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a b s t r a c t

Argonaute (AGO) proteins, the core of RNA-induced silencing complex, are guided by microRNAs
(miRNAs) to recognize target RNA for repression. The miRNA–target RNA recognition forms initially
through pairing at the seed region while the additional supplementary pairing can enhance target recog-
nition and compensate for seed mismatch. The extension of miRNA lengths can strengthen the target
affinity when pairing both in the seed and supplementary regions. However, the mechanism underlying
the effect of the supplementary pairing on the conformational dynamics and the assembly of AGO–RNA
complex remains poorly understood. To address this, we performed large-scale molecular dynamics sim-
ulations of AGO–RNA complexes with different pairing patterns and miRNA lengths. The results reveal
that the additional supplementary pairing can not only strengthen the interaction between miRNA and
target RNA, but also induce the increased plasticity of the PAZ domain and enhance the domain connec-
tivity among the PAZ, PIWI, N domains of the AGO protein. The strong community network between
these domains tightens the mouth of the supplementary chamber of AGO protein, which prevents the
escape of target RNA from the complex and shields it from solvent water attack. Importantly, the inner
stronger matching pairs between the miRNA and target RNA can compensate for weaker mismatches
at the edge of supplementary region. These findings provide guidance for the design of miRNA mimics
and anti-miRNAs for both clinical and experimental use and open the way for further engineering of
AGO proteins as a new tool in the field of gene regulation.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Argonaute (AGO) proteins play a critical role in all small-RNA-
guided RNA silencing, pivotal in the regulation of gene expression
and essential for cell proliferation, differentiation, and homeostasis
[1–3]. MicroRNAs (miRNA), which are short non-coding RNAs
of � 22 nucleotides, function by guiding AGO proteins to interact
with complementary target RNAs, yielding the RNA-induced
silencing complex (RISC) [4,5]. The formation of RISC can promote
the translation repression of messenger RNA [6,7] or the degrada-
tion of exogenous pathogen RNA [8]. In addition to the key role in
cellular process, microRNA has also been widely used as an exper-
imental tool [9,10] and recent advances have gradually made
miRNA therapeutics for clinical utility [11–14].

There are four kinds of AGO proteins in human cells: AGO1,
AGO2, AGO3, and AGO4. Among them, AGO2 is known as the only
slicer [15]. AGO2 is a bi-lobed protein with a central cleft for bind-
ing of guide and target RNAs and is composed of four globular
domains (N, PAZ, MID and PIWI) and two connective linker
domains (L1 and L2) [16] (Fig. 1A and B). The 50 and 30 ends of
miRNA are anchored at the MID and PAZ domain, respectively
[17]. In the crystal structure of miRNA and target RNA bound to
the AGO2 protein, the guide miRNA can be divided into five func-
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Fig. 1. Overview of AGO2–RNA complex. (A) Domain organization of AGO2. (B) Surface representation of AGO2-guide (red)-target (black) complex, with AGO2 color coded as
in (A). Nucleotide sequences of guide RNA (red) and target RNA (black) in the T1 systems (C), T2 systems (D) and T3 systems (E). The additional 22th and 23th nucleotides
(pink) are indicated with arrows. Anchor (green), seed (cyan), central (deep blue), supplementary (gold) and tail (red) regions of guide RNA are shown in (D).
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tional domains, including anchor (g1, from the miRNA 50 end), seed
(g2–g7 or g2–g8), central (g8–g13 or g9–g13), 30 supplementary
(g13–g17), and tail (g18–the end) [18] (Fig. 1C–E).

In miRNA targeting, initial pairing is formed in the seed region
[19]. Seed region pairing alone is sufficient for target recognition
[20] and � 80% of miRNA interactions rely on seed complementar-
ity [21]. Seed region is also the most evolutionarily conserved
domain in animals [22]. Owing to the evolutionary conservation
of seed region, miRNA family members share identical seed
sequences. However, miRNAs in the same family have different tar-
gets derived from the determinant role of 30 end pairing in target
specificity [23,24].
1353
The 30 end of miRNA can be divided into 30 supplementary and
tail [18] (Fig. 1D), and the supplementary pairing beyond seed
region could efficiently regulate target mRNA levels [25]. The addi-
tional supplementary interaction can enhance target recognition or
compensate for seed mismatch [26,27]. Previous studies showed
that the additional supplementary pairing could enhance target
RNA binding affinities with varied abilities dependent on different
miRNAs: �2-fold for let-7 [18], �7-fold for miR-21 [28] and >20-
fold for miR-122 [29]. Biochemical experiments and mathematical
model further elucidated that AGO proteins were highly occupied
by seed-plus-supplementary-pairing targets even with the exis-
tence of overnumbered seed-pairing-only targets, revealing the
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differential targeting driven by supplementary pairing [27]. For the
biochemical properties of supplementary pairing, catalytic kinetic
analysis showed that two simultaneous mismatches (g13 and
g17) introduced into pairing slightly weaken the target cleavage
efficiency [20]. Competition assays also confirmed that g15 and
g16 mismatches did not impair binding affinity of target RNA in
mouse AGO2–RISC [18]. Consistent with the experimental results,
target predicting algorithms implied that 30 pairing effect was rel-
atively insensitive to edge mismatches while sensitive to continu-
ous Watson-Crick pairing [23]. In addition to the supplementary
region, the miRNA’s 30 tail region can pair with the target RNAs.
This pairing paradigm in the tail region based on the seed and sup-
plementary pairings could lead to the 30 end destabilization of miR-
NAs because of the release of 30 end from the PAZ domain [30,31].
When in vivo instability of miRNAs, the guide miRNA may decay
instead of target repression; this biological phenomenon is referred
to as target-directed miRNA degradation (TDMD) [32–34].

MiRNA can exhibit heterogeneous 30 ends due to the post-
transcriptional 30 addition of nucleotides which may stabilize
miRNA or strengthen guide-target interaction [35,36]. Recent bio-
chemical data showed that for the seed-plus-supplementary pair-
ing, the increased lengths of miRNA from 21mer to 23mer could
enhance target affinity [29]. In contrast to seed-plus-
supplementary pairing, only-seed pairing had no appreciable dif-
ference on target RNA affinities with extended lengths of miRNA.
Based on the crystal structure of seed-plus-supplementary pairing
AGO2 complex, the structural model with the supplementary pair-
ing shows that the PAZ domain and the L2 loop shift away from the
central cleft, thereby providing sufficient space to form a supple-
mentary chamber for guide-target pairing [29]. The movement of
the PAZ domain may create tension in the miRNA 30 tail, and the
increased target RNA affinity may be ascribed to the relieved ten-
sion at the miRNA 30 tail, which facilitates the opening of supple-
mentary chamber.

However, the underlying mechanism how the structure of the
supplementary chamber and the AGO–target interactions influ-
enced by the miRNA extensions remains unclear. Furthermore,
the structural model of the supplementary pairing is unable to elu-
cidate the mechanism how the mismatches at the edge of supple-
mentary pairing had a minor effect on target binding and the 30

pairing was relatively insensitive to the predicted thermodynamic
stability. Although the crystal structure of supplementary pairing
in the AGO complex has been solved, it is challenging to provide
enough information for elucidating the mechanism of supplemen-
tary pairing with only one averaged snapshot because of the lim-
ited conformational changes. Molecular dynamics (MD)
simulations that explore protein and nucleic acid conformational
dynamics at the atomic level are critical for understanding of target
repression and TDMD process [37–43]. In the recent work, we have
used MD simulations to directly uncover biomolecular mecha-
nisms and protein–ligand/protein or protein–DNA/RNA recogni-
tions [44–57]. Previous investigations on AGO utilizing
large-scale MD simulations have successfully illuminated detailed
mechanisms behind AGO-RNA interaction [58–60] and have been
testified by experiments [61]. Thus, this method can further help
to improve miRNA target site prediction algorithm which can
improve the identification of genes directly regulated by miRNAs
[62,63] and to guide rational engineering of AGO complex for ther-
apeutical implications.

Here, we performed a multiple, microsecond-scale length expli-
cit MD simulations to investigate the effect of different miRNA
lengths and miRNA-target pairing patterns on the target RNA bind-
ing affinities. Nine systems were built with different miRNA
lengths and miRNA-target pairing patterns. The simulations
revealed that with the extension of the miRNA lengths, the supple-
mentary chamber opened a smaller range and fastened the mouth
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of the central cleft to prevent the escape of target RNA from the
complex and protect it from the attacking from solvent. Our study
further showed that the inner stronger matching pairs between the
miRNA and target RNA can compensate for weaker mismatches at
the edge of supplementary region and result in almost the same
pairing effect between the guide and target RNAs. This study aims
to shed light on the mechanistic understanding of the supplemen-
tary pairing paradigms, inspiring further research on target predic-
tion algorithm and miRNA design for experimental and therapeutic
use.
2. Materials and methods

2.1. Structure preparation for simulations

A total of nine systems were performed: three for seed-pairing
(g2–g8)-only (T1 systems), three for seed-plus-supplementary
(g13–g16)-pairing (T2 systems), and three for seed-plus-
supplementary (g15–g19)-pairing (T3 systems). For systems with
the same pairing pattern, miRNA length was 21mer, 22mer, and
23mer, respectively. The RNA sequences of the nine systems were
shown in Fig. 1C–E.

2.1.1. Preparation of initial structures for modelling
The crystal structure of seed (g2–g8)-plus-supplementary (g13–

g16)-pairing AGO2 complex (PDB ID 6N4O) [29] was selected as
the initial structure for further modelling. The missing residues
and atoms of AGO protein were added using the MODELLER pro-
gram except the first 21 residues at the N-terminus. The missing
g10 nucleotide of the guide RNA was filled up using the counter-
part of the guide RNA based on the seed-pairing-only structure
of AGO2 complex (PDB ID 4Z4D) [64] because of the similar central
region of guide RNA in the two structures. The missing g19 was
added through growing a nucleotide from g18 and ligating it with
g20 using the Discovery Studio 2019. The missing t8 nucleotide in
the target RNA was added by the counterpart of the target RNA
from the TDMD structure of AGO2 complex (PDB ID 6NIT) [30].
After that, a nucleotide was prepended from t8 to t7 and t6 was
added by lengthening from t5 using the Discovery Studio 2019.
To remove the incompatibility of newly added nucleotides,
10,000 steps of minimization of nucleotides were performed using
the steepest descent algorithm with the protein fixed. Then, a
second-round minimization was performed without any restraints.

2.1.2. Construction of the seed-pairing-only systems
Three seed-pairing-only systems, including 21mer-T1, 22mer-

T1, and 23mer-T1, were constructed. Based on the initial structure,
mutations of nucleotides to form seed-pairing-only nucleic
sequences and extensions of guide RNA from 21mer to 23mer were
done using the Discovery Studio 2019. 10,000 steps of minimiza-
tion were then performed using the steepest descent algorithm
to optimize complex structures.

2.1.3. Construction of the seed-plus-supplementary (g13–g17)-pairing
systems

Three seed-plus-supplementary (g13–g17)-pairing systems,
including the 21mer-T2, 22mer-T2, and 23mer-T2, were con-
structed. First, to model the 21mer-T2 system, nucleotide muta-
tion, nucleotide extension, and energy minimization were
performed based on the initial structure. For the additional pairing
of g17–t6 compared, a 20 ns MD simulation was performed to
drive the guide and target pairing at the anticipative position.
The prepared complex was solvated to a water box and Na + and
Cl� were added to simulate normal saline environment. The sys-
tem was then minimized and heated. In the production simulation,
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a pulling force was added of 3 kcal/mol/ Å2 to promote the pairing
of g17 to t6 by restraining the distance between the N1 atom of
g17 and the N3 atom of t6 and the distance between the N6 atom
of g17 and the O4 atom of t6 within 3.5 Å. Next, to choose the most
optimal conformation, average-linkage algorithm was carried out
to extract the most representative structure based on the snap-
shots from the last 5 ns of simulations. We selected the coordinates
of Ca atoms in the AGO2 protein and P atoms in the nucleotides as
input for average-linkage algorithm.With the obtained structure of
the 21mer-T1, the guide extension from 21mer to 23mer and
energy minimizations were accomplished using the Discovery Stu-
dio 2019.

2.1.4. Construction of the seed-plus-supplementary (g15–g19)-pairing
systems

Three seed-plus-supplementary (g15–g19)-pairing systems,
including the 21mer-T3, 22mer-T3, and 23mer-T3, were con-
structed. First, to model the 21mer-T3 system, we mutated and
remove redundant nucleotides using Discovery Studio 2019 from
the structure of 21mer-T2. To enable the additional pairing of
g18 and g19 in the 21mer-T3 compared to the 21mer-T2, a 20 ns
simulation was performed as mentioned above. Pulling force was
added using 3 kcal/mol/Å2 to promote the pairing. After a 20 ns
simulation, the 30 end of guide RNA was released from the PAZ
domain. This phenomenon might due to the inappropriate force
added. Since the pairing in the tail region may cause the release
30 end of guide RNA, the 21mer RNA was too short to bear the ten-
sion upon additional 30 pairing. Therefore, we chose 23mer-T2 to
construct 23mer-T3 using the above method. We used average-
linkage algorithm to extract the representative structure as the ini-
tial structure of the 23mer-T3 system. With the obtained structure
of the 21mer-T3, the guide truncation from 23mer to 21mer and
energy minimization were accomplished using the Discovery Stu-
dio 2019.

2.2. MD simulations

The above-mentioned systems were prepared with the LEaP
program using ff14SB and ff99OL3 to describe the RNA-protein
complexes [65–67]. The prepared complex was solvated to a trun-
cated octahedron transferable intermolecular potential three point
(TIP3P) water box [68] and Na + and Cl� were added to neutralize
and simulate normal saline environment. Two rounds of minimiza-
tion were performed in which the first round contained 5000 steps
maximum minimization cycles with the protein and nucleic fixed
and the second round contained 10,000 steps maximumminimiza-
tion cycles with no constraints. Subsequently, all systems were
heated from 0 to 300 K within 300 ps, followed by 700 ps equilibra-
tion running in a canonical ensemble (NVT). After all these prepa-
rations, 10 replicas of independent 1 ls simulations were
performed with random velocities under isothermal isobaric
(NPT) conditions, producing a total of 90 ls simulation trajectories
for analysis. For the long-range electrostatic interactions, the parti-
cle mesh Ewald method [69] was used, while a 10 Å non-bonded
cut-off was introduced for the short-range electrostatics and van
der Waals interactions. Covalent bonds involving hydrogens were
restrained using the SHAKE method [70].

2.3. Principal component analysis (PCA)

Principal component analysis (PCA) widely used in describing
the kinetic process during simulation is a technique that can trans-
form a series of potentially coordinated observations into orthogo-
nal vectors. Among these vectors, the first two principal
component (PC1 and PC2) provide the dominant motions during
simulation [71]. In this analysis, PCs were generated based on
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coordinate covariance matrix of Ca atoms in the AGO protein using
every 10 frames in all nine systems and these collected frames
were all projected on the first and second principal components.

2.4. Generalized correlation analysis

Generalized correlation (GCij) analysis was applied to calculate
the correlated motion. Compared to traditional Pearson correlation
analysis, GCij analysis is independent of mutual orientations of the
atomic fluctuations and enable the separation between linear and
nonlinear contributions [72]. To reflect how much information of
one atom’s position is provided by another, Mutual Information
(MI) was introduced and calculated by:.

MI xi; xj
� � ¼

Z Z
p xi; xj
� �

ln
p xi; xj
� �

p xið ÞpðxjÞdxidxj ð1Þ

The right side of equation can be related to the more widely
known measure of entropy which calculated by:.

H x½ � ¼
Z

p xð Þlnp xð Þdx ð2Þ

To calculate based on the correlation between pairs of atoms:.

MI xi; xj
� � ¼ H xi½ � þ H xj

� �� H½xi; xj� ð3Þ
M[xi,xj] was further related to a more intuitive Pearson-like cor-

relation coefficient GCij which can be calculated by:.

GCij ¼ 1� e�
2MI½xi ;xj �

d

� ��1
2

ð4Þ

where d represents the dimensionality of xi and xj, which is 3 in our
study. GCij calculation was done by g_correlation tool in Gromacs
3.3 [73] with the coordinates of Ca in each residue as input. The
inter-domain correlation was calculated by accumulation of GCij

between each residue in respective domains with a minimum
threshold value of 0.50. Then, the accumulated value was normal-
ized according to the maximum and minimum value in the counter-
part in all nine systems.

2.5. Dynamic network analysis

Dynamic network analysis was performed to reflect the motion
connection using the Network View plugin in VMD [74]. In our
analysis, the Ca atoms in the AGO2 protein, the N1 atoms in the
uracil and cytosine, and the N9 atoms in the adenine and guanine
were chosen as nodes to represent their corresponding residues.
Edges were drawn between nodes whose distances are within a
cutoff of 4.5 Å for at least 75% of simulation time. The edge
between nodes was calculated by:.

di;j ¼ �logðjCi;jjÞ ð5Þ
where i and j represent the two nodes. In addition, community,
which means a combination of residues whose connections are
stronger was calculated using the Girvan-Newman algorithm [75]
through the gcommunities program in VMD.

2.6. Markov state model (MSM)

Markov state model (MSM) is a mathematical framework to
describe the dynamics of time-series data [76–78]. It has been used
as an invaluable tool in understanding the dynamics during MD
simulation [79,80]. In this analysis, MSM was used to differentiate
conformational states during simulation and help to extract repre-
sentative structures from each state. All MSM calculations were
performed using the PyEMMA software. MSM transition matrix
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was first calculated based on the probability of transition between
different states.

Implied timescale (ITS) test was performed to check the Marko-
vian property and choose the proper lag time(s). ITS as a function
of s can be calculated by:.

ti ¼ � s
lnjkiðsÞj ð6Þ

where ki means the eigenvalue gotten from MSM transition matrix
of the ith process. Based on this, implied timescale plot can be
drawn in which each curve represents an average transition time
in one process. When the curve became approximately constant,
the corresponding lag time is appropriate for following analysis
and the system is memoryless (Markovian property). In this study,
the lag time was set as 10 ns.

Every frame of each system was projected on the free energy
plot according to the characteristic vectors (CV). Then, K-centers
algorithm was applied to cluster the two-dimensional conforma-
tions into 300 microstates in each system. Based on these 300
microstates, PCCA + algorithm was performed to divide the micro-
states into certain states (can be thought as metastates). With the
divided states, the Chapman–Kolmogorov test was computed to
further testify the property of MSM.

Every microstate was labeled as a certain metastate. The frames
near the K-centers (microstates) belonging to the certain state in
energy landscape were extracted to constitute a new trajectory
to represent the state. The structure that has the smallest cas
(RMSD) with other frames in the trajectory was chosen as the rep-
resentative structure.
3. Results

3.1. Distinct miRNA extensions affect conformational dynamics of
AGO2–RNA complex

A total of nine systems were performed: three for seed-pairing
(g2–g8)-only (T1 systems), three for seed-plus-supplementary
(g13–g16)-pairing (T2 systems), and three for seed-plus-
supplementary (g15–g19)-pairing (T3 systems). For systems with
the same pairing pattern, miRNA length was 21mer, 22mer, and
23mer, respectively. The RNA sequences of the nine systems were
shown in Fig. 1C–E. Each system had 1 ls � 10 independent runs
with random initial velocities, leading to a cumulative simulation
timescale of 90 ls. Such an extensive timescale has been proven
efficient for exploring the biomacromolecule conformational land-
scapes and recognition processes. To explore the effect of RNA
lengths on overall conformational dynamics, the Ca atoms root-
mean-square deviation (RMSD) of the AGO2 protein relative to
the crystal structure was calculated. No significant differences
were found except for the 21mer-T3 system (Supplementary
Fig. 1A–C). Compared to the 22mer-T3 and 23mer-T3 systems,
a � 0.5 Å RMSD increase in the 21mer-T1 system was observed,
indicating a conformational variation compared with the initial
structure. To explore the conformational variation, we extracted
the representative structure of the 21mer-T3 system from the 10
replicas of MD simulations and found the release of the 30 end of
the miRNA from the PAZ domain in each replica (Supplementary
Fig. 1D). This observation indicated that the length of the 21mer
miRNA was insufficient to tolerate the increased tension created
by the 30 tail pairing.

To further uncover the influence of miRNA lengths on local con-
formational dynamics, the root-mean square fluctuation (RMSF) of
each residue (represented by the Ca atoms for AGO2 and P atoms
for miRNA) was calculated (Supplementary Figs. 2 and 3). To better
show the differences, we subtracted RMSF of the 22mer and 23mer
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systems from the counterpart of 21mer systems in the three sys-
tems and projected the difference values on the protein structure
(Fig. 2A–I). Inspection of the RMSF plot showed that the PAZ
domain displayed the highest fluctuation and showed an increased
plasticity with the extension of miRNAs, indicating the less con-
strained conformation of the AGO2 protein in response to the
extended miRNAs. However, it should be noted that with the
extension of the miRNA lengths from 22mer to 23mer, the RMSF
of the PAZ domain decreased significantly in the region proximal
to the miRNA tail. This can be attributed to the enhanced stability
created by the additional binding of 23th nucleotide. In general,
the RMSF variations in the PAZ domain induced by different miRNA
lengths are originated from the combined actions of the tension
release and the additional binding.

3.1.1. Extended miRNA fastens the mouth of supplementary chamber
To characterize the global conformational transition and essen-

tial dynamics in the simulations, principal component analysis
(PCA) was performed. We projected all MD snapshots from 10
independent runs of each system on the two-dimensional plot
according to the first two principal components (PC1 and PC2)
(Fig. 3A–I) and the domain motions along the PC1 (Fig. 3J) and
PC2 (Fig. 3K) were shown on the AGO2 protein.

The pairing pattern can be distinguished based on the PC2 with
the seed-pairing-only systems showing higher PC2 value. Along
the PC2, the PAZ domain underwent large-amplitude motions
towards the N domain andmoved away from the L2 domain, which
rendered the supplementary chamber changing from the ‘‘open” to
‘‘closed” conformations (Fig. 3K). This observation supported the
notion that the PAZ domain shifted away from the N domain to
provide sufficient space to form supplementary chamber. By
superimposing the averaged structures of the 23mer-T1 system
which represented the seed-pairing-only conformation and the
23mer-T2 system which represented the seed-plus-
supplementary-pairing conformation, the shift of the PAZ domain
concerted with the motion of the PC2 (Fig. 3L). However, PC2 val-
ues had no variation with the extended miRNA lengths, suggesting
that miRNA lengths cannot affect the ‘‘open” to ‘‘closed” motions.
To further elucidate this observation, we calculated the distance
between the E261 Ca atom from the PAZ domain and the D358
Ca atom from the L2 domain, representing the shifted range of
the PAZ domain from the L2 domain (Fig. 3L and M). The calculated
distances in the seed-pairing-only systems were relatively larger
than those in the seed-plus-supplementary pairing systems. How-
ever, no significant differences were found with the extension of
the miRNA lengths in the additional supplementary pairing sys-
tems, indicating that the extended miRNA lengths did not affect
the ‘‘open” to ‘‘closed” motions of the AGO2 protein in the seed-
plus-supplementary pairing systems.

Compared to the PC2, the PC1 values changed with the
extended miRNA lengths. In the seed-plus-supplementary-pairing
systems, PC1 values increased with the extended miRNA lengths
from 21mer to 23mer while this property was not observed in
the seed-pairing-only systems (Fig. 3A–I). Along the PC1, both
the PAZ and PIWI domains moved towards each other and yielded
the supplementary chamber to open a smaller range, which can be
called as the ‘‘departing” to ‘‘approaching” motions (Fig. 3J).

To further probe the influence of miRNA lengths on the ‘‘depart-
ing” to ‘‘approaching” motions, we projected all MD trajectories
onto the two-dimensional surface according to the distances from
the I61 Ca atom to the G836 Ca atom (d1) and the E333 Ca atom to
the center of mass of Ca atoms in the A603, G604 and D605 (d2)
(Fig. 4A–I and Supplementary Fig. 4). D1 represents the distance
between the PAZ and PIWI domain which correlates to the ‘‘depart-
ing” to ‘‘approaching” motions while d2 represents the distance
between the PAZ and N domain. Since the PAZ, PIWI, and N



Fig. 2. Conformational dynamics of AGO2–RNA complex. The averaged RMSF values are plotted on the 3D structures of the AGO2–RNA complex in the 21mer-T1 (A), 21mer-
T2 (B) and 21mer-T3 (C) systems. The substations of RMSF values of the 22mer and 23mer systems from the counterpart of 21mer systems are plotted on the 3D structures
(D–I). Positive regions (red) stand for higher RMSF values, whereas negative regions (blue) represent lower RMSF values. The significant fluctuation differences are
highlighted with a dashed rectangle in each panel.
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domains form the mouth of the supplementary chamber, d1 and d2

can reflect the supplementary chamber-opening degree. To differ-
entiate the conformational states in the energy landscape, Markov
state model (MSM) was applied (see Material and Methods) and
only the states in the energy basin of free-energy landscape were
analyzed. The implied timescale test and the Chapman–Kol-
mogorov test were calculated to testify the Markovian property
(Supplementary Figs. 5 and 6). The proportion, the representative
structure, and the representative trajectory of each state were cal-
culated based on the MSM. In addition to the free-energy diagram,
violin plots of d1 and d2 were also drawn to better compare
between different systems (Supplementary Figures 7 and 8). Com-
pared to the seed-plus-supplementary pairing systems, the range
of both d1 and d2 parameters were generally larger in the seed-
pairing-only systems, indicating the instability of the contacts
between the PAZ, PIWI and N domains when pairing only in the
seed region. The higher d2 parameter in the seed-pairing-only
systems also reflected the larger distance between the PAZ and
PIWI domains, which further suggested a contraction of the PAZ
and PIWI domains with the additional supplementary pairing.
According to the states extracted using MSM in the seed-pairing-
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only systems, with the increase of the d1 parameter, three states
were observed: CX, CY, and CZ (Fig. 4A–C). The proportion and
location of the three states did not change with the extended
miRNA lengths and the projected area on the free-energy land-
scape was widely distributed and very similar in three systems,
which reflected the conformational similarity of the AGO2 protein
with different miRNA lengths in the seed-pairing-only systems. In
the seed-plus-supplementary (g13-g17) pairing systems, two dif-
ferent states were observed: one with a smaller d1 parameter
means a closer contact between the N and PIWI domains (CL),
and the other was opposite (CR) (Fig. 4D–F). In the seed-plus-
supplementary (g15-g19) pairing systems, three different states
were observed (Fig. 4G–I). One had larger d1 and d2 parameters
(CU), meaning a distant relationship between the PAZ, PIWI and
N domains which only existed in the 21mer-T1 system. The other
two states shared a similar d1 parameter and from the high to low
d2 parameter was CM and CD, respectively, which merged into one
state in the 22mer-T3 system. Except for the 21mer-T3 system
whose 30 end of miRNA was released from the PAZ domain, both
d1 and d2 parameters broadly decreased with the extended miRNA
lengths in the seed-plus-supplementary-pairing systems, indicat-



Fig. 3. Global conformational transitions of AGO2–RNA complex. (A–I) Projections of the first and second principal components (PC1 vs PC2) from MD simulations of the
AGO2 protein in nine systems. (J) The ‘‘departing” to ‘‘approaching” domain motion along the PC1. (K) The ‘‘open” to ‘‘closed” domain motion along the PC2. (L) Superposition
of the AGO2 protein between the 23mer-T1 (gray) and the 23mer-T2 (gold) systems reveals the shift of the PAZ domain (indicated with arrow) to form supplementary
chamber. (M) Distances between the E261 Ca atom from the PAZ domain and the D358 Ca atom from the L2 domain. The bars indicate the mean ± SEM values from 10
independent MD runs.
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ing the shrinkage of the mouth of supplementary chamber encom-
passed by the PAZ, PIWI and N domains.

By superimposing the representative structures of their respec-
tive dominant state in the T2 systems (CR for 21mer-T2 and
22mer-T2, and CL for 23mer-T2), we found that with the extended
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miRNA lengths, the PAZ, PIWI and N domains were getting closer
to each other and wrapping around the target more tightly (Sup-
plementary Figure 9). To show the conformational changes clearly,
we superimposed the representative structures of the CL, CR, CM,
and CU states. Compared to the CR conformation, the proximity



Fig. 4. The closer contacts between the PAZ, PIWI and N domains induced by the miRNA extensions could shield the target RNA from solvent water attack. (A–I)
Conformational landscapes generated using the d1 (distance from the I61 Ca atom to the G836 Ca atom) and d2 (distance from the E333 Ca atom to the center of mass of Ca
atoms in the A603, G604 and D605) order parameters. Representative structures of (J) CL state and (K) CR state in the 22mer-T2 system, and (L) CM state and (M) CD state in
the 23mer-T3 system. The nucleotides for calculating SASA was noted. SASAs of nucleotides noted above in different states of the T2 (N) and T3 (O) systems. * The CD* state in
the 22mer-T3 system is merged by the CD state and the CM state.
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of the PIWI and N domains in the CL conformation shielded the
side of target RNA (Fig. 4J and K). In the CD conformation, the
approaching of the PIWI and PAZ domains yielded the direct inter-
actions between them, wrapping the target RNA more tightly and
protecting it from solvent water (Fig. 4L and M). To quantify this
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change, we calculated the solvent accessible surface area (SASA)
of the target nucleotide surrounded by the PAZ, PIWI and N
domains which includes the A9–C12 of target RNA in the T2 sys-
tems and its counterpart U6–A9 of target RNA in the T3 systems.
The SASA value decreased from the CR state to the CL state in the
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T2 systems and from the CM state to the CU state in the T3 systems
(Fig. 4N and O and Supplementary Figure 10), indicating that the
closer contacts between the PAZ, PIWI and N domains induced
by the miRNA extensions could protect the target RNA from water
solvent.

To discuss the linkage between these states to the target RNA
regulation, we calculated the RMSDs between representative struc-
tures of each state and reported crystal structures (Supplementary
Table 1). For RNA sequence and pairing pattern of target RNA and
miRNA could affect the structure of AGO protein, we selected the
crystal structure of seed-plus-supplementary-pairing AGO2 com-
plex (PDB ID 6N4O) [29] as the representative structure of target
inhibiting process and the crystal structure of only four central
mismatches (bu4) pairing AGO2 complex (PDB ID 6NIT) [30] as
the representative structure of target-directed microRNA degrada-
tion (TDMD) process to make RNA sequence and pairing pattern of
the crystal structures as similar as possible to the simulation sys-
tem. The RMSDs of whole protein and key domains (PAZ and PIWI
domains) in AGO-RNA interaction between each representative
structure and the crystal structures were calculated respectively.
The result showed that RMSDs with target inhibiting conformation
are smaller than that with TDMD conformation, correlated with
the fact that systems we built were used to describe target inhibit-
ing process rather than TDMD process. However, the phenomenon
cannot be observed in the 23mer-T3 system. This can be ascribed
to the huge difference in pairing pattern and RNA sequence
between the 23mer-T3 system and the crystal structure 6N4O.
The CR conformation has the lowest RMSDs with target inhibiting
conformation among all states especially when calculating key
domains, indicating that the crystal structure 6N4O adopted the
CR conformation. This is consistent with the previous observation
that CR state was the dominant conformation in the 21mer-T2 sys-
tem for crystal structure 6N4O has 21mer miRNA and almost the
same pairing pattern as the 21mer-T2 system.

Taken together, compared to the seed-pairing-only systems, the
additional supplementary pairing could induce ‘‘closed” to ‘‘open”
motions of the AGO2 protein and promote the proximity of the PAZ
and PIWI domains. Further, the proximity of the PAZ, PIWI and N
domains led to the shrinkage of the supplementary chamber and
tightened the mouth of the chamber, which in turn prevented
the escape of target RNA from the complex and shielded it from
solvent water attack.

3.1.2. Pairing patterns and miRNA extensions influence the interaction
of the target RNA with the AGO2 and miRNA

To examine how the pairing patterns and the miRNA extensions
influenced the interaction of the target RNA with the AGO2 and
miRNAs, we calculated the number of hydrogen bonds formed
between AGO2–target RNA and miRNA–target RNA in each system.
The cutoff distance and angle of hydrogen bonds are set as 3.5 Å
and 135�, respectively. With the additional supplementary pairing,
the number of hydrogen bonds between AGO2–target and miRNA–
target increased compared to the seed-pairing-only systems
(Fig. 5A). Additionally, the number of hydrogen bonds formed
between target and protein in the T2 system was smaller than that
in the T3 system while the number of hydrogen bonds formed
between target and guide was just opposite. The deviation can be
ascribed to the different pairing patterns and target RNA structures
in the T2 and T3 systems. There are two more nucleotides pairing
to miRNA at the 50 end of target RNA in the T3 systems (pairing to
g15-g19) compared to the T2 systems (pairing to g13-g17). The
additional pairing pulled the 50 end of target RNA from the PIWI
domain of protein. Moreover, target2 has an additional 50 tail com-
pared to target3 (Fig. 1D and E), which can form additional hydro-
gen bonds with protein. To prove the explanation above, we
calculated the hydrogen bonds formed between the PIWI domain
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and target RNA and between protein and the 50 additional tail of
target RNA (A1target, C2target and G3target) in the T2 and T3 systems
(Supplementary Figure 11). We could observe that the 50 additional
tail of target RNA in the T2 systems provided � 6 additional hydro-
gen bonds with AGO2 in contrast with the T3 systems and the dif-
ference of the protein- target RNA hydrogen bonds between the T2
and T3 systems is also about 6 (Fig. 5A). The T2 systems had about
seven more hydrogen bonds between target RNA and the PIWI
domain than the T3 system and the 50 additional tail of the T2 sys-
tems mainly formed hydrogen bonds with the PIWI domain. Based
on these, we speculated that hydrogen bonds formed between the
50 additional tail in the T2 systems provided the most deviation in
the number of target RNA-protein hydrogen bonds between the T2
and T3 systems. The number of hydrogen bonds between miRNA
and target RNA in the 21mer-T3 system was slightly larger relative
to the 22mer-T3 and 23mer-T3 systems. This can be explained that
the release of the 30 end of the guide RNA relieved the conforma-
tional limitation of the PAZ domain on its tail and it could adopt
a more suitable conformation to pair with the target RNA.

To further elucidate the pairing between the target and guide
RNAs, the pairing occupancy of each nucleotide pair was calculated
using the average of occupancy of each hydrogen bond formed
between the nucleotide pair. Nucleotide pairs with more than 3%
variation in the pairing occupancy as the miRNA extensions were
shown in Fig. 5B and C. The pairing occupancy at the edge of sup-
plementary pairing which contains U17miRNA–A6target in the T2 sys-
tems and U19miRNA–A1target and G18miRNA–C2target in the T3
systems increased slightly with the miRNA extensions except for
the 21mer-T3 system in which the 30 tail of the guide RNA released
from the PAZ domain. The opening angles of the U17miRNA–A6target

in the T2 systems and the U19miRNA–A1target in the T3 systems were
further calculated to describe the pairing at the edge of supple-
mentary region (Supplementary Figure 12). With the miRNA
extensions, the opening angle became smaller, suggesting a better
pairing at the edge of supplementary region. The pairing at the
edge of supplementary region depends on the tail of miRNA’s
motions towards the target RNA, which may increase the tension
in the 30 end of miRNA. Hence, with the extended miRNA lengths,
the tension can be reduced and therefore the miRNA can move
together with the PAZ domain towards the target RNA. In addition
to the edge pairing, the pairing occupancy of other sites seemed to
vary less regularly, but generally compensated for the variation in
the edge pairing caused by the miRNA extensions. This was corre-
lated with the findings that the extended miRNA lengths did not
affect the sum of hydrogen bonds between the target RNA and
miRNA.

3.1.3. The effect of pairing patterns and miRNA extensions on the
correlated motions and community networks

Using Generalized correlation analysis, we provided an over-
view of the inter-residue and inter-domain correlated motions in
the nine systems (see Material and Methods). The results showed
that the additional supplementary pairing significantly weakened
the overall correlated motions (Supplementary Figure 13A–J).
Additionally, the overall correlated movements also enhanced with
the miRNA extensions. Further investigation on the interdependent
motions between different domains indicated that the increased
correlated motions between the PAZ domain and other domains
(especially the MID and PIWI domains) were more significant in
the context of overall enhanced domain connectivity with the
miRNA extensions (Fig. 6A–I). All these observations, except the
21mer-T3 system in which the 30 release of miRNA from the PAZ
domain, reshaped the overall correlation structure and strength-
ened the correlated motions compared to other seed-plus-
supplementary-pairing systems. These results were consistent
with the proximity of the PAZ, PIWI and N domains with the



Fig. 5. The interaction of the target RNA with the AGO2 and miRNA. (A) The number of hydrogen bonds formed between AGO2–target RNA and miRNA–target RNA. Pairing
occupancy of nucleotide pairs with more than 3% variation as the miRNA extensions in the T2 (B) and T3 (C) systems.
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extended miRNA lengths, implying that miRNA extensions could
enhance the domain connectivity between the PAZ, PIWI and N
domains to promote the proximity of these domains to wrap
around the target RNA more tightly.

Community network analysis was performed to uncover the
correlation network in different systems (see Material and Meth-
ods). Each community was visualized as colored circles whose area
is proportional to the number of residues it contains. The strength
of inter-community connection was represented by the width of
sticks connecting communities. In general, communities of differ-
ent systems were similar (Fig. 7A–I) and the detailed configura-
tions of the communities in each system were shown in
Supplementary Figure 14 to reveal the relationship between
domains and communities. The PIWI domain consisted of Commu-
nities C, D, and F while the community F only existed in the T2 sys-
tems. The Community F diminished from the 21mer-T2 system to
the 22mer-T2 system and even vanished in the 23mer-T2 system,
suggesting a better motion integrity of the PIWI domain with the
miRNA extensions. As for the nucleic acids, they were segmented
into communities in pairs, playing a role of connecting communi-
ties along the way. In terms of where each nucleotide belonging,
the 50 non-pairing nucleotides of target RNA in the T2 systems
gradually joined Community I and moved together with miRNAs
during simulations with the extension of miRNA lengths from
21mer to 23mer (Supplementary Figure 12D–F), indicating better
interactions between target and guide RNAs induced by the miRNA
extensions.
1361
For the connectivity between communities, we focused on the
connection between Community I (main part of the PAZ domain)
and Community C (main part of the PIWI domain). In the seed-
pairing-only systems, the connection between the Community I
and Community C was made through two additional communities
which were Community G/H and Community D (Fig. 7A–C). How-
ever, with the additional supplementary pairing, the connection
was through one additional community which was Community
G/H, except for the 21mer-T2 system whose connection network
was influenced by the additional community F (Fig. 7D–I). This
analysis suggested that the supplementary pairing can promote
the information flow between the PAZ and PIWI domains. In the
seed-plus-supplementary pairing systems, the connection
between Community I and C was also strengthened with the
miRNA extensions through the enhancement of connections along
the way while this change cannot be observed in the seed-pairing-
only systems. These results indicated that the miRNA extensions
can produce stronger information transduction between the PAZ
and PIWI domains, which was in consistence with the generalized
correlation analysis revealing that the miRNA extensions can
enhance the domain connectivity between the PAZ and PIWI
domains.
4. Discussion

The human AGO2 protein, acting by guiding miRNA to recog-
nize target RNA, plays a critical role in gene expression regulation.



Fig. 6. Inter-domain correlation of AGO2. The inter-domain correlation was calculated by accumulation of GCij between each residue within respective domains in the (A)
21mer-T1, (B) 22mer-T1, (C) 23mer-T1, (D) 21mer-T2, (E) 22mer-T2, (F) 23mer-T2, (G) 21mer-T3, (H) 22mer-T3 and (I) 23mer-T3 systems.
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Here, using MD simulations, we investigated how the pairing pat-
tern and miRNA lengths influence target affinity at the atomic
level, thereby providing further guidance for the design of miRNA
for experimental and therapeutic use.

We observed the release of the 30 end of the miRNA from the
PAZ domain in the 21mer-T3 system, indicating that the length
of the 21mer miRNA was insufficient to tolerate the increased ten-
sion created by the 30 tail pairing. However, when building the
21mer-T3 system, we pre-paired the target with miRNA while in
real structure the target may not perfectly pair with miRNA due
to excessive tension and cannot pull the miRNA from the PAZ
domain. Validation of the release of 30 tail by experiment will be
the focus of our follow-up research.

Distinct pairing patterns can cause different conformational
dynamics of AGO2–RNA complex. By comparing the conforma-
tional dynamics between the seed-pairing-only and seed-plus-
supplementary pairing systems, we confirmed the structural
model that the PAZ domain shifted away from the central cleft
for the opening of supplementary chamber to form additional sup-
plementary pairing between the target RNA and miRNA. Moreover,
results indicated that in addition to the supplementary guide-
target interaction, supplementary pairing could increase target
affinity by promoting the proximity of the PAZ and PIWI domains
to wrap target RNA more tightly.
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We investigated how miRNA lengths influence target affinity.
Previous studies speculated that miRNA extensions increased tar-
get affinity by releasing tension in miRNA 30 tail to promote the
supplementary interaction between guide and target. Consistent
with this speculation, we found that miRNA extensions could pro-
mote pairing at the edge of supplementary region. However, the
sum of hydrogen bonds formed between target and guide was sim-
ilar with different miRNA lengths which can be ascribed to the
compensation of inner stronger pairing. This result explained and
accorded with the fact that mismatches at the edge of supplemen-
tary pairing had a minor effect on target binding. Based on this, we
assumed that the enhancement of edge pairing of supplementary
region was not the key factor causing the difference in target affin-
ity with miRNA extensions. Furthermore, we put forward that
miRNA extensions could induce conformational transition from
‘‘departing” to ‘‘approaching” with the proximity of the PAZ, PIWI
and N domains. This conformational transition could tighten the
mouth of the supplementary chamber, which in turn prevented
the escape of target RNA from the complex and shielded it from
solvent water attack. This conformational change created by the
miRNA extensions can be ascribed to the enhanced domain con-
nectivity between the PAZ, PIWI and N domains and the increased
plasticity of the PAZ domain.



Fig. 7. Community network of AGO2–RNA complex. The community network in the (A) 21mer-T1, (B) 22mer-T1, (C) 23mer-T1, (D) 21mer-T2, (E) 22mer-T2, (F) 23mer-T2,
(G) 21mer-T3, (H) 22mer-T3 and (I) 23mer-T3 systems. Areas of the circles represent the numbers of residues in corresponding communities, and the widths of sticks
connecting communities represent the intercommunity connections.
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In view of the wide experimental application of miRNA and the
great potential of miRNA therapy in the treatment of tumor, car-
diovascular disease, endocrine and metabolic disease, the design
of miRNA mimics and anti-miRNAs has become the focus of
research [11,81,82]. Much guidance on miRNA mimics and
anti-miRNAs design has been established [83,84]. However, the
structural basis for the assembly of AGO–RNA complex needs to
be further investigated for the development of new design strate-
gies. Our study illuminated the structural basis of pairing pattern
and miRNA lengths’ effect on target RNA recognition, providing
insights on control of pairing patterns and miRNA lengths on the
design of miRNA mimics and anti-miRNAs. For the potential engi-
neering of AGO proteins as gene silencing and even editing tools
[85], our study may provide a useful guidance to tune AGO proteins
for new gene regulation tools.
5. Conclusion

In summary, the collective sampling of 90 ls MD simulations
revealed the effect of pairing patterns and miRNA lengths on the
conformational dynamics and the assembly of AGO–RNA com-
plexes. Compared to the seed-paring-only systems, the supple-
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mentary pairing can strengthen target-guide interactions and
promote the proximity of the PAZ and PIWI domains, which can
tighten the mouth of supplementary chamber to protect the target
RNA from dissociation. Further, in the seed-plus-supplementary
pairing systems, the extension of miRNA lengths could induce
the increased plasticity of the PAZ domain and enhance domain
connectivity between the PAZ, PIWI and N domains, and thereby
promote the proximity of these domains to tighten the mouth of
supplementary chamber, which in turn protected the target RNA
from water solvent attacking and hindered target RNA’s escaping
from the AGO–RNA complexes through the mouth of supplemen-
tary chamber. Moreover, our results showed that miRNA exten-
sions could strengthen the target-guide pairing at the edge of
supplementary region while the sum of hydrogen bonds formed
between target and guide RNAs were similar with different miRNA
lengths and the inner stronger matching can compensate for edge
weaker matching. The proximity of the PAZ, PIWI and N domains
rather than the enhanced edge pairing is the key factor for the
increased target affinity with the miRNA extensions. These results
shed light on the structural details of the assembly of AGO–RNA
complex with the supplementary pairing, which were instructive
to the design of miRNA mimics and anti-miRNA for clinical and
experimental use.
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