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Abstract
MicroRNAs (miRNAs) affect gene regulation by base pairing with mRNA and contribute to the
control of cellular homeostasis. The first step in miRNA maturation is conducted in the nucleus by
the “microprocessor” complex made up of an RNase III enzyme, Drosha, that contains one
dsRNA binding domain (dsRBD), and DGCR8, that contains two dsRBDs in tandem. The crystal
structure of DGCR8-Core (493–720), containing both dsRBDs, and the NMR solution structure of
Drosha-dsRBD (1259–1337) have been reported, but the solution dynamics have not been
explored for any of these dsRBDs. To better define the mechanism of dsRNA binding and thus the
nuclear maturation step of miRNA processing, we report NMR spin relaxation and MD
simulations of Drosha-dsRBD (1259–1337) and DGCR8-dsRBD1 (505–583). The study was
motivated by electrophoretic mobility shift assays (EMSAs) of the two dsRBDs, which showed
that Drosha-dsRBD does not bind a representative miRNA but isolated DGCR8-dsRBD1 does (Kd
= 9.4±0.4 µM). Our results show that loop 2 in both dsRBDs is highly dynamic but the pattern of
the correlations observed in MD is different for the two proteins. Additionally, the extended loop 1
of Drosha-dsRBD is more flexible than the corresponding loop in DGCR8-dsRBD1 but shows no
correlation with loop 2, which potentially explains the lack of dsRNA binding by Drosha-dsRBD
in the absence of the RNase III domains. The results presented in this study provide key structural
and dynamic features of dsRBDs that contribute to the binding mechanism of these domains to
dsRNA.

MicroRNAs (miRNAs)1 are a large class of gene-regulating RNAs that have been shown to
contribute to the control of cellular homeostasis in multicellular organisms by regulating
such biologically important processes as apoptosis, cell cycle progression, and cell-type
differentiation (1, 2). Mature miRNAs, roughly 22 nucleotides, regulate gene translation by
base pairing with mRNA, and it has been reported that a majority of human genes (> 60%)
are regulated post transcriptionally by at least one miRNA (3). Disease states leading to
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cancer, Alzheimer’s disease, heart disease, and autoimmune diseases have been directly
linked to aberrant cellular levels of specific miRNAs (4–8). Maturation of miRNA is a two-
step process, with each step being independent and spatially separate. The first step involves
cleavage of the single-stranded RNA (ssRNA) tail of primary miRNA (pri-miRNA) in the
nucleus by the “microprocessor” complex, which contains the RNase III enzyme Drosha and
its cofactor, a double-stranded RNA (dsRNA) binding protein DGCR8 (known as Pasha in
Drosophila) (9). After pre-miRNA is transported to the cytosol by exportin-5, the RNase III
enzyme Dicer cleaves the terminal loop, thus forming mature miRNA (9).

Throughout the maturation of miRNA, dsRNA binding domains (dsRBDs) play vital roles in
recruitment and positioning for cleavage (9). dsRBDs are one of the most common RNA-
binding motifs, having been reported in viral-encoded proteins and in both prokaryotic and
eukaryotic organisms (10). Also, dsRBDs are found in proteins in both the cytoplasm and
the nucleus of eukaryotes, as evidenced by the compartmentalization of the first and second
stages of miRNA processing in the nucleus and cytosol, respectively (9, 11, 12). The dsRBD
is an ~65–68 amino acid motif that forms an αβββα topology, where the two α-helices lie
on one face of three antiparallel β-sheets with the other surface of the sheet being solvent-
exposed (13–15).

The preferred binding partner of dsRBDs is A-form double-helix RNA, while dsRBDs show
little or no affinity for ssRNA, dsDNA, and DNA-RNA hybrids (16, 17). As few as 11 base
pairs of dsRNA (coinciding with one turn of canonical A-form helix) have been shown to
interact with a single dsRBD (18). Nonsequence specific recognition of dsRNA by dsRBDs
is mediated by conserved positively charged residues and hydrogen bond acceptors and
donors in loop 2 (L2) and loop 4 (L4), the N-terminal region of helix 2 (H2), and additional
contacts from helix 1 (H1) (13, 19–21). These positions of sequence conservation are
highlighted in Figure 1 for each dsRBD to be discussed in depth. The dsRBD binding mode
differs from the mode employed by the structurally similar RNA recognition motifs
(RRMs), exemplified by the two RRMs of U1A, that bind ssRNA by utilizing conserved
residues in the central β-strands (10, 22). In dsRBDs, the distance between loop 2 and loop 4
is hypothesized to be a critical determinant of the ability to bind dsRNA (20). The
hypothesis originates from analysis of the cocrystal structure of Drosophila Staufen-
dsRBD3, in which the spacing of these two loops matches the spacing between the minor
and major groove of A-form RNA. The observed spacing is facilitated by the stacking of
each loop on opposing faces of a conserved phenylalanine (Figure 1) (19).

In addition to the value of static structure determination, measurement of protein dynamics
through NMR spin relaxation experiments has proven to be a powerful step in defining the
molecular mechanism of RNA binding by both the RRM (23, 24) and the dsRBD (19, 25).
NMR dynamics measurements have been reported for the two dsRBDs of the antiviral
response protein, PKR (26), and the dsRBD3 of Staufen free and bound to dsRNA
(heteronuclear NOE only) (19). Both showed increased flexibility in loop 2, which in the
case of Staufen-dsRBD3 is retained in the bound state (19, 26). In addition, the PKR
dynamics indicate that decreased dynamics in loop 2 correlate with decreased dsRNA
binding since PKR-dsRBD2, which has a higher order parameter (S2) in loop 2, shows a
significantly lower affinity for dsRNA (26).

One of the first dsRBD-containing proteins to be purified and studied was the RNase III
enzyme from Escherichia coli (14, 15, 27). Generally, dsRBDs coexist with the RNase III
domain in RNase III proteins to the broadest evolutionary extent, except in two mycoplasma
(14) and Dicer from Giardia intestinalis (9). RNase III enzymes can still function without
dsRBDs, which is illustrated by the naturally occurring RNase III enzymes lacking a dsRBD
and data from Sun et al. where the dsRBDs of E. coli RNase III were removed and function
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was still retained (28). RNase III function requires that two RNase III domains dimerize to
form an active catalytic site, where each domain is responsible for hydrolysis of one strand
of dsRNA (29), leaving a two-nucleotide 3′ overhang, a notable feature of products of
RNase III enzymes (9). At present, the structural biology of dsRBDs derived from RNase III
enzymes is limited to solution structures of human Drosha (30) and E. coli RNase III (27), a
crystal structure derived from mouse Dicer (31), and two structures of yeast Rnt1p
determined by NMR and crystallography, respectively (32). Only one crystal structure has
been reported of an RNase III dsRBD bound to RNA (33). No reports of NMR-measured
dynamics for RNase III-derived dsRBDs appear in the literature.

Drosha, a class II RNase III enzyme, is a 1374 amino acid residue protein in its primary
human isoform that contains a proline-rich region and an arginine/serine-rich region at the
N-terminus, with two RNase III domains and a dsRNA binding domain at the C-terminus
(Figure 2A) (9). Association with the dsRNA binding protein DGCR8 is required for Drosha
to specifically cleave pri-miRNA roughly 11 base pairs from the ss-ds RNA junction (34).
To date, only the solution structure of the dsRBD of Drosha (1259–1337) has been
determined (Figure 2C) (30). Drosha-dsRBD adopts the αβββα secondary structure seen in
all dsRBDs but also features a unique extension of loop 1 that is negatively charged (Figures
1 and 2C) (30). Although unconfirmed experimentally, sequence features important for
RNA recognition are conserved in Drosha-dsRBD, suggesting that Drosha retains the ability
to bind dsRNA and is in fact necessary for pri-miRNA processing in vitro (35). Zheng and
Cullen demonstrated that the arginine-rich region of Drosha is responsible for ssRNA
recognition (36) and that Drosha is also capable of recognizing terminal loops (37).

In order for Drosha to specifically cleave pri-miRNA, it must be associated with another
dsRNA binding protein, DGCR8(38), which is a 773 amino acid residue protein that
contains two dsRBDs in tandem at its C-terminus (Figure 2B) (39). The rest of the protein is
intrinsically disordered and without known function, except for a WW motif that is proposed
to mediate heme-activated dimerization (40). The crystal structure of the Core region of
DGCR8 (residues 492–720 of the human sequence) revealed that two dsRBDs are arranged
in a pseudo-2-fold symmetry and packed against a well-defined secondary structure formed
from the linker and the C-terminal tail of the construct (39). This well-organized
arrangement of the dsRBDs is in contrast to the NMR structure of PKR, which shows a
flexible linker and structural independence of the two dsRBDs in the apo state (41). The two
dsRBDs of DGCR8 contribute to high-affinity binding of pri-miRNA, Kd = 2.1 ± 1.1 µM for
pri-miR-16-1 (38, 39). The binding affinities for the individual dsRBDs of DGCR8 have not
been reported. Like Drosha-dsRBD, no NMR dynamics measurements have been reported
for DGCR8-Core or its individual dsRBDs; however, we have recently reported molecular
dynamics simulations of the Core and its dsRBDs that suggest a functional role for
conformational dynamics in pri-miRNA binding (42).

Here we present both NMR and MD studies of Drosha-dsRBD, as well as NMR dynamics
studies of DGCR8-dsRBD1, in order to provide a dynamic profile of these dsRBDs.
Combined with binding assays utilizing the same dsRBDs, this work presents a unified
picture for the role of dynamics in binding. The present study aims to incorporate qualitative
and quantitative data on structural and dynamic contributions to dsRNA binding by dsRBDs,
resulting in a predictive model transferrable to other dsRBDs.

MATERIALS AND METHODS
Protein Preparation

Drosha-dsRBD (1259–1337) was amplified by PCR from an ATCC plasmid (I.M.A.G.E
Clone ID 5114643). The PCR product was then cloned into pET47b (Novagen), which
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encodes a 6× His tag and a 3C protease recognition site upstream of the cloning site,
followed by transformation into BL21(DE3) competent cells. A liter growth in M9 minimal
media with [15N] ammonium chloride as the only nitrogen source and either [12C]- or [13C]
glucose as the only carbon source produced uniformly 15N or uniformly 15N, 13C-labeled
protein. Expression was induced using 500 µL of 1.0 M IPTG at OD600 ≈ 0.5, and the cells
were harvested after 3.5 h. The cells were lysed by sonication at 4 °C. The suspension was
scentrifuged for 30 min at 11500 rpm in a Beckman Coulter Allegra 25R using a TA-14-50
rotor. The clear supernatant was then passed over a Ni-NTA (Novagen) column, and the
protein was eluted with imidazole (200 mM). The His tag was cleaved using 3C protease at
4 °C overnight while also dialyzing away the imidazole. The content of the dialysis bag was
then passed over the same Ni-NTA column, and the flow-through was collected. The protein
was concentrated and buffer exchanged using an Amicon Ultra centrifugal filter device
(Millipore) that contained a PES 3000 MWCO membrane. Drosha was buffer exchanged
into 100 mM cacodylate, pH 7.0, 100 mM potassium chloride, 1 mM dithiothreitol, 0.02%
sodium azide, and 10% deuterium oxide. Final concentration of the 15N NMR sample used
for spin relaxation measurements was determined by UV absorption using ε = 5600 M−1

cm−1 at 278 nm to be 380 µM.

A synthetic DGCR8 (493–720) gene was purchased from Geneart, and DGCR8-DSRBD1
(505–720) was amplified by PCR. The PCR product was then cloned into pET49b
(Novagen), which encodes a 6× His tag, a GST fusion tag, and a 3C protease recognition site
upstream of the cloning site, and then transformed into BL21(DE3) competent cells. The
protein expression and purification were the same as for Drosha-dsRBD, except that
DGCR8-dsRBD1 was buffer exchanged into 20 mM HEPES, pH 7.0, 100 mM sodium
chloride, 1 mM dithiothreitol, 0.02% sodium azide, 5 mM β-mercaptoethanol, and 10%
deuterium oxide. Final concentration of the 15N NMR sample used for spin relaxation
measurements was determined by UV absorption using ε = 4200 M−1 cm−1 at 278 nm to be
350 µM.

RNA Preparation
pri-miR-16-1 DNA containing a T7 promoter sequence at the 5′ end and an inverted BsaI
cut site at the 3′ end from Geneart was cloned into pUC19 (New England Biolabs) and then
transformed into DH5α competent cells. These cells were grown overnight in LB media at
37 °C until an OD600 of approximately 3.75 was reached. The cells were then lysed, and the
DNA was purified using a Plasmid Maxi Kit (Omega). The recovered DNA was digested
with BsaI overnight at 50 °C. After digestion, calf intestinal alkaline phosphatase was added
and incubated another 30 min at 37 °C to prevent self-ligation. Postdigestion, the linearized
DNA was extracted with phenolchloroform and precipitated with ethanol. The pri-miR-16-1
was thereafter transcribed by T7 polymerase in a 10 mL reaction mixture of 25 µg/mL
linearized DNA, 40 mM Tris, pH 8.0, 25 mM MgCl2, 2 mM dithiothreitol, 1 mM
spermidine, and 4 mM each of free NTPs. The transcription incubated at 37 °C for 3 h. The
mixture was then purified by polyacrylamide gel electrophoresis in which the desired RNA
band was cut out of the gel and soaked overnight at 4 °C in a TEN250 solution. The RNA
was then purified from the supernatant by ethanol precipitation and quantified by UV–vis
absorption, using ε = 1125400 M−1 cm−1 at 260 nm.

Electrophoretic Mobility Shift Assay
The pri-miR-16-1 RNA prepared by in vitro transcription was dialyzed in 10 mM
cacodylate, pH 6.0, and 30 mM KCl. The proteins were dialyzed in 100 mM cacodylate, pH
6.0, 100 mM KCl, and 0.35 µg/mL β-mercaptoethanol. The RNA was radiolabeled using
[γ-32P] ATP. Prior to mixing with protein, the RNA was denatured at 95 °C for 1 min and
renatured at 1 °C for 1 min. The binding reactions incubated at room temperature for 3 h to
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ensure full equilibration in the presence of 50 mM Tris-HCl, pH 7.5, 200 mM NaCl, 5%
glycerol, 100 µg/mL bovine serum albumin, 1 mM dithiothreitol, and 0.1 mg/mL herring
sperm DNA to prevent the complex from sticking in the wells. Subsequently, the binding
reactions were run on a 0.25× TBE, 10% acrylamide gel at 12 V cm−1 at 4 °C for 3 h, with
each lane containing 20 µCi. Signal from free and bound pri-miR-16-1 was quantified by
imaging the gel on a Typhoon-9410 imager, and uncertainties were estimated by averaging
the intensities in each lane from duplicate gels. The resulting fraction-bound curves were fit
to both a general model assuming N-independent and identical binding sites and a fully
cooperative model, analogous to that used for Hill analysis. Data fitting was performed
using the Levenberg–Marquardt model as implemented in Matlab (MathWorks).

NMR Methods
Standard triple resonance NMR techniques (43, 44) were used to assign the backbone
resonances of Drosha-dsRBD on a Bruker Avance III 850 MHz spectrometer (chemical
shifts are reported in Supporting Information Table S1). The backbone and side chain
resonances of DGCR8-dsRBD1 were assigned using data from Bruker Avance III 500 and
600 MHz spectrometers (chemical shifts are reported in Supporting Information Table S2)
(43, 44). Representative 15N-HSQC spectra for both proteins are shown in the Supporting
Information. The spin relaxation experiments were performed on Bruker Avance III 500 and
600 MHz spectrometers using standard 15N relaxation methods (45, 46). All spectrometers
were equipped with TCI cryoprobes for maximum sensitivity, and the experiments were
performed at 25 °C. Spectra were processed by NMR pipe and analyzed with SPARKY
(SPARKY3.113; T. D. Goddard and D. G. Kneller, University of California, San Francisco,
CA). Data were analyzed in Matlab.

Model-Free Analysis
Lipari–Szabo model-free fitting was performed using the program Model Free 4.20 (47),
with diffusion tensor fitting performed using the quadric method (48, 49). The coordinates
from the NMR structure of Drosha-dsRBD (2KHX) and the crystal structure of DGCR8
(2YT4) were used as structural references for diffusion tensor determination. T1, T2, and
NOE data were fit to a model including the axially symmetric global diffusion parameters
with S2 and τint (model 2), except residues 516–518 of Drosha-dsRBD, which were fit with
S2 and Rex (model 3) to model internal motions.

Simulations
MD trajectories were run in the AMBER 10.0 software package (50) using the ff99SB (51,
52) force field. Simulations were carried out in explicit solvent represented by the SPC
water model (53) under particle mesh Ewald periodic boundary conditions (54). DGCR8-
dsRBD1 and Drosha-dsRBD MD simulations were run as previously reported (42). All 10
configurations from the Drosha-dsRBD PDB file (2KHX) were used for initial analysis (30).
Chloride counterions sufficient to neutralize the net positive charge on the proteins were
added, and the resulting systems were solvated such that no solute atom was within 10 Å of
a box edge. The 10 configurations were energy minimized as previously reported (55). Since
structure 6 in the PDB file had the lowest energy after minimization, the rest of the
simulation was continued with this structure. Following the initial equilibration period, 250
ns of dynamics was run in an isothermal–isobaric (NPT) simulation for each construct.
Snapshots from each trajectory were stored to disk every 1.0 ps. The analysis of the
trajectories was done in AMBER using the ptraj program (50). Molecular graphic images
were created using the UCSF Chimera package (56). Additional analysis and visualization
was accomplished in Matlab. MD-derived order parameters were obtained by using iRED
analysis of MD trajectories averaged over 5 ns windows, as previously reported (55, 57).
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RESULTS
Drosha-dsRBD and DGCR8-dsRBD1 Binding to pri-miR-16-1

The present study was motivated by electrophoretic mobility shift assays (EMSAs) of pri-
miR-16-1 (sequence shown in Figure 3A) binding by Drosha-dsRBD (1259–1337) and
DGCR8-dsRBD1 (505–583). Pri-miR-16-1 was chosen as the model pri-miRNA since it has
previously been utilized in other studies with DGCR8 (38, 39) and Drosha (34, 37). We
observe no binding of pri-miR-16-1 by Drosha-dsRBD, even at 250 µM (see Supporting
Information Figure S1). Therefore, we conclude that Drosha-dsRBD does not possess
intrinsic binding affinity for pri-miR-16-1 in the absence of the Drosha-RNase III domains
and is unlikely to bind other pri-miRNAs as well. In comparison, the EMSAs of DGCR8-
dsRBD1 demonstrate that DGCR8-dsRBD1 binds to pri-miR-16-1 with a Kd = 9.4±0.4 µM
(Figure 3B,C), which is less than 3-fold weaker binding compared with DGCR8-Core under
the same conditions (Kd = 3.7 ± 0.1; Supporting Information Figure S2). The steep slope of
the transition contributes to a measured Hill coefficient of n = 2.34± 0.01 that is consistent
with cooperative binding of more than one DGCR8-dsRBD1 per pri-miR-16-1. The steep
slope could also be explained by loss of free protein during equilibration or dissociation
during gel electrophoresis, but gels run with lower incubation times show multiple
intermediates reinforcing the assumption that the steep slope is indicative of cooperative
binding (Quarles and Showalter, unpublished).

NMR Spin Relaxation
Information on picosecond to nanosecond time scale dynamics can be obtained from
backbone 15N NMR spin relaxation data (45, 46, 58, 59). We have measured 15N T1, T2,
and {1H}-15N NOE NMR spin relaxation at 500 and 600 MHz field strength for both
Drosha-dsRBD and DGCR8-dsRBD1 in the RNA-free state (Figure 4). Analysis of the spin
relaxation data using the quadric method (48, 49) indicates that Drosha-dsRBD is more
anisotropic in solution having D‖/D⊥= 1.40 and τiso = 6.29 ns compared to D‖/D⊥ = 1.29
and τiso = 7.20 ns for DGCR8-dsRBD1. In both cases, the anisotropy of these domains is
significantly higher than previously reported for the isolated dsRBDs of PKR, D‖/D⊥ ≈ 1.06
(τiso was not reported) (26). This trend is qualitatively observed in the ribbon diagrams,
where DGCR8-dsRBD1 (Figure 2D) is less elongated than Drosha-dsRBD (Figure 2C).

Complete model-free analysis of the spin relaxation data yields an estimation of the
amplitude of picosecond to nanosecond time scale backbone conformational dynamics
through the generalized order parameter S2 (Figure 5) (58). Loop 2 of both Drosha-dsRBD
and DGCR8-dsRBD1 shows increased dynamics compared to the rest of the domain, as
expected based on Staufen-dsRBD3 (19) and PKR (41) apo dynamics. Even though loop 2 is
highly flexible in both domains under investigation, the C-terminal residue of the region,
which corresponds to Tyr-1298 and Phe-542 in Drosha-dsRBD and DGCR8-dsRBD1,
respectively, shows a high order parameter compared with its neighbors. These residues
correspond with the highly conserved aromatic residue that is hypothesized to be a critical
determinant of dsRNA binding by dsRBDs, since it maintains the spacing between loop 2
and loop 4 (20). In addition, the high order parameter indicates that the conserved aromatic
residue is very rigid on the fast time scale.

Unlike Staufen-dsRBD3 (19), there is no indication of increased dynamics in loop 4 for the
apo state of either dsRBD, but this is consistent with data from PKR (26). In all structures
used for alignment, except Staufen-dsRBD3 and DGCR8-dsRBD2 (Figure 1), there is a
conserved serine or threonine in loop 4 forming an N-cap for H2 (60) and likely restricting
the dynamics of the loop as a result. Instead of a serine or threonine, Staufends-RBD3 has a
glycine in this position, which explains the increased flexibility for this region as glycine is a
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poor N-cap residue (60) and is intrinsically more flexible. The asparagine residue found
inDGCR8-dsRBD2 should be capable of forming a strong N-cap and, in this sense, is a
conservative mutation from the consensus. Our data indicate that Staufen-dsRBD3 is a
unique case among dsRBDs that does not contain a good N-cap residue for helix 2, which
causes the loop preceding (loop 4) to have increased flexibility.

The key difference in the order parameter profiles of the two dsRBDs investigated in this
study is that the Drosha-dsRBD order parameter profile (Figure 5A) indicates that loop 1 is
the most flexible region of the domain, while this same loop in DGCR8-dsRBD1 shows no
increased flexibility in comparison to the rest of the domain. This trend is likely due to the
addition of five amino acid residues in the loop of Drosha, which is a unique feature of
Drosha-dsRBD compared with other dsRBDs (Figure 1) and is likely the cause for the
increase in anisotropy of the domain compared to DGCR8-dsRBD1 and the two dsRBDs of
PKR. Additionally, the greater flexibility of loop 1 in Drosha-dsRBD is likely disruptive to
Drosha-dsRBD’s ability to bind dsRNA unassisted.

Molecular Dynamics Simulations
Two MD simulations were run: DGCR8-dsRBD1 (505–583) derived from the crystal
structure of DGCR8-Core (PDB 2YT4) and one derived from the lowest energy structure,
with respect to the AMBER ff99SB force field, in the solution ensemble of Drosha-dsRBD
(PDB 2KHX, 1259–1337). The DGCR8-dsRBD1 trajectory has previously been reported
(42), but the analysis reported in this study is novel (except where noted). The Drosha-
dsRBD trajectory however has not previously been reported. Protein stability in the 250 ns
simulations was verified by analyzing root-mean-square deviation (rmsd) from the starting
structure over the course of the trajectories (Figure 6). The rmsd of DGCR8-dsRBD1 (as
previously reported) was very low (1.5 Å) for a large majority of the simulation (Figure 6,
red line), indicating that this construct is highly stable (42). The rmsd of Drosha-dsRBD is
higher than DGCR8-dsRBD1 (Figure 6, blue line) but eventually plateaus at 3.0 Å,
demonstrating that this construct is also stable over the simulation time scale. The higher
rmsd seen in the Drosha-dsRBD simulation is typical of a simulation initiated from an NMR
solution structure rather than a crystal structure, as was used for DGCR8-dsRBD1.
Additionally, Drosha-dsRBD loop 1 and loop 2 are larger and more dynamic than the same
loops in DGCR8-dsRBD1, which inflates the calculated rmsd by roughly 1.0 Å (data not
shown). As final evidence that the high rmsd is not due to local unfolding of secondary
elements or tertiary contacts, ribbon bundles for both simulations were generated from the
trajectories (Figure 5C,D). The ribbon bundles clearly show that the overall folds are
retained throughout both simulations. Additionally, the ribbon diagrams show the increased
flexibility of loop 1 and loop 2 in Drosha-dsRBD compared with those in DGCR8-dsRBD1
throughout the simulation.

MD-Derived Order Parameters
The generalized model-free order parameter S2 was computationally predicted using iRED
analysis of molecular dynamics (MD) trajectories averaged over 5 ns windows (Figure 5,
gray lines) (55, 57). Qualitatively, the same global trends observed in the experimental data
are reproduced computationally in both Drosha-dsRBD and DGCR8-dsRBD1 (Figure 5).
The notable exception is that loop 3 of DGCR8-dsRBD1 is computationally predicted to be
more dynamic than the adjacent secondary structural elements, which is not observed
experimentally. Loop 3 of DGCR8-dsRBD1 has been shown computationally to mediate
interfacial interactions with dsRBD2 in the Core structure of DGCR8 (42). The interfacial
interactions cause loop 3 of DGCR8-dsRBD1 to be bent toward dsRBD2 in the crystal
structure, a conformation enabled by the positive ϕ angle observed for Asp-549 in the crystal
structure. This bend of loop 3 is not observed in the solution structure of isolated DGCR8-
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dsRBD1 (PDB 1X47). Therefore, the disagreement between experimental and
computational data for loop 3 of DGCR8-dsRBD1 is likely due to the crystal structure used
for the MD simulation and the solution structure of DGCR8-dsRBD1 being different for this
region.

Another observation to note is that for Drosha-dsRBD there is an offset in the baseline
between the experimental and computational order parameter profiles which is not observed
in DGCR8-dsRBD1. Intriguingly, it is the experimental order parameters that adopt a low
average value compared to the MD, and compared with both sets of order parameters for
DGCR8-dsRBD1, and not the other way around. The generally high order parameters seen
for the secondary elements in Drosha-dsRBD support the conclusion that the conformation
of the protein in the MD simulation was dynamically stable but substantially drifted from
the initial configuration during equilibration, producing the high rmsd observed (Figure 6).

Correlated Dynamics in the dsRBDs
A major advantage of running MD simulations is the retention of dynamic correlations in
the data set. Such correlations can be extracted through principal component analysis (61,
62) or a variety of related techniques that have been developed to monitor dynamics that are
believed to be functionally relevant (63–65). Analysis of Cα atomic fluctuations in our MD
trajectories produces the covariance matrices shown in Figure 7. Note the Cα correlation for
DGCR8-dsRBD1 has already been reported (42), but the analysis discussed below is novel.
The correlation plots for Drosha-dsRBD and DGCR8-dsRBD1 show similar features, with
the features in Drosha-dsRBD indicating a greater absolute magnitude of correlation for a
higher percentage of the residues than is the case for DGCR8-dsRBD1. One exception is the
positive correlation between loop 1 and loop 2 in DGCR8-dsRBD1, which is absent in
Drosha-dsRBD. Previous studies have shown that both loop 2 and helix 1 are involved in
binding dsRNA (13, 19, 20), so it makes sense that loop 2 and loop 1 (which is connected to
helix 1) show correlated motions in the apo state that would facilitate dsRNA binding. It has
already been mentioned that loop 1 of Drosha is structurally and dynamically unique
compared to other dsRBDs, and the correlated dynamics further expand on this. The lack of
correlations between the two loops in Drosha-dsRBD could further contribute to Drosha-
dsRBD not being able to bind dsRNA in the absence of the RNase III domains.

In both domains under investigation, anticorrelated motions exist between loop 2 and helix
2, with only minor anticorrelations seen between loop 2 and loop 4. Hence, the pivot for the
anticorrelated motions observed between loop 2 and helix 2 may be loop 4 itself and the
contacts it makes with the C-terminal region of loop 2 and the N-terminal region of sheet 2.
Moreover, this yields an alternative explanation for the importance of the conserved
aromatic residue (Tyr-1298 and Phe-542 for Drosha-dsRBD and DGCR8-dsRBD1,
respectively). The role of a static spacer could easily be filled by a bulky aliphatic side
chain, but such a residue would provide a highly flexible stacking surface compared to the
rigid ring of a phenylalanine or tyrosine residue. The rigidity of the aromatic moiety from
the phenylalanine or tyrosine residue may be preferred evolutionarily because of its
enhanced ability to transduce dynamic correlations between its two stacking partners.

DISCUSSION
Both dsRBDs studied are part of the microprocessor complex, which is involved in the
nuclear maturation of miRNA, but the binding data presented here point to different roles for
the two domains in the complex. The results presented in this study identify key structural
and dynamic features of dsRBDs that contribute to the binding mechanism of these domains
to dsRNA. Previous studies have shown extensive cooperativity between the dsRBDs of the
protein RDE-4 (66), which is involved in the processing of long continuously double-
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stranded small-interfering RNAs. Especially when considered in light of the correlated
conformational dynamics our previous MD studies of DGCR8-Core have revealed (42), this
work points to a central role for cooperative complex assembly in the microprocessor as a
means of establishing specificity in the pri-miRNA cleavage reaction.

Intrinsic Binding Affinity of the dsRBDs
The slightly weaker binding of DGCR8-dsRBD1 reported here (Kd = 9.4 ± 0.4 µM)
compared to DGCR8-Core (Kd = 3.7 ± 0.1 µM; Supporting Information Figure S2) is
noteworthy, as it suggests a dominant role for dsRBD1 in RNA binding, with dsRBD2
present to fine-tune the interaction. This is similar to the respective roles of PKR-dsRBD1
and PKR-dsRBD2; albeit PKR-dsRBD1 binds ~30-fold weaker than the two domains in
tandem (26, 67, 68). Analysis of the EMSA results with a binding model that assumes N-
independent and identical sites on pri-miR-16-1 for DGCR8-dsRBD1 resulted in poor fit
quality (see Supporting Information Figure S3) that was completely relieved through the
assumption of fully cooperative binding by more than one copy of the protein. The result
that more than one dsRBD can be loaded onto a single pri-miRNA is unsurprising. The
construct possesses approximately three full turns of (interrupted) A-form helix (Figure 3A),
and there are at least three dsRBDs in the microprocessor (assuming a 1:1:1
DGCR8:Drosha:miRNA stoichiometry). Hill analysis of binding data in the Supporting
Information of Sohn et al. also points to the possibility of cooperative loading of more than
one DGCR8-Core molecule onto the same pri-miRNA (39). DGCR8-dsRBD1 packs against
dsRBD2 in the crystal structure of DGCR8-Core, for which we have previously reported
dynamic correlations between the two dsRBDs by MD (42). The apparent cooperative
loading of multiple DGCR8-dsRBD1 molecules onto pri-miR-16-1 could be a manifestation
of the intrinsic capability of the domain to assemble and further supports our hypothesis that
collective positioning of the dsRBDs in the microprocessor imparts some or all of the
specificity inherent in the endonuclease activity of the complex. Further studies will be
needed to quantitatively define the stoichiometry in the complex.

While our results show DGCR8-dsRBD1 possesses intrinsic RNA binding affinity, we also
observe a lack of pri-miRNA binding in vitro for the isolated Drosha-dsRBD that is likely
due to both structural and dynamic features that are inconsistent with those of other studied
dsRBDs known to bind dsRNA. First, dsRBDs known to bind dsRNA, like PKR-dsRBD1
(17, 26) and Staufen-dsRBD3 (19), generally contain three lysine residues that are on the N-
terminal part of helix 2 and positioned between helix 1 and the β-sheet on the protein
surface (Figure 1). Even though Drosha-dsRBD lacks the conserved lysine residues, Mueller
et al. show a positively charged region on the Drosha-dsRBD surface which could facilitate
binding of the negatively charged phosphate backbone in this region, albeit in an atypical
manner compared with models from dsRNA bound to dsRBDs in the literature (30). Second,
loop 1 of Drosha-dsRBD is five residues longer than other dsRBDs, and this increase in size
causes increased flexibility in the loop along with increased anisotropy of the domain
(Figures 4 and 5). The increased dynamics of loop 1 in Drosha-dsRBD, which is negatively
charged, allows it to sample conformational space that potentially would be occupied by
dsRNA, thus hindering binding due to charge repulsion. Also, in contrast to DGCR8-
dsRBD1 (Figure 7), loop 1 of Drosha-dsRBD shows no correlated motions with the rest of
the protein construct, which would be an effective means of maintaining its distance from
the presumptive binding surface if they were present,. However, our data do not rule out the
possibility that Drosha-dsRBD contributes to dsRNA binding in more inclusive constructs
containing the RNase III domains, and ongoing studies in our laboratory aim to address this
possibility.
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Dynamic Profile of Drosha-dsRBD and DGCR8-dsRBD1
Dynamically, Drosha-dsRBD is not a total anomaly among dsRBDs: it shows increased
flexibility in loop 2 like Staufen-dsRBD3 (19), PKR-dsRBD1 and PKR-dsRBD2 (26), and
DGCR8-dsRBD1. The increased flexibility of loop 2 has been hypothesized to be critical for
binding, since the loop needs to rotate toward the RNA in order to interact with the 2′-
hydroxyl groups from the minor groove of dsRNA (19). In the case of PKR-dsRBD2, the
higher order parameter in loop 2 compared to PKR-dsRBD1 correlated with a much lower
affinity of dsRNA (26). While being important, increased flexibility of loop 2 is not by itself
a sufficient determinant of dsRNA binding, since Drosha-dsRBD which possesses this
feature does not bind dsRNA.

Even though loop 2 is dynamic, the C-terminal region of the loop in the protein still remains
in close proximity to loop 4. Our data indicate that loop 4 is not dynamic on the fast time
scale, which is consistent with data from PKR (26) but differs from Staufen-dsRBD3 (19).
Loop 4 is not dynamic in these cases due to a conserved serine or threonine that forms a
good N-cap for helix 2, while Staufen-dsRBD3 contains a glycine in this position that causes
increased flexibility. However, the added dynamics of loop 4 in Staufen-dsRBD3 is not
detrimental to binding since it binds dsRNA with micromolar affinity (19).

Distance between Loop 2 and Loop 4
The overall good agreement between the experimental and computational order parameters
for the two dsRBDs led us to further investigate the molecular dynamic simulations for
structural and correlated features of the two domains. Chang and Ramos hypothesized that a
critical determinant of RNA binding by dsRBDs is the distance separating loop 2 and loop 4,
which corresponds with the spacing between the minor and major groove of A-form RNA
(20). In the case of Staufen-dsRBD3, the distance between the two loops is maintained by a
phenylalanine (13), which based on alignment is strongly conserved (as either phenylalanine
or tyrosine) and is present in both DGCR8-dsRBD1 and Drosha-dsRBD (Figure 1A). As
previously mentioned, the order parameter for Phe-542 inDGCR8-dsRBD1 and Tyr-1298 in
Drosha-dsRBD is high in comparison to its neighbors, indicating that these residues are rigid
and could potentially be involved in maintaining the spacing between the aforementioned
loops.

As a further investigation, we calculated the distance between α-carbons in loop 2 and loop
4 found in our MD trajectories. For DGCR8-dsRBD1, Glu-540 in loop 2 maintains an
average distance from Ala-558 and Ser-559 of 4.7 and 4.4Å, respectively. More than 99% of
the time, Glu-540 is within 6Å of both of these residues. In Drosha, the average distance
between Thr-1297 and Pro-1315 is 4.7Å, and they are kept within 6Å of each other 99% of
the time as well. The order parameters for the residues in loop 2 (Glu-540 and Thr-1297 for
DGCR8-dsRBD1 and Drosha-dsRBD, respectively) indicate that these residues are dynamic
while the residues in loop 4 are not, but the distances between the residues in loop 2 and
loop 4 are maintained on average throughout the simulation. In both cases, no hydrogen
bonds or salt bridges are formed between the residues mentioned to preserve the close
proximity of the atoms. Instead, for DGCR8-dsRBD1, a salt bridge is formed between
Glu-540 in loop 2 and Lys-567 in helix 2. This salt bridge is evident in the crystal structure
with the charged moieties being 4.8 Å apart. Throughout the simulation, the average
distance of the two charged atoms is 5.8 Å. A similar salt bridge is not seen in Drosha-
dsRBD since in the Drosha-dsRBD structure a glycine residue is present instead of a lysine.
In fact, the Lys-567 of DGCR8-dsRBD is not a conserved residue in the other dsRBD
sequences either (Figure 1); thus this would only help to explain the close proximity of loop
2 and loop 4 observed in DGCR8-dsRBD but not dsRBDs as a whole.
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The conserved aromatic residue hypothesized to be responsible for maintaining the spacing
between these two loops is observed to potentially be a pivot for anticorrelated motions
between loop 2 and helix 2, which caused it to have a high order parameter compared to
neighboring residues and to maintain the loop 2 to loop 4 spacing. In the case of DGCR8-
dsRBD1, the additional salt bridge observed between Glu-540 and Lys-567 further controls
the amount of correlation and dynamics of these two regions. The anticorrelated motions of
these regions of the domain are potentially responsible for the ability of dsRBDs in the
miRNA maturation pathway to bind a large variety of heterogeneous dsRNA precursors.
Further NMR spin relaxation and MD simulations are needed to verify the generality of our
conclusions and the predictive quality of our model for the effect of dynamics on dsRNA
binding.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Alignment using Clustal W2 for each of the dsRBDs discussed in this paper showing
conserved residues in varying shades of gray, with black corresponding to complete
conservation. Approximate location of the secondary elements is shown above the alignment
with H representing an α-helix, B representing a β-sheet, and L representing a loop/turn.
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Figure 2.
Schematic representation of the primary sequence of (A) Drosha and (B) DGCR8. (C) A
ribbon diagram representing the solution structure of Drosha-dsRBD (PDB 2KHX, residues
1259–1337) shows the extended loops 1 (L1) and 2 (L2). (D) A ribbon diagram representing
the crystal structure of DGCR8-dsRBD1 (PDB 2YT4, residues 505–583) shows a less
elongated fold of the dsRBD than Drosha-dsRBD.
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Figure 3.
EMSA of pri-miR-16-1 binding to DGCR8-dsRBD1. (A) Predicted secondary structure of
pri-miR-16-1 with the sequence of the mature miRNA shown in red and the region removed
by Drosha cleavage indicated through lower case letters. (B) Representative gel showing
addition of DGCR8-dsRBD1 (2–200 µM) to 0.25 nM pri-miR-16-1. (C) Fitted EMSA
fraction bound as a function of DGCR8-dsRBD1 concentration with data points and
uncertainties represented by filled circles and the best fit to the data (see text) represented as
a gray line.
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Figure 4.
15N spin relaxation data for (A) Drosha-dsRBD and (B) DGCR8-dsRBD1 collected at 500
MHz (blue and red, respectively) and 600MHz (gray). The data show that the extended loop
1 of Drosha-dsRBD is more flexible than that of DGCR8-dsRBD1 on the picosecond to
nanosecond time scale. Loop 2 is also seen to be highly dynamic in both proteins. The
secondary structure elements for the respective dsRBDs, as well as the positions of loop 1
and loop 2, are represented as colored bars above the plots.
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Figure 5.
Order parameter (S2) plots for (A) Drosha-dsRBD and (B)DGCR8-dsRBD1 show that loop
2 in both proteins and loop 1 of Drosha-dsRBD are the most dynamic regions of the
domains. Experimental data (blue and red lines for Drosha-dsRBD and DGCR8-dsRBD1,
respectively) are plotted against MD predicted order parameters (gray). The secondary
structure elements for the respective dsRBDs, as well as the positions of loops 1 and 2, are
represented as colored bars above the plots. S2 is represented color imetrically in the MD-
derived ribbon bundles for (C) Drosha-dsRBD and (D) DGCR8-dsRBD1, with passage from
dark blue and dark red toward yellow indicating increased flexibility, based on the
experimental order parameters. The conserved aromatic residues (Tyr-1298 of Drosha-
dsRBD and Phe-542 of DGCR8-dsRBD1) are shown in space-filling mode to demonstrate
how these residues are orientated to preserve the spacing between loop 2 and loop 4. Both
bundles are created by taking the structures from the simulation every 50 ns and
superimposing them to remove translation and rotation of the center of mass.
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Figure 6.
The global dynamics of Drosha-dsRBD and DGCR8-dsRBD1 observed in MD simulations
indicates qualitative differences between the two domains. The rmsd traces of Drosha-
dsRBD (blue line) and DGCR8-dsRBD1 (red line) demonstrate that both proteins are stable
over the MD simulations, although Drosha dsRBD is more dynamic overall, as seen in the
MD structure bundles found in Figure 5C,D.
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Figure 7.
Cα correlation matrices reveal the collective backbone motions of (A) Drosha-dsRBD and
(B)DGCR8-dsRBD1. The color bar on the right shows the scale indicating strong positive
correlation (red), strong negative correlation (blue), and noncorrelated motion (green).
Labels above each panel indicate the location of secondary structural elements within the
sequence.
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