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a b s t r a c t

Double stranded RNA (dsRNA) participates in several biological processes, where RNA molecules acquire
secondary structure inside the cell through base complementarity. The double stranded RNA binding
domain (dsRBD) is one of the main protein folds that is able to recognize and bind to dsRNA regions. The
N-terminal dsRBD of DCL1 in Arabidopsis thaliana (DCL1-1), in contrast to other studied dsRBDs, lacks a
stable structure, behaving as an intrinsically disordered protein. DCL1-1 does however recognize dsRNA
by acquiring a canonical fold in the presence of its substrate. Here we present a detailed modeling and
molecular dynamics study of dsRNA recognition by DCL1-1.

We found that DCL1-1 forms stable complexes with different RNAs and we characterized the residues
involved in binding. Although the domain shows a binding loop substantially shorter than other ho-
mologs, it can still interact with the dsRNA and results in bending of the dsRNA A-type helix.

Furthermore, we found that R8, a non-conserved residue located in the first dsRNA binding region,
recognizes preferentially mismatched base pairs. We discuss our findings in the context of the function of
DCL1-1 within the microRNA processing complex.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

MicroRNAs (miRNAs) are a large class of small RNAs that act as
post-transcriptional regulators by recognizing target mRNAs
through base pair complementarity. In plants, they havemajor roles
in the regulation of development and physiology of the organism
[1]. MicroRNAs are peculiar among small RNA molecules because
they originate in an endogenous transcript, primary-microRNA
(pri-miRNA), that contains the miRNA itself in a hairpin structure.
The transcript is then processed to yield the 22 nucleotide product,
the mature miRNA. The biogenesis of miRNAs in plants is carried
out in the nucleus by a complex formed by the proteins Dicer-like 1
Rosario (CONICET-UNR), Sui-

. Moreno).
(DCL1), HYL1 and SERRATE. DCL1 is the active protein, as it harbors
the tandem RNAseIII domains that perform the staggered cuts
leading to the separation of the miRNA from the pri-miRNAs [2].
DCL1 shares the same domain architecture as other Dicer enzymes,
with two C-terminal double stranded RNA binding domains
(dsRBDs) [3]. Disruption of the tandem dsRBDs is lethal to the or-
ganism, showing that these domains are essential for the function
of the enzyme [4].

The dsRBD domains recognize double-stranded RNA segments.
These domains adopt a common fold, a-b-b-b-a, where the two a-
helices are supported on the same face of the b-sheet (Fig. 1) [5].
The interaction of dsRBDs with double-stranded RNA has been
characterized through the resolution of structures of dsRBD:dsRNA
complexes [6e9]. Three binding regions can be identified in the
structures. The first is the a-helix 1 (Region 1), the second corre-
sponds to loop b1- b2 (Region 2) and the third one is located in the
loop region between b3 and a2 (Region 3). Regions 1 and 2 interact
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Fig. 1. Structure of the DCL1-1 domain. The three binding regions within the dsRBD
are highlighted in orange. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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mostly with the ribose moieties of RNA and region 3 with the
phosphate backbone. This binding mode gives dsRBDs specificity
towards dsRNA binding against the dsDNA or RNA-DNA hybrids.

dsRBDs are widely distributed among eukaryote, bacterial and
viral proteins, where they are usually present in multiple copies,
alone or combined with other functional domains. The dsRBDs are
in principle capable of binding to any element in a double-stranded
RNA molecule, since complexes show few contacts with bases in
the minor groove making sequence readout not possible. It has
been argued that dsRBDs bind dsRNA in a non-sequence-specific
fashion, and owe their specificity to the recognition of the 3D
conformation of the RNA molecule [5]. However, some specificity
can be achieved through the presence of imperfections in dsRNA or
through interaction with other proteins or domains [6,7]. This
feature is especially suited for recognition of miRNA precursors
because of the essential lack of sequence conservation.

Recent findings show that some dsRBDs are capable of not only
recognizing the imperfect structure of dsRNA, but show in some
cases base-specific readout of the substrate. In the case of the
dsRBD from yeast Rnt1p ribonuclease, an extension of the C-ter-
minal helix allows the recognition of the AGNN loop present in its
substrates [8,10]. More recently both dsRBDs from adenosine
deaminase 2 (ADAR2) were shown to bind to particular locations on
its substrate RNA guided through base-specific contacts in the
minor groove of dsRNA. Notably, for each domain, the specific
contacts occur in a mismatched base pair, G-G in one case and A-C
in the other, that allow access to the bases into the minor groove of
the A-form double strand [7]. In this work, the authors suggested
that the distance between the ends of loop 2 and helix 1, which is
finely modulated by the overall structure of the dsRBD, together
with imperfections in the dsRNA, allow for the specificity of these
tandem dsRBDs towards its substrate dsRNA. This evidence sug-
gests that the dsRBDs within DCL1 could recognize the digestion
sites by binding to specific regions of the precursor RNAs, either
because of their structure or their sequence.

RNAse III enzymes from the Dicer family usually act together
with helper proteins to achieve maximum specificity and activity.
These helper proteins have no catalytic activity and contain only
dsRBD domains. The role of the dsRBDs from these proteins and
those from the Dicer enzyme itself in the reaction has not yet been
elucidated. It is possible that the dsRBDs help to regularize regions
of irregular secondary structure. Alternatively, binding of the
dsRBDsmay induce some distortion in the regular A-form structure
of dsRNA that could be necessary for optimum activity of the RNAse
III domains. In this sense, previous reports show that dsRBDs can
induce bends in the elongated dsRNA structure [11]. Therefore, a
potential function for some of the dsRBDs involved in the pro-
cessing of miRNAs in plants could be the stabilization of the sec-
ondary structure elements in the precursor or the distortion of the
regular A-form helix to allow the correct positioning of the active
sites of DCL1 in the processing complex.
Whereas Dicer enzymes from animals have a single dsRBD at

their C-terminus, some plant Dicer-like enzymes have two similar
domains. In particular in DCL1 the dsRBDs differ in sequence and,
presumably in function. Both dsRBDs bind dsRNAs [12,13] but
dsRBD2 was shown to be essential for the correct localization of
DCL1 in the “dicing bodies” of the nucleus [14] and it was also
suggested to function as a non-canonical nuclear localization
signal. The region of the substrate (pri-miRNA) to which they bind
has not been determined so far, but based on the size of the pre-
cursors (>40 bp) and the length of dsRNA necessary to accommo-
date a single dsRBD, both can bind independently to any pri-
miRNA.

Molecular Dynamics simulations (MD) are extremely useful to
obtain detailed atomistic level information [15e19]. To the present,
only two MD simulations of dsRBD:dsRNA complexes have been
reported. A 2 ns simulation of the Drosophila Staufen dsRBD3 free
bound to dsRNA showed that a high degree of conformational
flexibility is retained upon complex formation, particularly in loop
2 [20]. More recently, a study on TRBP-dsRBD2 allowed describing
the molecular basis for the discrimination between dsRNA- from
DNA-containing duplexes by these domains [21]. This work also
showed that the conformation of the DNA�RNA duplex can be
altered by dsRBDs.

In previous works, we have characterized both tandem dsRBDs
of DCL1 from Arabidopsis thaliana. The second domain shows a
canonical fold and binds dsRNA forming heterogeneous complexes
[12]. In contrast, the first domain (DCL1-1) is intrinsically disor-
dered, but acquires the dsRBD fold when bound to substrate RNA
[13]. We have shown that the complex between DCL1-1 and its
substrate presents two species in slow exchange, a major one in
which the protein is folded and a minor species in which the
domain remains mostly unfolded but still bound to the RNA. This
situation makes it extremely difficult to obtain direct experimental
data on the structure of the complex, either by crystallization or by
NMR.

In the present work we have resorted to molecular modeling
and MD in order to obtain atomistic detail information on the
behavior of DCL1-1 bound to dsRNA. We could characterize the
binding mode of DCL1-1, and found that it induces a distortion in
the A-form dsRNA helix. Furthermore a non-conserved residue in
region 1 shows a preferential binding towards mismatched base
pairs. Our findings reveal a potential function for this domain
within the plant miRNA processing complex.

2. Methods

In order to build a structure of a DCL1-1:dsRNA complex, we
resorted to the structure of another dsRBD:RNA complex formed by
the second dsRBD of ADAR2 (ADAR2-2) and its substrate, GluR-2
LSL (dsRNA-A).

DCL1-1:dsRNA-Awas built by generating a structural alignment
of DCL1-1 with the structure of the ADAR2-2:dsRNA-A complex
(Fig. 2A). The structure of dsRNA-D was calculated in silico (as
explained below) and aligned with the previous structures in order
to obtain the ADAR2-2:dsRNA-D and DCL1-1:dsRNA-D complexes.
This procedure is illustrated in Fig. 2B.

2.1. Initial structures

The NMR structure of ADAR2-2 bound to dsRNA-Awas obtained
from the Protein Data Bank (entry 2L2K [7]). The structure of the
folded form of DCL1-1 was calculated using the chemical shifts of
the complex as restraints for the software CS-Rosetta [13,22]. DCL1-
1:dsRNA-A was built in silico by structurally aligning the NMR



Fig. 2. (A) Aligned structures of ADAR2-2:dsRNA-A (white, with binding regions in yellow) and DCL1-1 (gray with binding regions in orange), showing the same structural features
and binding regions. (B) Scheme of the strategy used to build the protein-dsRNA models in silico. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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structure of DCL1-1 over the ADAR2-2:dsRNA-A complex using
Multiseq plug-in of VMD [23,24]. The starting structure of the pri-
miR172a lower stem region (dsRNA-D) was created from scratch
with the MC-Fold j MC-Sym pipeline server service [25] and then
subjected to a simulation protocol of 40 ns before using it for the
construction of ADAR2-2:dsRNA-D and DCL1-1:dsRNA-D. The cor-
responding RNA sequences were: 50-GCUGCUGUGGCAUCAUCAA-
GAUUCA-30 and 50-AGAAUCUUGAUGAUG CUGCAUCGGC-30

corresponding to the 50 and 30 ends of dsRNA-D, respectively. These
two complexes were created by positioning the protein structure
over the generated dsRNA manually using VMD. In both cases,
several different positions were tested, and the ones with the
lowest binding energy were selected for the simulations.

2.2. Classical molecular dynamic simulations

MD simulations were performed starting from NMR structures
of protein-dsRNA complexes or from the models built in silico as
described below. Each complex was immersed in a truncated
octahedral periodic box with a minimum solute-wall distance of
8 Å, filled with explicit TIP3P water molecules [26], and then
neutralized by addition of Naþ cations using the AMBER leap
module.

Molecular dynamic simulations were performed with the
AMBER14 package [27,28], using the ff14SB [29] force field to
describe the protein and OL3 [30,31] modifications to describe the
dsRNAs. Particle-mesh Ewald (PME) was implemented for long
range interactions with a cutoff distance of 12 Å [32]. Temperature
and pressure were regulated with the Berendsen thermostat and
barostat, as implemented in the AMBER package, using a time
constant of 2 ps [33]. All bonds involving hydrogenwere fixed using
the SHAKE algorithm [34]. Each initial systemwas minimized using
a multistep protocol, then heated from 0 to 300 K, and finally a
short simulation at constant temperature of 300 K, under constant
pressure of 1 bar, was performed to allow the systems to reach
proper density. These equilibrated structures were the starting
point for 200 ns of MD simulations at 300 K in the NVT ensemble.

2.3. Binding free energy calculations

The binding free energy of each complex and its per residue
decomposition were performed with Molecular mechanics with
generalized Born and surface-area solvation (MM-GBSA) [35] in
AmberTools. Binding free energy is described through the following
equations:
DGbind ¼ Gcomplex e Greceptor e Gligand

DGbind ¼ DEvdw þ DEele þ DEGB þ DESA e TDS

where Gcomplex, Greceptor and Gligand are respectively complex, re-
ceptor and ligand free energy; DEvdw and DEele are the contribu-
tions of van der Waals and electrostatic energy; DEGB and DESA are
the polar and non-polar desolvation contributions; and eTDS is the
entropic contribution of the conformation at temperature T. En-
tropy change was calculated through the normal mode method. A
total of 500 frames over the last 20 ns of each trajectory were used
for the energy calculations, while only 50 of these frames were used
for the normal mode analysis.

2.4. Calculation of structural parameters extracted from the MD
simulation

Hydrogen bonds were defined with a maximum donor-acceptor
distance of 3.5 Å and angle of 30�. dsRNA axial bending was
calculated using Curvesþ [36]. RMSD, RMSF and average structure
calculations were made using the ptraj module from AMBER [37].
Sequence alignments were performed using Jalview [38].

2.5. RNA binding monitored by CD spectroscopy

An experimental assessment of the accuracy of the MD results
was obtained through the determination of RNA binding by a DCL1-
1 mutant by means of Circular Dichroism spectroscopy in order to
confirm the importance of K51 and K52 in the binding energy. Ti-
trations were conducted in 10 mM phosphate buffer (pH 7.0), 1 mM
b-mercaptoethanol. Aliquots of a 90 mM DCL1-1-K51A/K52A solu-
tion were added to a 1 mM dsRNA-D. At each step, a Circular Di-
chroism spectrum was acquired between 190 and 300 nm,
including the 260 nm RNA bases CD band. Spectra were acquired at
298 K on a Jasco-J810 CD spectrometer.

3. Results and discussion

3.1. Binding and comparison of dsRBD:dsRNA structures

The main goal of this work is understand the structural basis of
the pri-miRNA recognition by DCL1-1. To this end, we performed
molecular dynamics simulations in two different DCL1-1:dsRNA
systems and we analyzed their structural features and thermody-
namic properties.
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DCL1-1 is intrinsically disordered in its free form and acquires its
dsRBD fold when bound to substrate dsRNA. We had previously
calculated a structure of dsRNA bound form DCL1-1 [13] using NMR
techniques, but the size and exchange properties of the complex
precluded the calculation of the RNA structure and of the binding
interface. Moreover, the large change in the structure of the protein
when going from the free to the bound forms results in a substantial
displacement of all signals in the NMR spectra. For this reason,
chemical shift perturbation, a method normally used to detect
binding interfaces from NMR data, could not be applied in this case.

In order to build up an initial model structure, we resorted to
using the structure of ADAR2-2 bound to dsRNA-A previously
elucidated by NMR as a template. We chose this structure as our
basis model as it was the only dsRBD:dsRNA complex available at
the beginning of the present work where the dsRNA partner is
continuous and with a natural sequence. ADAR2-2 presents 27%
sequence identity with DCL1-1 (Fig. S1) and has a similar dsRBD
structure (Fig. 2A), so we were able to build a model for DCL1-
1:dsRNA-A by replacing ADAR2-2 with DCL1-1 in the complex
structure. Furthermore, by replacing dsRNA-A with a fragment of
the lower-stem region of pri-miR172a (dsRNA-D), which is a nat-
ural substrate for DCL1, we constructed models for ADAR2-
2:dsRNA-D and DCL1-1:dsRNA-D.

These four models were used to study the interaction of DCL1-1
with dsRNA, and to compare the two proteins. A scheme of this
protocol is shown in Fig. 2B.

3.2. Classical MD simulations of protein-dsRNA complexes

We performed 200 ns classical MD simulation of each complex
in the NVT ensemble. RMSD and RMSF values are shown in Fig. S2.
In each case, the protein RMSD value rises at the beginning and
quickly converges to a value that varies less than 1 Å in the last
100 ns and all the final values are in the range of 1.5e3.5 Å. This
clearly shows the stability of the system during the MD simulation.
The RMSF, calculated through the last 100 ns of the MD, has peaks
corresponding with the protein loops, as it would be expected. The
only exception to this is the b3-a2 loop, which is very short and is
part of substrate binding region 3.

Analysis of the MD shows that both ADAR2-2 complexes did not
suffer any pronounced conformational changes, neither in the
dsRBD nor the dsRNA. On the contrary, in the DCL1-1 complexes, a
change in the dsRNA's conformation can be observed early in the
simulation. In these two systems, the dsRNA adopts a significant
curvature within the first 60 ns, and is conserved through the rest
of the simulation. This unexpected change in the axis gets the
dsRNA close to region 3 of DCL1-1. An average structure of the four
complexes is shown in Fig. 3A. This figure shows how DCL1-1 in-
duces an axial bend in its substrates. In contrast, ADAR2-2 shows no
significant bending in any of its dsRNAs. This confirms that this
effect is specific of DCL1-1.

Using the software curvesþ [36], we measured the total axial
bending of both dsRNAs in three different states: free, bound to
ADAR2-2, and bound to DCL1-1. Axial bend was found to be greater
in DCL1-1 complexes than in ADAR2-2 complexes or in its free
state, as can be seen in Fig. 3B. This effect is more prominent in
DCL1-1:dsRNA-A, where the bend is almost 30� larger than in
ADAR2-2:dsRNA-A. In DCL1-1:dsRNA-D, while less outstanding, it
is still significant, with a difference of slightly more than 10� with
respect to ADAR2-2:dsRNA-D.

Induction of axial bend on dsRNA by dsRBDs was previously
suggested based on RNA mobility shifts [11]. Our results on DCL1-1
describe a mechanism for this effect. DsRNA bending could be
related to the domain's role within the miRNA processing complex
in plants.
3.3. Binding free energies calculations

Binding free energy calculations of all four complexes were
made using the MM-GBSA method. The binding free energy
calculated throughout the simulation is plotted in Fig. S3. We used
the free energy values calculated over the last 20 ns of simulation to
perform a detailed analysis of energy components and per residue
free energy, due to the fact that all models reached to an equili-
brated conformation and steady energy values.

The MM-GBSA method for calculating free energies is useful to
identify the individual energy contributions in the system. Addi-
tionally, the binding energy values can be compared when similar
systems are studied, although it does not always provide accurate
absolute free energies.

Table 1 shows the different contributions to the total binding
energy (van der Waals, electrostatic, polar desolvation, and non-
polar desolvation energies) for the four studied complexes. Anal-
ysis from the different components reveals that the main contri-
bution comes from the electrostatic interaction that originates
between the polar or charged residues of the protein and the
phosphates, 20 hydroxyl groups and bases of the dsRNA. However,
these large values are in part neutralized by a very large polar
desolvation. Van der Waals interactions are also favorable but
contribute less to the total interaction energy.

In order to study the dsRBD:dsRNA interaction in greater detail,
we decomposed the binding energy per residue to identify the
residues that contribute to the interaction. Per-residue free energy
decomposition throughout each protein is shown in Fig. 4. The
three dsRNA binding regions of both proteins can be clearly
distinguished. Residues outside the binding regions show interac-
tion energy values close to zero, or even positive in the case of
negatively charged residues.

As can be seen in the right panels of Fig. 4, of the three binding
regions, region 3 is the one that contributes the most to binding
with values around �30 kcal/mol, followed by region 1
around �25 kcal/mol, and finally region 2 around �10 kcal/mol.
This data goes in line with experimental evidence obtained both
in vitro [39e42] and in vivo [42] for several dsRBDs. It can be seen
that in spite of DCL1-1 having a shorter b1-b2 loop, region 2 does
bind to the dsRNA just as well as in ADAR2-2. This can be explained
by the induced curvature of the axis of the dsRNA, which is driven
into a position that allows the interaction with this shorter region.

The per-residue decomposition of the binding free energies
highlights those residues that are essential for the interaction. In
DCL1-1 the interaction is mostly driven by three residues one on
each binding region: R8 in region 1, R27 in region 2 and K52 in
region 3. In ADAR2-2 most residues in region 3 show favorable
interaction energies, between �6 and �10 kcal/mol.

In order to validate these results we produced a mutant form of
DCL1-1 where we replaced the two consecutive lysine residues in
region 3 with alanine residues. We then followed the RNA binding/
folding reaction by CD spectroscopy (Fig. S4). The mutant protein
failed to bind dsRNA-D, thus giving support to the binding free
energy results obtained from the MD simulation.

3.4. Protein-dsRNA interactions

Hydrogen bond and hydrophobic interaction analyses were
made throughout the last 20 ns of the dynamics. The most relevant
interactions are illustrated in Fig. 5 and Fig. S5. In our MD simula-
tions of ADAR2-2:dsRNA-A we observed the same interactions re-
ported by Stefl et al. on the structure solved by NMR [7] (V237,
M238, N241, S258, N280, K281, K282 and K285). TheMD simulation
allowed us to detect other residues that participate in interactions
with the RNA that are not evident on the analysis of the static



Fig. 3. (A) Average structure of the last 20 ns of the MD simulations from the four model complexes: ADAR2-2:dsRNA-A (blue), ADAR2-2:dsRNA-D (yellow), DCL1-1:dsRNA-A
(green) and DCL1-1:dsRNA-D (red). The axial bend of the dsRNAs is illustrated as a black line. (B) Total axis bend of the dsRNA in its free state, bound to ADAR2-2 and bound
to DCL1-1, respectively, for both dsRNAs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Total free binding energies of the four model complexes and their different components.

DEvdw DEELE DEGB DEGBsurf DEGBtotal eTDS DGtotal

ADAR2-2:dsRNA-A �98.81 �3454.12 3476.20 �13.83 �90.56 48.58 �41.98
ADAR2-2:dsRNA-D �105.97 �3552.02 3586.64 �14.85 �86.21 48.31 �37.89
DCL1-1:dsRNA-A �103.97 �3014.34 3035.48 �14.16 �96.99 43.02 �53.97
DCL1-1:dsRNA-D �105.42 �3137.95 3155.09 �14.49 �102.75 44.06 �58.69

Fig. 4. Per-residue binding free energy of the four dsRBD:dsRNA complexes. ADAR2-2:dsRNA-A (blue) and ADAR2-2:dsRNA-D (yellow) are shown in the top plot, while DCL1-
1:dsRNA-A (green) and DCL1-1:dsRNA-D (red) are shown in the bottom plot. The secondary structure of each domain is shown on top of each plot, with the three binding re-
gions indicated as R1, R2 and R3. The total energy of each binding region is shown on the right of each plot. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 5. Diagram showing the main interaction between the dsRBDs and the dsRNA in ADAR2-2:dsRNA-A (A) and DCL1-1:dsRNA-D (B). In each dsRNA, the phosphate group is
represented by a red square, the ribose sugar is represented by a pentagon, and the base is represented by a rectangle. Each basepair shows the corresponding number of hydrogen
bonds in dotted lines. Contact residues from the dsRBD that interact with the backbone are colored green, while those that interact with the bases are highlighted in yellow.
Hydrogen bonds are represented as black dotted lines, while hydrophobic interactions are represented as magenta dotted lines. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 6. Structure of the DCL1-1:dsRNA-D complex, showing the main residues inter-
acting with the dsRNA.
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structure (N235, K248, K261 and R279). The complex of ADAR2-2
with dsRNA-D shows roughly the same interactions as the one
with dsRNA-A, and both DCL1-1 complexes behave very similarly,
therefore contributing to the validation of the MD methodology.

Hydrogen bonds occur mainly between the nitrogen atoms of
sidechain groups from arginine, asparagine, histidine, glutamine or
lysine residues; and phosphate or hydroxyl groups from the RNA
backbone. We found some residues, however, that form hydrogen
bonds not with the backbone of the dsRNA, but with the nitroge-
nous bases. These residues are N241 and S258 in ADAR2-2, and R8,
Q15, R27, G29 and N30 in DCL1-1. These bonds between DCL1-1
residues and the nitrogenous bases could mean that the domain
could recognize key aspects from the dsRNA sequence in order to
bind the precursor RNA in the correct position. All the hydrogen
bonds from the four complexes are shown in detail in Fig. S6.

The hydrophobic contacts, on the other hand, are provided
mainly by valine residues that contact the ribose in the RNA
backbone as well as from methionine residues that in some cases
interact with the nitrogenous bases of the dsRNA. An average
structure from the simulation of DCL1-1:dsRNA-D is shown in Fig. 6
highlighting the main interactions.
3.5. Mismatch recognition by R8 in DCL1-1

Interactions between non-canonical bases are weaker than its
canonical counterparts, which results in a disruption of the RNA
homogeneity. This effect may act as a marker for certain types of
aminoacids and be the structural key for dsRNA recognition by the
miRNA processing proteins. Our results show that in DCL1-1, R8
strongly binds to mismatched base pairs. Fig. 7 shows the inter-
action of this residue with an A-C base of dsRNA-A and with a U-C
base in dsRNA-D. Additionally, we have found that the presence of a
G base in the base pair hinders the formation of the bond, as a G
base's amine group repels the arginine's amine group and obstructs
the H bond. In a similar way results obtained on the dsRBDs of
ADAR2 show that modification of the identity of the base con-
tacting the residue in an equivalent position causes a reduction in
the binding affinity, further supporting the importance of this
sequence specific contact in the formation of the complex [7].



Fig. 7. Interaction of R8 from DCL1-1 with mismatched base pairs from dsRNA-A (A)
and dsRNA-D (B).
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These results suggest the key role of R8 in the recognition of
dsRNA sequence which is further supported by the NMR experi-
ments described below.
3.6. R8 participates in the DCL1-1 dsRNA-D encounter complex

In a previous work we had thoroughly characterized experi-
mentally the interaction between DCL1-1 and dsRNA-D using NMR
[13]. We had found that the free protein, which is intrinsically
disordered, binds the substrate and acquires a folded conformation
via an intermediate unfolded bound species. The disordered nature
of the free protein gives rise to a 1H15N-HSQC spectrum with little
chemical shift dispersion and results in a global change when the
folded bound species is formed. This in turn hinders a chemical
shift perturbation analysis that would directly pinpoint those res-
idues most affected upon formation of the RNA:protein complex.
However, the analysis of the chemical shift perturbation between
the unfolded free and unfolded bound species gives insight on
those residues that participate in the initial recognition of the RNA,
before the protein acquires its folded conformation.

The information gathered in the present work is further sup-
ported by a new analysis of the NMR data obtained previously,
bringing interesting conclusions to light. We compared the differ-
ence in chemical shifts between the free unfolded form and the
encounter complex obtained on the titration of DCL1-1 with
dsRNA-D [13]. This analysis shows that the residues that are more
affected in the encounter complex are distributed between helix 1,
helix 2 and sheet 3. Perturbations of residues in helix 2 correlate
with the increase in helical propensity as calculated from the 13C
secondary shifts. Therefore these perturbations are most probably
due to the stabilization of the secondary structure in this region. In
contrast the HN-N resonances of residues R8, E9, I38, G40, Q42 and
G44 show a significant perturbation without a corresponding
change in the secondary structure propensity. This indicates that
the perturbation is brought about by the interaction with dsRNA
and suggests that residues R8, E9, and Q42, i.e. those with longer
hydrophilic sidechains, may be contacting the dsRNA in the initial
encounter complex. These results are shown in Fig. S7.

The results of ourMDsimulation reveal that R8 is the residue that
gives the largest contribution to the binding energy of the complex
formed with dsRNA, and that the sidechain binds preferentially to
mismatched base pairs within the helical framework. The previous
analysis of NMR chemical shift perturbations suggests that R8 has a
significant role in the initial recognition of the substrate.

The position occupied by R8 in helix 1 is involved in substrate
recognition in many dsRBDs. While there is no sequence conser-
vation at this position and the physicochemical character of the
interaction varies among the different dsRBDs [5], there is conser-
vation among different plant DCLs and animal Dicer proteins.
Multiple sequence alignments carried on this region are shown in
Fig. S8. Themethionine residues located in an equivalent position in
ADAR2-1 and ADAR2-2 were shown to be important for the protein
activity, and the structure of the complexes show that they
participate in base identity recognition via a hydrophobic contact
between the methionine methyl group and the adenine H2 atom.
Our results put forward a role for R8 in the recognition of mis-
matched base pairs in DCL1-1 and add further evidence for the
function of equivalent residues in other dsRBDs in the discrimina-
tion of different dsRNA substrates and the role of the sequence
readout mechanism in these domains.
4. Conclusions

In the present work we studied a total of four dsRBD:dsRNA
complexes, which were built based on the structure of the ADAR2-
2:dsRNA-A complex. These systems were subject to MD simula-
tions in order to understand several properties of the complexes
like stability, binding energy and axial bending.

We were able to determine the relative importance of each
binding region of the dsRBD, and to show that although the b2-b3
loop of region 2 in DCL1-1 is shorter than in other similar dsRBDs, it
can bind to the dsRNA just as well. The interactionwith this binding
region induces the bending of the dsRNA axis. This bending may be
important for the protein's function in miARN precursors pro-
cessing by DCL1.

Through the per-residue decomposition of the binding energy,
wewere able to identify the aminoacids that define this interaction.
Among these residues, we found that in DCL1-1 R8 interacts pref-
erentially with non-canonical base-pairs, as these mismatched
bases open the minor groove of the dsRNA making the bases more
accessible for the aminoacid sidechain. The presence of a guanine
base in the mismatch, on the other hand, hinders the interaction
because of its amine group, which repels the arginine's guanidine
group.

The fact that R8 is one of the first residues of DCL1-1 to interact
with the dsRNA, inducing the folding of the domain, highlights the
importance of this residue in the dsRNA recognition, and suggests
that mismatched base pairs within the whole precursor could
provide an initial recognition and anchoring point for this residue.

Overall, in the present work we employed molecular dynamics
simulations as an alternative to the use of spectroscopic techniques
for the study of biological complexes. In this way, we could build a
structure and characterize the binding features of this system,
which would have been extremely difficult to accomplish through
other structural biology techniques due to its dynamic nature.
Moreover, these computational techniques gave us an atomistic
picture of the dsRBD-RNA interaction, which could be applied in
other biological systems.
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