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Abstract Three magnesium ions (Mg2+), named Mg1 (in
Mid domain), Mg2 and Mg3 (both in PIWI domain), located
at the small RNA binding domain of Argonaute (Ago) protein,
are important for sequence-specific miRNA-target interac-
tions. Such conjunction between the Ago protein and miRNA
raises the question: How do Mg2+ ions participate in the
recognition process of miRNA by Ago or its target. Further-
more, it is still unclear whether the Mg2+ ions contribute to the
local or global stability of the miRNA complex. In this work,
we have performed a series of 16 independent molecular
dynamic simulations (MD) to characterize the functions of
Mg2+, hydration patterns and the conformational events in-
volved in the miRNA-target interactions. The cross correla-
tion analysis shows that Mg1 andMg2 significantly enhance a
locally cooperated movement of the PAZ, PIWI and Mid
domains with the average correlation coefficient of ∼0.65,

producing an “open-closed” motion (rotation Angle, 46.5°)
between the PAZ and PIWI domains. Binding of Mg3 can
globally stabilize the whole Ago protein with the average
RMSD of ∼0.34 Å, compared with the systems in absence
of Mg3 (average RMSD0∼0.43 Å). Three structural water
molecules surrounding the Mg2+-binding regions also stabi-
lize these ions, thus facilitating the recognition of miRNA to
its target. In addition, the thermodynamic analysis also verifies
the positive contribution of all three Mg2+ to the binding of
miRNA to Ago, as well as the importance Mg2 plays in the
cleavage of the miRNA targets.
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Introduction

MicroRNAs (miRNAs), approximately 19–23 nucleotides, are
categorized as a family of non-protein-coding, endogenous
small RNAs, playing critical roles in many biological process-
es, such as apoptosis, the metabolism pathways and even brain
development [1, 2]. Since the first miRNAwas reported in the
early 1990s [3], the interest in miRNAs has increased tremen-
dously in order to get more insights into the RNA interference
world. So far, several-thousands of miRNAs have been isolated
from many organisms by using a set of ingenious molecular
methods [2]. Intensive research involvingmiRNA participation
in various physiological processes have been performed [4, 5].
More recently, lots of related studies were conducted in our lab.
For instance, in systems biology, we have examined and quan-
tified the dynamic properties, key rate-limiting steps as well as
the stochastic noise that underlies the generic miRNA pathway
[6, 7], and in the molecular dynamic studies, we have charac-
terized the molecular mechanisms of Exportin-5 recognizing
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and transporting the pre-miRNA [8] and the molecular basis of
miRNA interacting with the Ago protein and its target, which
have uncovered the key elements required for recognition of
the miRNA target [9].

MiRNA functions its-targeted RNA cleavage, which is
mediated by the RNA induced silencing complex (RISC)
containing Dicer, TRBP and argonaute (Ago) proteins [4].
The RISC complex with the guide strand of miRNA recog-
nizes the complementary messenger RNA (mRNA) mole-
cules and degrades them or inhibits their translation, leading
to the substantially decreased levels of protein translation
and effectively turning off the gene. As the catalytic com-
ponents of RISC [10], Ago protein has two distinguishing
domains, i.e., the PAZ and PIWI domains; the former is
found in Dicer family proteins whereas the latter is restricted
to Argonautes [11]. The PAZ domain consists of two sub-
domains, the first subdomain is composed of a five stranded
open β-barrel with two helices on one end of the barrel, and
the second is made up of a β-hairpin followed by an !-helix
[12]. The conserved aromatic residues of the PAZ domain
form a deviant oligonucleotide fold containing a central cleft
that allows Ago to bind the single-strand 3’ end of the small
RNA in RISC specifically [13–15]. The PIWI domain sits at
the center of the crescent-shape Ago and extends to the
protein C-terminus. The PIWI core fold is similar to the
RNase H enzyme with conserved active aspartates, impli-
cating that Ago has the RNA cleavage or ‘slicer’ activity
[16, 17]. A recent report showed that RISC is an Mg2+-
dependent endonuclease in both humans and flies [18],
which was also evidenced by the crystal structure of Ago
complex. Structurally, three structural Mg2+ cations were
found in the complex, with one cation (Mg1) bound to Q414
embeded in the Mid domain which might be involved in the
anchoring of 5’ end phosphate of miRNA, and one cation
(Mg2) bound to D459, A460, and D635, yet the third cation
(Mg3) coordinated by the catalytic triad (D459, E490 and
D524) of the RNase H fold of the PIWI domain, the catalytic
site for mRNA cleavage (Fig. 1).

The cognate target mRNA is cleaved by the RISC com-
plex with the aid of Mg2+, which catalyze the hydrolysis of
mRNA and stabilize the reaction transition state meanwhile
[18]. Our recent work also demonstrated that Mg1 plays an
important role in the recognition process of miRNA by Ago,
and Mg2 and Mg3 are the key factor in producing and
stabilizing the geometry of the catalytic triad [9]. As a
matter of fact, Mg2+ ion is critical for the structure and
properties of many macromolecules [19]. For instance, in
transporter mgtA gene, Mg2+ modifies the structure of mgtA
5’UTR with different concentrations [20]. Additionally,
Mg2+ is involved in protein correct folding [21], structural
stability [22], and catalytic activity [23]. For example, in the
hammerhead ribozyme, one Mg2+ ion is observed to bind to

the ribozyme and facilitates the formation of near in-line
attack conformations [24].

However, how these cations affect the systematic dynamics
of a complex, particularly for the RISC, still remains unclear,
experimental observation for the conformational changes of a
protein is very hard to perform due to the impact of metal
cations. In order to investigate the influence of Mg2+ on
miRNA-target interactions, 16 systems in absence/presence
of different Mg2+ were investigated in this work by molecular
dynamics simulation and thermodynamic analysis with mo-
lecular mechanics generalized Born surface area (MM-
GBSA) method.

Materials and methods

As RNA always tends to decay in situ, it is difficult to
determine the 3D structure of Ago-RNA complex, much less

Fig. 1 Cartoon of the Ago-DNA complex. The Ago protein is color-
coded by domains (N in pale cyan, PAZ in violet, Mid in purple and PIWI
in gray); The guide DNA is in red and whereas the target RNA is in blue;
The Mg2+(green) molecules are shown as spheres, Mg1, Mg2 and Mg3
are marked 1, 2 and 3; The residues Q414 and the base DT661, DA663
bound to Mg1, the residues D459, A460, D635 and the base RU679,
RA680 bound to Mg2, the residues D459, E490, D524 and the base
RU679 bound to Mg3 are colored by element

3770 J Mol Model (2012) 18:3769–3781



the structure of Ago-miRNA-mRNA complex. Therefore, in
this work, the 3.0 Å crystal structure of wild-type T. thermo-
philus Ago complexed with a 5’-phosphorylated guide DNA
and its complementary target RNA (PDB entry 3HVR [5]),
were used to generate the initial protein coordinates for the
MD simulations. The side chains with missing coordinates
were reconstructed by using the package of Deepview [25].
The DNA sequence is GAGGTAGTAGGTTGT, with the
seed segments underlined, the target RNA seed sequence is
CUCCAUC from the 5’-end of the guide strand. Three Mg2+

cations were found in the crystal structure: the first cation
(Mg1) coordinated by Q414 embeded in the Mid domain
which might be involved in the anchoring of 5’ end phosphate
of miRNA, the second cation (Mg2) bound to the catalytic
triad (D459, D524 and D635) of the RNase H fold of the PIWI
domain, the catalytic site for mRNA cleavage, yet the third
one (Mg3) which resides in the neighboring of Mg2 with
distance of ∼4.4 Å is also located at PIWI domain surrounded
by D459, E490 and D524 as shown in Fig. 1.

It is speculated that Mg2+ ion might bind to the RNA
substrate through a nonbridging oxygen of the scissile phos-
phate during catalysis, however, the detailed mechanism
concerning the presence of different Mg2+ function in the
process of RISC mediated target RNA recognition still
remains unknown, to solve this query 16 simulation systems
are performed in this work. The crystal structure is modified
to meet our need by removing DNA-RNA or Mg2+ by using
pymol software [26], and the initial coordinates of 16 sys-
tems are obtained. The systems free Ago (P0), Ago-Mg1
(P1), Ago-DNA-RNA (C0) and Ago-DNA-RNA-Mg1 (C1)
are created to explain the function of Mg1; Ago-Mg2 (P2)
and Ago-DNA-RNA-Mg2 (C2) are added to get more infor-
mation about Mg2 function; while, the systems Ago-Mg3
(P3), Ago-DNA-RNA-Mg3 (C3) are also taken in account to
interpret how Mg3 works during the RNAi pathway and
Ago-Mg1-Mg2 (P12), Ago-Mg1-Mg2-Mg3 (P123), Ago-
DNA-RNA-Mg1-Mg2 (C12), Ago-DNA-RNA-Mg1-Mg2-
Mg3 (C123), Ago-Mg1-Mg3 (P13), Ago-DNA-RNA-Mg1-
Mg3 (C13), Ago-Mg2-Mg3 (P23), Ago-DNA-RNA-Mg2-
Mg3 (C23) are carried out to explore the interaction between
these ions.

MD simulations

All molecular dynamics simulations were carried out using
the GROMACS 4.0 package [27] with the AMBER99
forcefield [28]. For MD simulations, 16 models (free Ago,
Ago-Mg1, Ago-Mg2, Ago-Mg3, Ago-Mg1-Mg2, Ago-
Mg1-Mg3, Ago-Mg2-Mg3, Ago-Mg1-Mg2-Mg3, Ago-
DNA-RNA, Ago-DNA-RNA-Mg1, Ago-DNA-RNA-Mg2,
Ago-DNA-RNA-Mg3, Ago-DNA-RNA-Mg1-Mg2, Ago-
DNA-RNA-Mg1-Mg3, Ago-DNA-RNA-Mg2-Mg3 and

Ago-DNA-RNA-Mg1-Mg2-Mg3) were solvated with the
TIP3P water model [29] and 85Na+ 105Cl-, 85Na+ 107Cl-,
85Na+ 107Cl-, 85Na+ 107Cl-, 85Na+ 109Cl-, 85Na+ 109Cl-,
85Na+ 109Cl-, 85Na+ 111Cl-, 93Na+ 85Cl-, 91Na+ 85Cl-,
91Na+ 85Cl-, 91Na+ 85Cl-, 89Na+ 85Cl-, 89Na+ 85Cl-,
89Na+ 85Cl-, 89Na+ 85Cl-, 87Na+ 85Cl- were added to
neutralize the total charge and bring the ionic strength of
the solvent to physiological levels of 0.15 M, respectively.
The V-rescale thermostat [30] was applied using a coupling
time of 0.1 ps to maintain the systems at a constant temper-
ature of 300K, with pressure maintained by coupling to a
reference pressure of 1 bar, and values of the isothermal
compressibility set to 4.5×10-5 bar-1 for water simulations.
Periodic boundary conditions were employed and particle
mesh Ewald [31] was used for the long-range electrostatic
interactions. Van der Waals and Coulomb interactions were
truncated at 1.4 and 1.0 nm, respectively. All bond lengths
including hydrogen atoms were constrained by the LINCS
algorithm [32]. For each system, the simulation cell was
a rectangular box, with the size of 108.51 Å×98.77 Å×
87.77 Å, and the minimum distance between the protein and
the box wall was set to be larger than 10 Å, so that the
protein does not interact with its own periodic images via
truncated van der Waals interaction (Lennard-Jones potential)
and the long range electrostatic interactions with this image
are sufficiently small. Numerical integration of the equations
of motion used a time step of 2 fs, with non-bonded pair list
updated every 10 steps and conformations stored every 2 ps
for analysis.

After initial configuration construction, a standard equil-
ibration protocol was performed for molecular simulations.
The system was subjected to energy minimization for
10,000 steps by steepest descent and for 15,000 steps by
conjugate gradient to avoid close atomic contacts, followed
by slow constant volume heating to 300 K over 100 ps using
2.4 kcal mol-1 Å-2 harmonic restraints. These restraints were
slowly reduced to zero during a series of energy minimiza-
tions and 100 ps equilibration steps at constant temperature
(300 K) and pressure (1 bar) with a 0.2 ps coupling constant
for both parameters. The final equilibration step was a
200 ps constant volume run under NPT (constant pressure
and constant temperature) conditions. The production stage
consisted of a total of 25 ns at constant temperature of 300 K
and constant pressure of 1 bar (NPT ensemble) for all the 16
systems, respectively.

Cross-correlation analyses

The dynamic characteristics of the protein in the simulations
can be analyzed to yield information about correlated
motions [33]. The motions of the proximal residues can be
calculated by cross-correlation and also between regions as
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in domain–domain communication. The degree of collective
motions between different groups of atoms was assessed
from the cross-correlation matrix with elements

Corrij ¼
ri
!�D � ri

!D E�
� rj

!� � rj
!D E�E

ri
!�D � ri

!D E�2
�1

2

� rj
!�D � rj

!D E�2
�1

2

ð1Þ

Each element represents the correlation of the movements
of atoms i and j. The three-dimensional dynamical cross-
correlation map (DCCM) [34] displays the elements Corrij,
which can be collected inmatrix form. In the present study, the
correlated motion of a residue pair is represented by the
motion of the C! atoms of those residues from 10 ns to
25 ns of the MD trajectory. In the case of positively correlated
residues move in the same direction, Corrij equals 1, whereas
negative residues move in the opposite direction, it is −1,
while noncorrelated or perpendicular, it is 0.

Binding free energy calculation

Molecular mechanics generalized Born surface area (MM-
GBSA) [35] a continuum solvent approach and approxi-
mates the “average” free energy of a state to calculate
binding free energies, and all of these are based on an
analysis of molecular dynamics trajectories. Based on the
MM-GBSA method integrated in AMBER 10 [36], the bind-
ing free energy ΔG of each system could be conceptually
described as follows:

ΔG ¼ ΔEMM þ ΔGSOL � TΔSMM ð2Þ
whereΔG (Eq. 2) is the binding free energy in solution,ΔEMM

corresponds to the molecular mechanics energy, or enthalpic,
contribution and is given by:

ΔEMM ¼ ΔEbond þ ΔEangle þ ΔEtorsion þ ΔEvdw þ ΔEele

ð3Þ

ΔGSOL ¼ ΔGSA þ ΔGGB ð4Þ

ΔGSA ¼ gSAþ b ð5Þ
ΔGSOL, the solvation energy belonging to enthalpic con-

tribution, is given by two parts. First, there is the nonpolar
contribution ΔGSA (Eq. 5), that contains the product of the
surface area and an effective surface tension term. However,
the further corrections based on attractive and repulsive
solvent−solute interactions that improve the estimate of
the nonpolar contribution [37]. This part of the solvation
free energy was estimated by using a linear scaling factor
of γ00.0072 kcal/(mol/Å2) and β00.00 kcal mol-1, derived

from Eq. 5 and SA is the solvent accessible surface area
calculated from the program MSMS [38]. Second, the elec-
trostatic contributions to the solvation energy are modeled
by the generalized Born model [39]:

ΔGGB ¼ � 1

2
1� exp �kFGBð Þ

"w

� �X
lm

QlQm

FGB
ð6Þ

εω is the solvent dielectric constant, Ql and Qm are atomic
partial charges, k is the Debye–Hueckel screening parameter.
A smooth function that depends on atomic radii and the
distance between two atoms is defined as:

FGB ¼ r2lm þ alam exp
�r2lm
4alam

� �� �1
2

ð7Þ

rlm is the distance between atom l and m, !l and !m are the
effective Born radius of atom l and m. The dielectric con-
stants of 1 and 80 were used for the interior and exterior
of the solute, respectively. The dielectric boundary was
defined using a 1.4 Å probe on the atomic surface. The
entropy term TΔSMM (Eq. 2) which was estimated by
normal-mode analysis using the nmode module in AMBER
10, is the contribution of conformational entropy to the bind-
ing free energy.

The total binding free energy of the ligand-receptor interac-
tion was decomposed into the contribution from each individ-
ual residue by using theMM-GBSAmethod. The decomposed
binding free energy of ligand-receptor residue pair includes
three terms (the entropy term is neglected because of its inac-
curate estimation and costly time/memory requirements): elec-
trostatic contribution ($Eelec), van der Waals contribution
($Evdw) and solvation contribution ($Esolvation). The contribu-
tion of atom l to the electrostatic free energy of binding is
obtained by formula (8):

elelec ¼ � 1

2

X
m

1� exp �kFGBð Þ
"w

� �
QlQm

FGB
lm rlmð Þ þ

1

2

X
l 6¼m

QlQm

rlm

ð8Þ

Because the internal energy contribution arising from
bond, angle and dihedral terms $Eint is equal to zero, the
calculation of internal energies have been canceled. A re-
cursive algorithm was used to estimate the SASA [40] and
the corresponding SASA determined the corresponding
non-polar solvation energy of each atom. Moreover, elelec
includes one half of the ligand-receptor pair van der Waals
interaction energy. By summing the relative contribution of
each atom of a given residue, the total binding free energy of
the residue can be obtained. The relevant atoms are also
organize the separate contribution of backbones and side-
chains. Finally, all energy components were calculated by
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using a total of 100 snapshots that were extracted from the
simulation trajectory.

Results and discussion

Protein structure and dynamics

Figure 2 shows the root-mean-square deviation (RMSD) val-
ues of the conformational drift of Ago protein of C! atoms
respect to the starting structures. In general, the trajectories
remain stable with average RMSD values of about 4∼7 Å for
the single Ago systems and 2∼5 Å for the DNA-RNA bound
ones. Meanwhile, it is observed that the presence of different
Mg2+ influences the degree of conformational drift of the Ago
protein.

For the P0 and C0 systems, after a rise in the first 10 ns, the
overall C! RMSD reach stable plateaus with RMSD of 5.53±
0.96 Å and 2.60±0.36 Å respectively. However, after the
binding of Mg1, the P1 and C1 systems show a larger fluctu-
ation with RMSD of 5.75±1.1 Å and 3.62±0.70 Å, indicating
that Mg1 increases the fluctuation of the protein structure.

Interestingly, we observe that the binding of Mg2 to the
Ago protein shows a more complex dynamics behavior than
that of Mg1. Without bound DNA-RNA, both the P0 and P2
systems show similar fluctuation (5.53±0.96 Å for the for-
mer and 4.82±1.1 Å for the later). While after the binding of
DNA-RNA, the motion of Ago in the C2 (RMSD04.16±
0.80 Å) system is much larger than that in the C0 (RMSD0

2.60±0.36 Å) system. The combined results imply that the
cooperation of Mg2 and DNA-RNA have effects on the
conformational change of the Ago protein.

In contrast to the influence of Mg1 on the Ago protein, the
binding ofMg3 inhibits the movement of the protein, which is
supported by the much lower RMSD (4.14±0.62 Å) in the P3
system compared with the P0 (RMSD05.53±0.96 Å) system.
Similarly for the C23 and C2 systems, the Ago protein exhibits
a significantly decreased fluctuation (∼2 Å) with the binding
of Mg3 with the RMSD value of 4.09±0.83 Å, indicating that
the presence of a bound Mg3 actually stabilizes the confor-
mation of Ago.

The above analysis indicates that Mg1, Mg2 and Mg3
exhibit different binding properties at certain locations of the
Ago protein, and probably have divergent functions, although
the exact nature of this difference is not clear based on the
RMSD analysis. In order to solve this, the dynamical cross-
correlation matrix of residues was further performed.

Cross-correlation analysis

Figures 3 and 4 exhibit the dynamical cross-correlation maps
of the 16 simulations. For each system, the last 17 ns simu-
lated trajectories are used to construct the dynamical cross-
correlation matrix. The absolute value of correlation coeffi-
cients above 0.5 is reported for each dynamical cross-
correlation map, which acts as a threshold to capture correla-
tions of the domains of Ago. In the present work, positive or
in-phase correlations are colored in red (strong), while nega-
tive or out-of-phase correlations are colored in blue (strong).

First, we compare the cross correlation maps of the P0 and
P1 systems in order to investigate the influence of Mg1 on the
pattern of Ago movement. Figure 3a and b show that the
average correlation coefficient (R) of Mid domain (residue
316–445) in the free Ago system is relatively lower (R00.38)
than that in the Mg1 bound system (R00.69), indicating that
Mg1, embedded in the Mid domain, stabilizes the correlated
motion of the Mid domain to some extent. Consistent with the
influence of Mg1 in the Mid domain, we find that the corre-
lated motions of N-terminal (residue 12–170), PIWI domain
(residue 446–660) increase by 0.73, 0.63 after the binding of
Mg1 (Fig. 3b), revealing that Mg1 can increase the in-phase
motion of the two domains, which is in agreement with the
previous RMSD result. Interestingly, we also observe negative
correlations between PAZ (residues 176–256) and N-terminal,
PIWI domains, which represent the out-of-phase movements
between these domains (Fig. 3b). And the presence of Mg1
increases the anticorrelated motion (R0−0.55,-0.56) between
PAZ and N-terminal, PIWI domains, implying that the bind-
ing of Mg1 enlarges the movements of PAZ/N-terminal cleft
and the PAZ/PIWI cleft, and thus favors the insertion of DNA-
RNA and let the first (5’) and third phosphates of the DNA
guide strand coordinate to Mg1 readily [41]. However, a cross

Fig. 2 The root-mean-square deviations (RMSD) of the C! atoms
relative to their starting structures as a function of time: a for Ago
without DNA-RNA; b for Ago with DNA-RNA
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correlation comparison between the C0 and C1 systems shows
that the presence of Mg1 does not have an effect on the
fluctuation of Ago protein (Fig. 4a and b). The reason lies in
the formed hydrogen bonds between DNA-RNA and the pro-
tein [42], which fix these domains to a certain extent.

Subsequently, we contrast the cross correlation maps of
P0 system and P2 system to gain more information about the
effect of Mg2 on the movement of the Ago protein.
Figure 3c shows that the anticorrrelated motion between
the N-terminal and the PIWI domains, and between the

Fig. 3 Dynamical
cross-correlation maps illustrat-
ing the correlation of motion
between residues in (a) free
Ago (P0), (b) Ago-Mg1 (P1),
(c) Ago-Mg2 (P2), (d)
Ago-Mg3 (P3), (e) Ago-Mg1-
Mg2 (P12) (f) Ago-Mg1-Mg3
(P13), (g) Ago-Mg2-Mg3 (P23),
(h) Ago-Mg1-Mg2-Mg3 (P123)
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PAZ and the Mid domains is increased in the presence of
Mg2, as evidenced by the increased average correlation
coefficient (R0−0.53 for the former, and R0−0.58 for the
later), indicating that Mg2 can significantly increase the
fluctuation of these domains. This result implies that the

presence of Mg2 increases the anticorrelated motion be-
tween adjacent regions, therefore resulting in a strong
“open-close” motion which is more convenient for the bind-
ing of DNA-RNA. In addition, comparison between the C0

and C2 systems further shows that the binding of Mg2 also

Fig. 4 Dynamical cross-
correlation maps illustrating the
correlation of motion between
residues in (a) Ago-DNA-RNA
(C0), (b) Ago-DNA-RNA-Mg1
(C1), (c) Ago-DNA-RNA-Mg2
(C2), (d) Ago-DNA-RNA-Mg3
(C3), (e) Ago-DNA-RNA-Mg1-
Mg2 (C12), (f) Ago-DNA-
RNA-Mg1-Mg3 (C13), (g)
Ago-DNA-RNA-Mg2-Mg3
(C23), (h) Ago-DNA-RNA-
Mg1-Mg2-Mg3 (C123)

J Mol Model (2012) 18:3769–3781 3775



enhances the anti-movements between the PAZ (residue
200–240) and the MID (residue 310–430) domains, as
evidenced by the increased fluctuation in the C2 system
(Fig. 4c) (R0−0.54) compared to the system C0 (Fig. 4a)
(R0−0.51). This suggests that the presence of Mg2 enhan-
ces the out-of-phase motion between the PAZ region and the
MID and PIWI regions, which probably favors the separa-
tion of RNA from the Ago protein, i.e., the degradation of
this nucleic acid chain [43].

In contrast to the effects of Mg1 andMg2 on the protein, the
cross correlation map of P3 system (Fig. 3d) shows a lower
degree of correlated/anticorrelated motion of the Ago protein
after the binding of Mg3 compared with the P0 system
(Fig. 3a), especially in the PAZ and Mid domains. This indi-
cates the presence of Mg3 can reduce the movement of these
domains, in line with our RMSD results (5.53±0.96 Å for the
P0 system, and 4.14±0.62 Å for the P3 system). Interestingly,
the much larger size of red patch in the C3 system (Fig. 4d)
shows significantly increased positive correlation of the N-
terminal,Mid and PIWI domains, comparedwith the C0 system
(Fig. 4a). The observation is reminiscent of that combined with
DNA-RNA; Mg3 enables to increase the correlated motion of
these domains, which is induced by the hydrogen bonds be-
tween the DNA-RNA and the protein.

The interactions among Mg2+, local water and residues

Water plays a vital role in determining the structures and
dynamics of proteins, the dynamic behavior of water on the
protein surface reveals significant features about the stability
and the potential interactions of the protein [44]. For metal
ions required for the proper function of all cells within living
organism, magnesium, as the critical divalent intracellular
cation, is essential for a variety of cellular processes such as
enzyme function, DNA and protein synthesis, and the reg-
ulation of ion channels [45]. Moreover, the polarizability of
ions and water molecules can affect the hydration structure
and dynamics of the local regions [46]. This raises some
questions whether the water affects the ion binding to the
protein; what roles of the Mg2+ and the hydration water play
in the local regions; how the conformations of the local
residues change on the structure and stability of the Ago
under the effects of the Mg2+ and the hydration effects? In
the present work, to address these questions, the atom coor-
dinates are transformed by superimposing every snapshot
onto the average structure in all the simulation systems, and
then several highly occupied hydration sites, which are high
density regions in the three dimensional time averaged solvent
structure in molecular dynamics simulations and diffraction
experiments, are revealed around the Mg2+ binding sites
(Figs. 5 and 6) and the analysis of the Mg2+ and the hydration
effects on the local regions of the Mg2+ binding sites are
carried out on all the simulation systems.

Mg1 and the local hydration effects

The free Ago, Ago-Mg1, Ago-DNA-RNA and Ago-DNA-
RNA-Mg1 trajectories under scrutiny show: water molecules
surrounding the Mg1 binding region in the P0 system (Fig. 7a)
are sporadic as there is no constraint force to make the water
molecules reside a long time, leading to a larger fluctuation for
local residues Q414 and V660 as evidenced by the average

Fig. 5 Equilibrated coordination of the magnesium ion (Mg1) binding
site. The water distribution of Mg1 binding site and the geometry of
octahedron formed by the surrounding water and the involved residues. a
for P1 system, b for P12 system, c for P13 system, d for P123 system, e for
C1 system, f for C12 system, g for C13 system and h for C123 system. The
hydration water H1, H2, H3, H4, H5 stay stable, all other water molecules
do not stay constant in this region
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RMSD of ∼1.2 Å. While for the P1 system (Fig. 5a), we
observe that five hydration sites (H1, H2, H3, H4 and H5) are
produced with residence time over 22 ns (the high occupancy
of 90% during the whole simulation) and these hydration sites
form an octahedron arrangement with Mg1 and Q414 (the
distances between Mg1 and Q414, hydration water molecules
are approximate to 2 Å). This result indicates that the binding of
Mg1 makes interaction with Q414 and stabilizes the local
region of Ago protein as evidenced by an average RMSD less

than 1.0 Å. Notably, the transition from the Ago-Mg1 system to
the Ago-DNA-RNA-Mg1 system does not cause switches of
H1, H2 and H3 but results in the vanishing of H4 and H5,
which are substituted by the bases (DT661 and DA663) of the
guide DNA (Fig. 5e). This result shows thatMg1, located at the
interface between Ago and DNA-RNA, interacts with water in
the five hydration sites to act as the extended side chains of Ago
with the purpose of capturing DNA-RNA, suggesting that the
presence of Mg1 and its surrounding hydration water mole-
cules is favorable to the insertion of DNA-RNA.

Mg2 and the local hydration effects

In P2 system,Mg2 is well located at the center of octahedron by
interacting with water molecules at three hydration sites (H10,

Fig. 6 Equilibrated coordination of the magnesium ions binding site Mg2
and Mg3. The water distribution of Mg2 and Mg3 binding sites and the
geometry of octahedron formed by the surrounding water molecules and
the involved residues. a for P12 system, b for P2 system, c for C13 system, d
for C3 system, e for C12 system, f for C2 system, g for C13 system and h for
C3 system. The hydration water H6, H7, H8, H9, H10, H11, H12, H13
stay stable, all other water molecules do not stay constant in this region

Fig. 7 The conformation of the local residues of the magnesium ions
binding site in an equilibrated coordination, a for Mg1binding site, b for
Mg2 binding site and c for Mg3 binding site
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H11 and H12) with a long residence time over 22 ns (the high
occupancy of 90% during the whole simulation) (Fig. 6b).
Meanwhile, this ion interacts with the carboxyl groups of
D459, D524 and D635, which form a conserved DDD motif
required for the cleavage [47]. This result implies that theMg2-
coordinated DDD motif of the PIWI domain might cleave the
target RNA by the presence of Mg2 in C2 system, favoring the
separation of RNA from the Ago protein by enhancing the out-
of-phase motion between the PAZ region and the MID and
PIWI regions, which is revealed by more deep blue color of the
PAZ, MID and PIWI domains (usually indicates more fluctu-
ation) in C2 system than C0 system in the cross-correlation
maps. However, the residues (D459, D524 and D635) in P0
system are quite dispersed as evidenced by the long distances
between them, which are ∼5.76 Å (D459-D524, ∼3.84 Å in
P2), ∼7.67 Å (D524-D635, ∼4.62 Å in P2), ∼4.90 Å (D459-
D635, ∼4.49 Å in P2) and the geometry of the local region
becomes irregular (Fig. 7b). The observation for another side
reveals that the binding ofMg2 can facilitate to form the regular
geometry for the involved residues with Mg2+ (Fig. 6b). While
after the binding of DNA-RNA (Fig. 6f), the number of the
hydration sites is decreased to one, showing that the bases of
RNA (RU679 and RA680) replace two hydration sites to
coordinate with Mg2. The long-residing (over 22 ns) and
tightly bound water molecules (Table S1) in the octahedral
arrangement are functionally significant, facilitating the RNA
hydrolysis during catalytic cleavage by RNase-H-containing
nucleases together with the Mg2+ cation [48].

Mg3 and the local hydration effects

In P3 system, we only observed two hydration sites sur-
rounding Mg3 (Fig. 6d), and the oxygen atoms of water
molecules in the hydration sites combined with the other
four oxygen atoms of D459, E490 and D524 to form a
octahedral arrangement. Mg3 is well located at the center
of the arrangement and form stable interactions with the
oxygen atoms of the amino acids in Ago with the distance
of ∼2 Å (Table S1). In addition, the patterns for how Mg2
affects the local conformation shown in “Mg2 and the local
hydration effects” section is also obtained for the Mg3
binding region (Fig. 7c), which also demonstrates that
Mg3 provides a strong polarization effect on the surround-
ing residues and water (RMSD of ∼0.6 Å) (Fig. S1) to form
a stable structure. Strikingly, after the binding of DNA-
RNA, all of the hydration sites disappear (Fig. 6h), base
RU679 and residues D459, A460 and E490 form stable bonds
with Mg3 (∼2 Å) instead. In this RNA binding process, Mg3
might act as a “guide”who firstly builds a well arranged water
hydration network and in this way lead RNA to bind to Ago
protein correctly. This is in agreement with the previous study
that binding partnerships enable to help the Ago protein to
interact with DNA-RNA.

Interactions between Mg1 and Mg2, Mg3

The above analysis implies that Mg1, Mg2 and Mg3 show
divergent functions and different binding properties at Ago,
while it is still unclear how Mg2 and Mg3 affect the local
conformation of Mg1 neighborhood. To gain the insight into
this question, we further analyze the interaction among these
Mg2+ ions. First, we compare the P1 system (Fig. 5a) with the
P123 system (Fig. 5d) to investigate the effect of the presence
of Mg2-Mg3 on the Mg1-coordination geometry. The com-
parison study shows that the local geometry of Mg1 is
changed after the binding of Mg2-Mg3: the number of the
hydration sites is decreased from five (P0 system) to four (P123
system). The hydration site H2 is substituted by the oxygen
atom of V660 to coordinate Mg1. The observation indicates
that the presence of Mg2-Mg3 plays an important role in
forming the Mg1-coordination geometry, but which Mg2+

plays the major role in determining the conformation of
Mg1 binding site is still unclear. To address this, we compare
the Mg1-coordination geometry between Ago-Mg1-Mg2
(Fig. 5b) and Ago-Mg1-Mg3 (Fig. 5c). A comparison of P1
and P13 system shows that there is almost no difference
between them, suggesting that Mg3 may not make a contri-
bution to the change of local conformation of Mg1 binding
site. Inspection of Fig. 5b shows that the geometry of Mg1 is
coordinated regularly by six oxygen atoms, four atoms come
fromwater molecules and the other two atoms are provided by
residues Q414 and V660. This observation is consistent with
the geometry of Mg1 in P123 system. Interestingly, Mg1-
coordination geometry in P12 system is similar to that in P1
system, indicating that the presence of Mg2 is the dominating
contribution to the change of local conformation of Mg1
binding region. We infer that Mg2 enables to increase the
fluctuation of the Ago protein globally, thus making residue
V660 replace the H2 water molecule to form coordination
bond with Mg2, which is consistent with the results obtained
from the plots of RMSD and the maps of cross correlation.
After the binding of DNA-RNA (C12 and C13 systems), the
geometry of Mg1 is changed (Fig. 6e and f), the residue Q414
is far away fromMg1 compared with the C1 system (Fig. 5e),
the phenomenon shows that the individualMg2+ (the presence
of Mg2 or Mg3) play a role in forming the local structure of
Mg1, indicating that the two Mg2+ (Mg2 and Mg3) presented
at the same time may provide a better contribution for the
interaction between the Ago protein and DNA-RNA. Then the
Ago-Mg1-Mg2 system (Fig. 6a) and Ago-Mg2 system
(Fig. 6b), Ago-Mg1-Mg3 (Fig. 6c) and Ago-Mg3 system
(Fig. 6d) are compared to find the effect of the presence of
Mg1 on the Mg2, Mg3 coordination structures, notably, the
same observation are obtained in the C12 and C13 systems.
These results show that the geometries of Mg2 and Mg3 are
constant at these systems, indicating that Mg1 does not affect
the Mg2, Mg3 coordination structures.
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MM-GBSA calculation

In the above analysis, we have investigated how the binding of
three Mg ions influences the interaction of the Ago protein
with miRNA. To further validate our results and obtain more
detailed information about the effects of Mg1, Mg2 and Mg3
on the interaction between DNA-RNA and Ago, we applied
the MM-GBSA, a tool allowing the decomposition of electro-
static solvation free energy into atomic contributions in a
straightforward way [35], to study the energetic implications
of the contributions of the Mg2+ to the binding of DNA-RNA
to Ago in the presence of solvent and thermal fluctuations. In
this section, we have performed the relative free energy cal-
culations of C0 and C123 (without the entropic calculation),
with the Ago-Mg2+ as a receptor and the DNA-RNA as a
ligand.

The total binding free energies of DNA-RNA binding
to Ago in C0 and C123 system are −148.54 kcal·mol-1

and −192.55 kcal·mol-1, respectively, the ΔΔ G between them
is −44.01 kcal·mol-1 (Table 1). This result reveals that the
presence of the three Mg2+ ions favors the binding of DNA-
RNA to Ago. To further study the contribution of each Mg2+

to the binding of DNA-RNA to Ago, the free energy decom-
position is performed and the results are shown in Fig. 8.

The decomposed free energies of Mg1, Mg2 and Mg3 of
C123 system are −2.06, -2.53 and −1.94 kcal·mol-1, respec-
tively, implying that the three magnesium ions are favorable
for the binding of DNA-RNA to Ago. In order to understand
how the magnesium ions contribute to the binding of DNA-
RNA to Ago, the energy contributions of the residues/bases
which create coordination bond with Mg2+ are taken into
account. Figure 8 shows that the van de Waals interaction is
the main driving force and the most favorable interaction lies
in the nonpolar solvation. Residue Q414 and bases DT661
and DA663 surrounding the Mg1 contribute −4.15, -7.82 and
−0.05 kcal·mol-1 to the binding of DNA-RNA to Ago, respec-
tively. The high contribution of Q414 due to the indirect
interaction with Mg1 [5], indicating that Mg1 works as a

media in the interface between the Ago protein and the guide
DNA, eventually promoting the DNA-RNA to bind to Ago
protein. In contrast, for A460, D524, D635, RA680 around
Mg2, almost all the residues and the bases contribute unfa-
vorably to the DNA-RNA binding, as evidenced by their
energies of −0.27, 8.05, 9.5 and 5.77 kcal·mol-1, respectively.
As for the residues surrounding Mg3, D459, E490 and D524
also contribute unfavorably to the binding of DNA-RNAwith
free energies of 5.32, 1.16 and 8.05 kcal·mol-1, respectively.
These results might be reasonable since the unfavorable con-
tribution to the binding free energies is responsible for the
cleavage of target RNA during RNA interference [49], which
is validated by the analysis of cross-correlation maps in this
work. In a word, the decomposition analysis of binding affin-
ity of C123 system provides us a complementary information
about the mechanism by how the Mg2+ affects the structural
dynamics of the complex and thus enhancing the binding/
disassociation of DNA-RNA to the Ago protein.

Conclusions

Mg2+ is known as a critical ion for the structure and biochem-
ical properties of many RNAs and some ribozymes, while
RNA-induced silencing complex (RISC) is a Mg2+-dependent
endonuclease. Therefore it is important to probe the roles of
Mg2+ on the miRNA recognized by Ago protein. In the
present work, a series of sixteen 25 ns molecular dynamics
simulations of Ago protein and Ago-DNA-RNA complex in
the presence or absence of different Mg2+ are performed. For
Mg1 andMg2, their binding to Ago enhances the out-of-phase
correlated motion of the PAZ, Mid and PIWI domain, result-
ing in the “open-closed” movement of the PAZ and the Mid,

Table 1 The free energy of DNA-RNA binding to Ago in C0 and C123

systems

Componenta C0 C123

Meanb(kcal/mol) Std c Meanb(kcal/mol) Stdc

ΔEvdw −296.96 14.03 −289.58 10.53

ΔEele −2549.99 89.80 −4263.94 108.30

ΔGSOL 2698.42 84.08 4360.97 91.52

ΔG −148.54 19.93 −192.55 29.45

a Energies shown as contributions from van der Waals energy (ΔEvdw),
electrostatic energy (ΔEele), solvation energy (ΔGSOL), bind free erengy
(ΔG).b Average over 100 snapshots. C Standard error of mean values

Fig. 8 Contribution of each individual residue of Ago, Mg2+ and each
base of DNA-RNA in the C123 system to the binding free energy. The
key residues are marked with the red circle
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PIWI domains. While the binding of Mg3 significantly
decreases the motion of the whole Ago protein with the
average RMSD of ∼0.34 Å, compared with the systems in
absence of Mg3 (average RMSD ∼0.43 Å). Interestingly, the
DNA-RNA seems to have a stronger impact on the protein
global stability than that of Mg3. After the binding of DNA-
RNA, a hydrogen bonding network is formed between the
interfacial of Ago and DNA-RNA, which makes the global
Ago protein more stable. In addition, the interaction of Mg2+

with the DNA-RNA is also probed by using free energy
decomposition of MM-GBSA method, indicating that the
three Mg2+ provide the favorable contribution to the binding
of the DNA-RNA to the protein. Our models provide insights
into the understanding of local and global effect of Mg2+ on
the interaction between miRNA and Ago, which might be
helpful in understanding the Ago-RNA-Mg2+ relationships
and also provides useful information for the further investiga-
tion of the RNA interference pathway.
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