordingly, our findings
show that the t1A system adopts a unique functional
mechanism, characterized by patterns of interactions and
modulations that ultimately determine the onset of the
sequential conformational changes required by the fully
active hAgo2 to trigger efficient RNA silencing. We
believe that our study offers an additional point of view
upon guide–target communication during RISC regula-
tion and its relevance for gene silencing processes.

5 | METHODS

5.1 | hAgo2–guide–target building

The starting X-ray structure of human Argonaute-2 pro-
tein bound to the guide–target duplex (838 residues) was
retrieved from the Protein Data Bank. Specifically, coor-
dinates from the most complete structure (PDB entry
4Z4C) of this data collection was selected to build all sim-
ulated complexes. In the present structure, hAgo2-guide
complex is bound to target RNA, bearing t1C. Protein
refinements were carried out using Maestro suite.43

In the seed region, nucleotides 840–847 of the guide
RNA pair to 867–860 of the target RNA.

Guide RNA: 50 P-UUCACAUUGCCCAAGUCUCUU 30;
Target RNAs: t1C ! 50 CAAUGUGAC 30; t1U ! 50

CAAUGUGAU 30; t1A ! 50 CAAUGUGAA 30; t1G ! 50

CAAUGUGAG 30.

5.2 | MD settings

The MD simulation package Amber44 v12 was used to
perform computer simulations by applying the Amber-
ff99SB force field.45 The systems were solvated, in a simu-
lation box of explicit water molecules (TIP3P model),46

counterions were added to neutralize the system, and
periodic boundary conditions were imposed in the three
dimensions. After minimizations, systems were subjected
to an equilibration phase where water molecules and pro-
tein heavy atoms were position restrained, and then,
unrestrained systems were simulated in a NPT ensemble;
a Berendsen thermostats was used to keep constant tem-
perature (300 K) and pressure (1 atm). Electrostatic
energies were evaluated by the particle mesh Ewald
method47 and Lennard-Jones forces by a cut-off of 8 Å.
All bonds involving hydrogen atoms were constrained
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using the SHAKE algorithm.48 An ionic strength of
0.150 M NaCl was reproduced based on experimental
settings.

5.3 | Analyses

Principal component analysis (PCA) has been applied to
MD simulations in order to extract functionally relevant
movements.49 The largest collective fluctuations that
account for the largest conformational variation were
recovered by the principal eigenvectors (essential modes)
of the covariance matrix of the given dynamic ensemble.
PCA analysis was carried out on Cα atoms of hAgo2 pro-
tein along a meta-trajectory, resulting from the concate-
nation of the t1A, t1C, t1G, t1U simulations.

Cluster analysis was carried out using the g_cluster
module of Gromacs50 to evaluate the structural effects
induced by the binding of the different nucleotides on
protein-RNAs complexes. Clustering of the trajectories
was obtained with the gromos method fitting backbone
atoms of the residues shaping the 4 Å t1A binding pocket
(RMSD cutoff of 0.15 nm). On the same cavity, hydrogen
bonds analysis was performed by means of the ptraj mod-
ule of AMBER12. Each residue of t1A-binding cavity that
established a hydrogen bond for at least 5% of the whole
simulation time was reported.

To study the reverberation of the t1-dependent local
perturbations on protein global motions and structural
rearrangements, the evolution of the distance between
each hAgo2 domains centroids was analyzed by the VMD
tools package in the t1A, t1C, t1U and t1G systems.51

Centroids were defined as the center of mass of the differ-
ent hAgo2 domains, namely N-domain (aa. 36–166), L1
(aa. 176–226), PAZ (aa. 231–365), L2 (aa. 374–420), MID
(aa. 429–511), and PIWI (aa. 496–797). Similarly, the
angles distribution between the axes of inertia spanning
each domain along the simulated systems was analyzed
by the VMD tools package.

To correlate conformational rearrangements with the
internal dynamics of each protein system, distance fluctu-
ations analysis was used to describe the dynamic coordi-
nation between any two residues.

Distance fluctuation DFij is defined as the time-
average mean square fluctuation of the distance rij
between Cα atoms of residues i and j:

DFij ¼ ⟨ rij�
�

⟨rij⟩
� �2

⟩

where brackets indicate the time-average over the trajec-
tory. Low DF values indicate highly coordinated
residues.52

Finally, RNA structural analyses and parameters were
obtained by using the ptraj module of AMBER12.

Figures were analyzed and created using VMD,
Pymol, and Xmgrace.51,53,54
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