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ABSTRACT Although conformational dynamics of RNA molecules are potentially important in microRNA (miRNA) processing,
the role of the protein binding partners in facilitating the requisite structural changes is not well understood. In previous work, we
and others have demonstrated that nonduplex structural elements and the conformational flexibility they support are necessary
for efficient RNA binding and cleavage by the proteins associated with the two major stages of miRNA processing. However,
recent studies showed that the protein DGCR8 binds primary miRNA and duplex RNA with similar affinities. Here, we study
RNA binding by a small recombinant construct of the DGCR8 protein and the RNA conformation changes that result. This
construct, the DGCR8 core, contains two double-stranded RNA-binding domains (dsRBDs) and a C-terminal tail. To assess
conformational changes resulting from binding, we applied small-angle x-ray scattering with contrast variation to detect confor-
mational changes of primary-miR-16-1 in complex with the DGCR8 core. This method reports only on the RNA conformation
within the complex and suggests that the protein bends the RNA upon binding. Supporting work using smFRET to study the
conformation of RNA duplexes bound to the core also shows bending. Together, these studies elucidate the role of DGCR8
in interacting with RNA during the early stages of miRNA processing.
SIGNIFICANCE Regulation of messenger RNA lifetime and translation by microRNA (miRNA) is essential in multicellular
organisms, yet the full mechanism whereby mature miRNA is generated from primary transcripts remains to be
determined. Specifically, the molecular mechanism of precise cut placement by Drosha at the first stage of miRNA
maturation remains in debate. Here, we apply contrast variation small-angle x-ray scattering to demonstrate that Drosha’s
cofactor protein DGCR8 induces a bend in double-stranded RNA upon binding. This observation explains prior
biochemical data on miRNA processing by Drosha while also providing the first demonstration of contrast variation small-
angle x-ray scattering as a technique for monitoring RNA structural change in RNA-protein complexes.
INTRODUCTION

MicroRNAs (miRNAs) are short noncoding RNA molecules
that facilitate post-transcriptional regulation of gene expres-
sion (1–3). The canonical processing of miRNA involves
two major post-transcriptional stages (4). In the first stage,
primary microRNA (pri-miRNA) is generated in the nucleus
and is cleaved by the microprocessor complex, composed of
the proteins Drosha and DGCR8, to form a hairpin-shaped
precursor miRNA (pre-miRNA). In the second stage, the
pre-miRNA is exported to the cytoplasm, wherein it is
cleaved by Dicer to yield a mature miRNA (5). RNA struc-
ture and internal dynamics are known to play important roles
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in miRNA processing, but further investigation is needed to
understand how they are coupled to biological function. For
example, perturbed dynamics of pri-miRNA structures are
hypothesized to contribute to cancer phenotypes associated
with single-nucleotide polymorphisms in pri-miR-125a (6).
In addition, structural mimicry by single-stranded RNA vi-
ruses exploits flexible regions that strongly resemble the ter-
minal loops and internal bulges characteristic of pri-miRNA
stem loops (7). The stem-loop precursor molecules of
miRNA access diverse transient structures that ultimately
affect their progression through the miRNA maturation
pathway; however, detailed mechanisms that describe the
roles of conformational dynamics and transitions in the
RNA remain to be established. In an effort to refine the bio-
logical mechanism of miRNA processing, we and others have
shown that the loops, bulges, and flanking RNA single
strands in pri-miRNA—and the conformations associated
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DGCR8 Bends Double-Stranded RNA
with these structures—are important to RNA binding and
cleavage by the microprocessor complex and Dicer (8–10).
Interestingly, we also found that deformability in the cleav-
age site of pri-miRNA is not sensed by the microprocessor
component DGCR8 and that DGCR8 binds pri-miRNA and
duplex RNA with similar binding affinities (11). Although
these studies provide growing biochemical evidence for the
importance of RNA dynamics in miRNA processing, the
paucity of available structures for pri-miRNA bound to the
microprocessor complex leaves the role of DGCR8 in the first
stage of miRNA processing unclear. Here, we explore the
role of DGCR8 in modifying the average structure of the
RNA upon complex formation by facilitating bending of
pri-miRNA to kink the stem loop.

Just as the structures of folded RNA molecules are diverse
(12), so are the mechanisms of protein partner recognition
(13). In the context of pri-miRNA and pre-miRNA cleavage,
virtually all of the proteins required for maturation include
one or more double-stranded RNA binding domains
(dsRBDs) (5). In partnership with catalytic centers formed
from RNase III family enzymes, dsRBDs are ubiquitous
among double-stranded RNA (dsRNA) processing proteins;
however, substantial technical challenges have limited the
number of high-resolution structures available that describe
their interactions at the atomic scale. For the second stage
of miRNA processing, in which Dicer cleaves the terminal
loop off a pre-miRNA hairpin, this model suggests that the
tandem dsRBDs from Dicer’s cofactor TRBP bind to a
dsRNA duplex (14). This model revealed that the dsRBDs
associate with the dsRNA in multiple orientations, which is
consistent with prior in vitro biochemical results showing
that TRBP binds dsRNA without sequence preference.
Recently, a cryo-electron microscopy structure of Dicer
bound to dsRNA revealed an intricate network of contacts be-
tween the enzyme and its substrate RNA (15). In the context
of pri-miRNA cleavage by the microprocessor complex,
minimally composed of Drosha and its cofactor DGCR8,
gel filtration (16) and single-molecule FRET (smFRET)
(17) studies established that the microprocessor is a 2:1:1
complex of DGCR8:Drosha:pri-miRNA. A recent structure
of human Drosha implies two binding sites for DGCR8
(18). However, to date, no atomic-resolution model of
the microprocessor complex involving all components
(DGCR8, Drosha, and pri-miRNA) has been reported.

The dsRNAbinding properties ofDGCR8have been exten-
sively studied, both in the context of miRNA maturation and
through other noncanonical roles in which DGCR8 must
recognize dsRNA (19). Many noncanonical roles of DGCR8
are Drosha independent, suggesting that DGCR8 is often
required to form productive complexes with dsRNA indepen-
dent of the rest of the microprocessor complex (20). An early
crystal structure of the DGCR8 dsRBDs led to the hypothesis
that uponbindingofRNA,DGCR8would force bendingof the
pri-miRNAstem loop to engage both dsRBDs (21).Therefore,
we have chosen to work with the same construct used in the
crystal structure study, which is a minimal ‘‘DGCR8 core’’
composed of the two dsRBDs and a C-terminal tail (Fig. 1
A). We used this minimal construct to determine whether the
dsRBDs in DGCR8 can bend RNA stem loops upon binding,
which may be important for miRNA processing. Based on
structural probing with the SHAPE method, we proposed
two regions of inherent flexibility in pri-miRNA stem-loop
structures (9); these regions are consistent with the high prev-
alence of non-Watson-Crick structural features observed in
two similarly patterned clusters defined in bioinformatics
studies (22).We hypothesized that DGCR8 function is depen-
dent on the recognition of specific structural features in the
miRNA precursor, such as loops, bulges, and single-stranded
flanking segments. To our surprise, we found that the equilib-
riumconstant for dsRNAbinding by theDGCR8 core is insen-
sitive to the presence of noncanonical structural elements
within the stem (11). This study demonstrated that RNA de-
formability is not necessary forDGCR8 core binding, yet flex-
ibility near the Drosha cleavage site is still required for
efficient processing of pri-miR-16-1 (11). Thus, the function
of the DGCR8 core might be to facilitate structural dynamics
and may not require sequence specificity or noncanonical
structural element recognition. Therefore, we designed our
study to test the hypothesis that the DGCR8 core bends the
pri-miRNA and duplex RNA upon binding.

Studying the structural changes of an RNA as it binds a
protein partner requires the ability to distinguish signals
from the RNA and protein in the complex. Small-angle x-
ray scattering (SAXS) measurements provide global struc-
tural insights about freely diffusing macromolecules,
including complexes, in solution. To address the challenge
of distinguishing whether the SAXS signal originates from
the protein, the RNA, or the whole complex and enable
the study of conformational changes of the RNA, we applied
contrast variation SAXS (CV-SAXS). CV-SAXS allows us
to detect only the nucleic acid component of a protein-nu-
cleic acid complex by masking the protein contribution to
the scattering profile (23). We have previously demonstrated
this technique in a study of DNA unwinding from histones
in nucleosome core particles (24,25). Here, we describe
the use of CV-SAXS to measure the conformations of pri-
miR-16-1 in the presence and absence of the DGCR8 core.

CV-SAXS provides strong evidence that pri-miR-16-1
bends in the presence of the DGCR8 core. The ability of the
protein to bind and bendRNAswith duplex elements is further
supported by smFRET studies on a duplex RNA and DGCR8
core complex. Comparison of SAXS data of both canonical
RNA duplexes and with duplexes that are interrupted by flex-
ible regions near their centers provides additional insight into
the conformations assumed by the protein-bound RNA. The
tandem dsRBDs found in the DGCR8 core not only bend
RNA stem loops upon binding but also bend canonical duplex
RNAs that do not contain flexible loops or bulges. The indis-
criminate bending of duplexRNA is consistentwith our previ-
ous finding (11) that the binding affinities of duplex RNA and
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FIGURE 1 DGCR8 core interacts with pri-miR-

16-1 through two binding domains. (A) Domain ar-

chitecture of the full-length DGCR8 protein and

the protein construct used in this study (DGCR8

core) is shown. A WW domain responsible for

DGCR8 assembly is annotated in gray and is absent

in the DGCR8 core. The double-stranded RNA-

binding domains (dsRBD1 and dsRBD2) are anno-

tated in shades of orange. (B) Sequence and stem-

loop structure of the primary miRNA pri-miR-16-

1 that is the basis for the constructs used in the

SAXS experiments are shown. The resulting

mature miRNA is highlighted in pink. (C) Model

for RNA binding and bending by the DGCR8

core is shown. To see this figure in color, go online.
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pri-miRNA for the DGCR8 core are very similar. Thus, we
propose that both sequence-indiscriminate binding and
bending are necessary for efficient processing of hundreds
of structurally diverse primary miRNAs. We speculate that
bending is a required part of a dynamic sequence of events
involving catch and release of pri-miRNAs waiting to be pro-
cessed. How bending and unbending of primary miRNA
contribute to the energetics of the first stage of miRNA pro-
cessing remains unclear. We suggest that the interactions of
dsRBDs with RNA structures are important for better under-
standing miRNA processing in particular and duplex RNA-
dsRBD interactions in general.
MATERIALS AND METHODS

Expression and purification of proteins

The DGCR8 core construct (493–720) was prepared by amplifying DNA

through PCR from the human DGCR8 gene, purchased from ATCC (Mana-

ssas, VA), which was then inserted into pET-47b(þ) vector between the XmaI

and EcoRI restriction sites, resulting in an in-frame 6x-His tag N-terminal to

the DGCR8 coding sequence and followed by a 3C Protease recognition

sequence. Treatment with 3C protease during purification results in a Gly-

Pro-Gly cloning artifact N-terminal to the DGCR8 core. BL21 DE3 cells

transformed with the DGCR8 core plasmid were grown in LB media at
2526 Biophysical Journal 119, 2524–2536, December 15, 2020
37�C until the culture OD600 reached 0.8, at which point IPTG was added

to a final concentration of 0.5 mM. Cultures were incubated for an additional

4 h at 37�C before harvesting. Cells were either stored at �80�C or lysed

immediately. Cell pellets were resuspended in 50 mM sodium phosphate

(pH 8.0), 50 mM sodium chloride, 20 mM imidazole, and 2 mM 2-mercap-

toethanol supplemented with commercial protease inhibitor cocktail (Milli-

pore Sigma, Burlington, MA) and 1 mM phenylmethanesulfonyl fluoride.

Cells were lysed by sonication, and the lysate was clarified by centrifugation

at 14,000� g for 45 min at 4�C. Clarified lysate was applied to Ni-NTA resin

equilibrated with lysis buffer, washed with lysis buffer supplemented with

0.1% Triton X-100, and eluted in 50 mM sodium phosphate (pH 8.0),

50 mM sodium chloride, 200 mM imidazole, and 2 mM 2-mercaptoethanol.

Eluted protein treated with 3C protease was dialyzed against 2 L of lysis

buffer overnight at 4�C. The dialysate was passed over a Ni-NTA column,

then concentrated to <1 mL. Concentrated protein was further purified by

FPLC on a Sephacryl S100 gel filtration column (Cytiva, Marlborough,

MA) in 50 mM sodium phosphate (pH 8.0), 50 mM sodium chloride,

5 mM DTT. Fractions containing pure DGCR8 core by SDS-PAGE analysis

were pooled and concentrated. Final concentration of the sample was deter-

mined via guanidine hydrochloride denaturation followed by UV absorption

measurement, using ε ¼ 544,800 (M , cm)�1 at 278 nm (11). DGCR8 core

was buffer exchanged into 50 mMHEPES (pH 7.5) with 50 mMKCl, 5 mM

DTT, and 1% glycerol before SAXS experiments.
Preparation of RNA molecules

To prepare pri-miR-16-1 for SAXS experiments, DNA purchased from Ge-

neart (Thermo Fisher Scientific, Waltham, MA) containing a T7 promoter
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sequence at the 50 end and an inverted BsaI cut site at the 30 end was cloned

into pUC19 (New England Biolabs, Ipswich, MA) and then transformed into

DH5a-competent cells. These cells were grown overnight in LB media at

37�C until an effective OD of 3.75 was reached. The cells were then lysed,

and the DNAwas purified using a Plasmid Maxi Kit (Omega Bio-Tek, Nor-

cross, GA). 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

(26). The pri-miR-16-1 was transcribed overnight at 37�C by T7 polymerase

using the T7 RiboMAX Express Large Scale RNA Production System

(PROMEGA, Madison, WI) and subsequently buffer exchanged to a low-

salt buffer (50 mM KCl, 50 mM HEPES (pH 7.5)). Formation of a homoge-

nous stem-looped RNA molecule was confirmed by the presence of a single

transition in UV-melting experiments (Cary 50; Agilent, Santa Clara, CA).

The RNA was further purified using a Superdex 200 Increase 10 � 300

size-exclusion column (GE Healthcare, Chicago, IL). The final RNA concen-

tration was determined by UVabsorption at 260 nm, using ε ¼ 1,125,400 (M

, cm)�1. Pri-miR-16-1 RNA molecules were annealed at 85�C for 3 min,

snap cooled to ice for 5 min, then brought to room temperature for an addi-

tional 5 min before storage at 4�C until needed for measurements.

The simpler RNA constructs for SAXS and FRET experiments were pur-

chased desalted and HPLC purified from IDT (Coralville, IA). For SAXS,

we used a canonical 25-basepair (bp) duplex RNA with sequence 50-GCA
UCUGGGCUAUAAAAGGGCGUCG and its complement. A flexible he-

lix-junction-helix RNA molecule was made of two 12-bp helices joined by a

single-stranded region of five uridine nucleotides: 50- GCG AUUAGG AGG

uuu uuGGGAGUAAAGGG. Complementary strands for the regions in cap-

ital letterswere alsopurchased. Preparationof thisflexiblehelix-junction-helix

was describedpreviously (27). The 29-bpRNAduplex samples for FRETwere

synthesizedwith an amino-modified dTat the desired site for internal labeling.

RNAsingle strandswerefirst labeledwith the desiredfluorophore (AlexaFluor

488 TFP ester dye for donor and Cy5 NHS ester dye for acceptor; Thermo

Fisher Scientific). The donor strand has a sequence of 50-GCG A(dT-

Alexa488)U AGG AGG CUG UUG GGA GUA AAG GG and the acceptor

strand has a sequence of 30-CGC UAA UCC UCC GAC AAC CCU CAU

(dT-Cy5)UC CC. Excessive free dye in solution was removed by ethanol pre-

cipitation, and the two labeled strands were annealed together in a 1:2 donor/

acceptor strand ratio at 92�C for 2min to compensate for the lower-yield Cy5-

labeled strand. The sampleswere slowly cooled to room temperaturewithin an

hour. Sampleswere then buffer exchanged to 30mMKCl (for the duplex-junc-

tion-duplex) and 100 mMKCl (for the 25-bp duplex) in 50 mM potassium 3-

(N-morpholino) propanesulfonic acid (K-MOPS) buffer.
Data collection for SAXS and CV-SAXS

SAXS data were collected at the Cornell High Energy Synchrotron Source

(CHESS) G1 station with an x-ray energy of 9.95 keV. Profiles were recorded

on a Pilatus 100 k detector (Dectris, Baden, Switzerland). The scattering

angle was converted to momentum transfer (q ¼ 4p sin q/l, where 2q is

the scattering angle and l is the x-ray wavelength) based on scattering

from a silver behenate calibration standard, analyzed via azimuthal integra-

tion using BioXtas RAW software (28,29). The distance from sample to de-

tector was 1.517 m. SAXS samples, kept at ambient temperature (�23�C),
were loaded into a 2-mm quartz capillary sample flow cell, which allowed

the sample to oscillate through the beam position to avoid radiation damage.

20 1-s exposures were recorded, and the images were normalized to x-ray in-

tensity using the photon counts from the beamstop PIN diode. To control for

radiation damage of the sample, exposures from the integrated individual

frames were compared to ensure the absence of time-dependent changes.

Data from statistically similar frames (with no time dependence) were aver-

aged. To ensure good-quality SAXS data, scattering profiles of buffer were

acquired before and after each sample measurement. These pre- and postsam-

ple buffer measurements were averaged and subtracted from the profile that

contained the sample. Scattering profiles of the quartz capillary, both dry and
filled with nanopure water, were acquired for use as an absolute calibration

standard. The same quartz capillary was used for regular and CV-SAXS.

Additional information about the SAXS samples, data collection, and anal-

ysis is shown in the Supporting Materials and Methods and summarized in

Table S1, in compliance with the 2017 SAXS publication guidelines (30).

For regular SAXS measurements, SAXS data of pri-miR-16-1 alone (5,

10, and 20 mM), DGCR8 core alone (20 mM), and pri-miR-16-1-DGCR8 in

complex at a 1:1 ratio (10 and 10 mM) were acquired in ordinary buffered

conditions (50 mM HEPES (pH 7.5), 50 mM KCl, 5 mM DTT, and 1%

glycerol). Guinier fits to display sample quality are shown as Figs. S1

and S2. SAXS curves from molecular controls, a 25-bp RNA duplex, and

a 12-bp-junction-12-bp RNA construct (in 10 mM MOPS, 30–100 mM

KCl (pH 7) buffer), were also measured. To perform SAXS with contrast

variation, we used sucrose solutions as the contrast-matching agent. The

theory and experimental considerations for CV-SAXS are reviewed by

Tokuda et al. (23). To find the condition in which the electron density of

the solution matches that of the DGCR8 protein, 80% (w/v) sucrose was

prepared in the MOPS buffer described above. Scattering fromDGCR8 pro-

tein mixed with the sucrose buffer at sucrose concentrations of 7.5, 15, 30,

47.5, and 50% was collected until the contrast match point (at 50% w/v su-

crose), at which the buffer and protein sample are indistinguishable, was

identified. More experimental details are presented in the Supporting Mate-

rials and Methods. Fig. S2 shows that the SAXS profile of the RNA and the

measured Rg remain unchanged by the addition of 50% sucrose to the sol-

vent, demonstrating that the RNA conformation is not altered by sucrose.

However, the signal size is affected; the addition of 50% sucrose diminishes

the strength of the RNA signal, reflecting the smaller electron density dif-

ference between solvent and solute. Fig. S3 demonstrates our empirical

determination of the sucrose match point. The protein-RNA complex (20

mM, 1:1 ratio) and the RNA alone (20 mM) were prepared at this sucrose

concentration for SAXS measurements. At least 15 min of equilibration

was allowed for complex formation to occur for all buffer conditions.
Data analysis: absolute calibration and Rg

measurements

After integration of the images from the detector, scattering curves were

averaged and background subtracted using BioXtas RAW (28,29) and in-

house-written MATLAB (The MathWorks, Natick, MA) scripts. Scattering

intensity (I) is plotted against q. We used water as a calibrant to convert the

y axis (I) to absolute units. To convert I(q) to absolute scattering units

([cm�1]), we use the equation

IðqÞ�in cm�1
� ¼ �

dS

dU

�
sample

¼ IðqÞsample
Iðq/0Þwater �

�
dS
dU

�
water

(1)

as well as the known scattering cross section of water, dS/dU ¼
0.0164 cm�1 at 23�C. I(q / 0)water was derived from the scattering of
nanopure water minus scattering signal from an empty and dry quartz capil-

lary, extrapolated to q ¼ 0 (31,32). To show that the sample is monomeric,

we calculate its molecular weight using the equation below and compare

with the expected molecular weight of the molecule:

Ms ¼ NA � Ið0Þs
c

� 1

ðDrMÞ2
: (2)

Here,Ms is the calculated molecular weight of the sample in g/mol, NA is

Avogadro’s number, I(0)s is sample scattering intensity extrapolated to q ¼

0 (in cm�1) determined from either Guinier analysis or GNOM (33), c is the

sample concentration in mg/mL and DrM is the excess scattering length per

unit mass, 1.8 � 1010 cm/g for proteins and 3.6 � 1010 cm/g for RNA (34).

Calculated radius of gyration (Rg) values reported here are from Guinier

analysis (using either RAW or MATLAB), and the reported error was

derived from standard deviation of multiple measurements. SAXS profiles

are compared to those generated from available crystal structures using the
Biophysical Journal 119, 2524–2536, December 15, 2020 2527
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program CRYSOL (35). The extracted molecular weights permitted deter-

mination of the stoichiometry of the protein-RNA complex formed.
Data analysis: molecular reconstructions and
modeling

The program GNOM (33) was used to generate the associated pair-distance

distribution functions, P(R), from theSAXScurves of samplewith andwithout

sucrose. GNOM outputs are the inputs to shape reconstruction algorithms us-

ing DAMMIF. Fifteen reconstructions were made in slow mode, averaged us-

ing DAMAVER, and compared with models by aligning the bead models to

ProteinDataBank (PDB)filesofmolecularmodelsusingSUPCOMB.All pro-

grams were run through the SAXS analysis package ATSAS (36,37).

Themodel for pri-miR-16-1wasgeneratedby running a shortmolecular dy-

namics (MD) simulation starting from themost probable SHAPE-constrained

MC-Pipelinemodel reported inQuarles et al. (9) Simulations used a truncated

construct in which the flanking tails and terminal loop were removed before

simulation, leaving a 37-bp stem. Input files were generated with AmberTools

14.0 using ff14SB, which applies the ff99bsc0cOL3 force field to RNA mole-

cules, 130,000 TIP3P waters in a truncated octahedronwith a 12.0-Å distance

between all RNA atoms and the nearest boundary, and 73 sodium ions for

neutralization. Production MD simulations were run in AMBER 14 in the

NPT ensemble with a pressure of 1.0 bar and a nonbonded cutoff of 12.0 Å,

using a 2-fs timestep for 100 ns of total simulation time.

We used the fraction of common contact (FCC) algorithm (38) to deter-

mine angular differences between two models. From the SAXS reconstruc-

tion of the pri-miR-16-1 bound state, we determined a possible bent

conformation of the pri-miR-16-1 using the FCC algorithm that we imple-

mented in MATLAB. To measure the bend angle, we generated the most

plausible bent conformation of pri-miR-16-1 by imposing conformational

bending on the MD-simulated structure. With the MD structure as the start-

ing point, we partitioned the structure into fixed and mobile parts using one

basepair. A three-dimensional transformation matrix Tðbr ; qÞ is applied to all
the atomic coordinates of the mobile parts where q is the polar (bending)

angle with respect to the axis br ¼ (rx, ry, rz).
Tðbr ; qÞ ¼
2
4 ð1� cos qÞr2x þ cos q ð1� cos qÞrxry � rz sin q ð1� cos qÞrxrz þ rz sin q

ð1� cos qÞrxry þ rz sin q ð1� cos qÞr2y þ cos q ð1� cos qÞryrz � rx sin q

ð1� cos qÞrxrz � ry sin q ð1� cos qÞryrz þ rx sin q ð1� cos qÞr2z þ cos q

3
5: (3)
The axis br was estimated to be the central axis of the pri-miR-16-1 RNA,

and the FCC was defined as

FCC ¼ jAXB j
jA j ; (4)

where A is the pri-miR-16-1 atoms and B is the SAXS reconstruction. For

each basepair as bending pivot, we searched for the bending angle q that
maximizes the FCC without steric clashes.
Data collection for single-molecule FRET

smFRET measurements were performed on freely diffusing labeled RNAs

using a home-built microscope with confocal detection (39,40). Two hun-

dred microliters of fluorescent RNA samples at nanomolar concentrations

(with or without added DGCR8 core) were loaded into a chambered cover-

glass (Nunc; Thermo Fisher Scientific) and illuminated with a 488-nm laser

through a 60� 1.2 NA objective. The fluorescence emission was collected

through the same objective and split into donor and acceptor channels using
2528 Biophysical Journal 119, 2524–2536, December 15, 2020
a 550-nm longpass dichroic. The donor channel contained an additional

530/30 bandpass emission filter, whereas the acceptor channel contained

a 630-nm longpass emission filter. Two 50-nm optical fibers provided

confocal detection and photons were detected by two avalanche photodi-

odes (SPCM-AQR-14; Perkin Elmer, Santa Clara, CA). Data were acquired

using a Flex-2kD correlator card (correlator.com) in photon counting mode.

Photon arrival times were sampled in 25-ns intervals. For each data point,

20 sets of 30-s photon streams from donor and acceptor channels were

collected. The data sets were processed in parallel by an all-photon burst

search algorithm (41) with default parameters written in MATLAB. For

each burst, the efficiency of energy transfer, EFRET, is

EFRET ¼ IA
IA þ gID

; (5)

where IA and ID are the number of photons from the acceptor and donor

channels respectively. The parameter g accounts for the difference in quan-
tum yields (F) and detection efficiencies (h) in both channels.

g ¼ hDFD

hAFA

: (6)

For our confocal setup, we found g¼ 1.2. At least two independent mea-

surements were taken to estimate the variance in the measurement of EFRET.
The binding affinity of the labeled RNA to the DGCR8 core protein was

measured on the same instrument by fitting diffusion parameters using fluo-

rescence correlation spectroscopy (FCS) measurements as previously

described (42,43).
RESULTS

SAXS with absolute calibration confirms protein-
RNA complex formation

To test the hypothesis that DGCR8 can bend primary
miRNA, we used a minimal construct of DGCR8
(DGCR8 core) that consists of the two dsRBDs and a C-ter-
minal tail (Fig. 1 A). We used the pri-miR-16-1 sequence to
assess binding to the DGCR8 core; this RNA contains the
loops, bulges, and flanking single-stranded RNA found in
many primary miRNAs (Fig. 1 B). Binding of dsRBDs to
duplex RNA is not sequence specific (14,44). In our previ-
ous work, we showed that the DGCR8 core and pri-miR-
16-1 bind with a KD of �1 mM (11). Using a combination
of CV-SAXS and smFRET, we present evidence to support
a model in which pri-miR-16-1 bends upon binding to the
DGCR8 core (modeled in Fig. 1 C).

To study the DGCR8-pri-miR-16-1 complex using
SAXS, we first established scattering profiles for mono-
meric DGCR8 core and pri-mi-16-1 in isolation from each
other and subsequently demonstrated that the protein-RNA
pair forms a 1:1 complex. Fig. 2 A shows the UV-melting

http://correlator.com


FIGURE 2 RNA pri-miR-16-1 and the protein DGCR8 core are monomers in solution and form a 1:1 complex in the bound state. (A) UV-melting profile,

dA/dT, of 0.5 mM pri-miR-16-1 is given, showing a single melting transition at 51�C. (B) SAXS profiles of pri-miR-16-1 at 5, 10, and 15 mM show no con-

centration dependence of the scattering. (C) Experimental and predicted SAXS profiles of the protein DGCR8 core are shown. (D) SAXS profiles, in absolute

units, of DGCR8 core protein alone (orange), pri-miR-16-1 RNA alone (blue), and the complex formed (cyan) by binding of pri-miR-16-1 RNA to the

DGCR8 core are shown. The dotted lines in the figure denote application of GNOM to extrapolate the scattering curves to I(q ¼ 0). (E) SAXS profiles

of protein alone (orange), RNA alone (blue), and complex (cyan) in contrast-matched buffer containing 50% sucrose are given. Insets in (D) and (E) are

illustrations of the contrast-matching method. Under aqueous buffer conditions, without sucrose (inset of D), signals from both protein (orange) and nucleic

acid (blue) are reported. Under contrast-matching conditions (inset of E) when molecules are in a buffer with sucrose concentration that matches the electron

density of the protein (orange), only signal from the nucleic acid component (blue) of an RNA-protein complex contributes to the measured SAXS curve. To

see this figure in color, go online.
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profile of pri-miR-16-1, which indicates a single transition
at 51�C that reflects melting of the stem loop to single
strands. Note that a mixture of monomers and dimers
(monomers that hybridized to form duplex RNA) would
have two melting transitions. Fig. 2 B shows SAXS profiles
of the RNA alone at different pri-miR-16-1 concentrations:
5, 10, and 20 mM. Because RNA molecules are negatively
charged, it is important that the SAXS curves fall on top
of each other within error to demonstrate the absence of
concentration-dependent structural changes resulting from
intermolecular repulsive interactions at the buffer conditions
and concentrations used. This control also confirms the
absence of aberrant assembly or aggregation at higher
RNA concentrations (45). Using Guinier analysis, we estab-
lished that the Rg from three independent measurements of
the pri-miR-16-1 is 44.0 5 1.4 Å. Fig. 2 C shows SAXS
profiles of the DGCR8 core at a concentration of 20 mM
compared with the simulated profile generated from a CRY-
SOL (35) calculation from the crystal coordinates (PDB:
2YT4) (21). The measured Rg of the DGCR8 core is 23.7
5 1.1 Å, which is close to the CRYSOL-predicted value
of 20.7 Å. This close (but imperfect) match between crystal
and solution structures likely reflects the exploration of
conformational space in solution. Absolute calibration
with water as a standard, as described in Materials and
Methods, allows conversion of SAXS intensity profiles to
absolute units and confirms that the protein and RNA are
monomeric when alone and form a 1:1 protein-RNA com-
plex when together. The Guinier plots are shown in
Fig. S1. Fig. 2 D shows profiles of the protein alone, RNA
alone, and the protein-RNA complex in absolute scattering
units.

To understand how complex formation is determined in
absolute units, recall that the SAXS measurements report
the scattering intensity, I(q). I(q) is the product of the scat-
tering amplitude and its complex conjugate (23,46). The
amplitude, A(q), can be described as the product of this
scattering factor, f, which is dependent on the solvent-cor-
rected number of electrons in the macromolecule and an
angle (q)-dependent form factor, F(q), that reflects the
arrangement of electrons in the macromolecule. For a sin-
gle-component system, the scattering amplitude is given by
A(q) ¼ f1F1(q), and the measured scattering intensity can
be written as
Biophysical Journal 119, 2524–2536, December 15, 2020 2529
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IðqÞ ¼ kAðqÞ k 2 ¼ f1
2 P1ðqÞ; (7)

where P1(q) is the partial scattering form factor of this mole-
cule, given by F1(q)F1*(q), integrated over all space. P1(q)

reflects the shape of the macromolecule, and its value is
unity at q ¼ 0.

For a two-component system, the total scattering ampli-
tude reflects the contribution from each component: A ¼
f1F1(q)þ f2F2(q). The resulting expression for scattering in-
tensity contains cross-terms in proportion to various prod-
ucts of the form factors, F1(q) and F2(q). For this system,
the scattering intensity I(q) is given by

IðqÞ ¼ f 21 P1ðqÞ þ 2f1f2P12ðqÞ þ f 22 P2ðqÞ; (8)

where P1(q) and P2(q) are the partial scattering form factors
for each of the two components and reflect their individual
contributions. The cross-term, P12(q), contains information
about the relative distributions of electrons between the
two components (23).

Fig. 2D shows the SAXS profiles of DGCR8 protein alone
(in orange), pri-miR-16-1 RNA alone (in blue), and the
DGCR8-RNA complex (in cyan) mixed at equimolar concen-
trations of 10 mM each. The scattering signal of the complex
is greater than what is expected if the protein and RNA solu-
tions are mixed but do not associate. This signal increase
arises from the cross-term, 2f1f2P12(q), and is a clear indica-
tion that a complex has formed. We note that the absolute
scattering intensity of the protein is much less than the
RNA 1) because of the relative sizes of each molecule and
2) because proteins are less electron dense than nucleic acids.

We also used absolute calibration to compute molecular
weights of the DGCR8 core and the pri-mirR16 as described
in the Materials and Methods. The calculated molecular
weight of the DGCR8 core is 21,400 Da (within 18% of
the 26,000-Da expected value), and the calculated molecu-
lar weight of pri-miR-16-1 is 35,970 Da (within 1% of the
36,170-Da expected value). These numbers are in good
agreement considering the other sources of error in using
SAXS for molecular weight estimates (e.g., estimates of
the scattering length per unit mass, estimates of sample con-
centration, etc.). Overall, they provide confidence that the
samples are monodisperse.

The absolute scattering at q ¼ 0 can also determine
whether the complex is formed in a 1:1 ratio. Fig. 2 D shows
the application of GNOM (33) to extrapolate the scattering
curves to I(q ¼ 0). We used the extrapolated values derived
from the RNA- and protein-alone samples to estimate the
I(0) of the protein-RNA complex using

Ið0Þ ¼ IRNAð0Þ þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ið0ÞRNA

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ið0Þprotein

q
þ Iproteinð0Þ: (9)

From this equation, we predict that the I(0) of the com-
plex should be 0.067 cm�1, which is within 9% of the
measured value of 0.061 cm�1, supporting the formation
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of a 1:1 complex between DGCR8 core protein and pri-
miR-16-1RNA. The generated Rg from the complex is
50.2 5 0.8 Å, but it is difficult to distinguish the contribu-
tion of the different molecules from the scattering profile of
the complex, so we next turned to contrast variation to
exclusively observe scattering from the RNA molecules
by screening out the protein signal.
Application of contrast variation SAXS to
visualize RNA in protein-RNA complexes

To visualize the RNA component of the protein-RNA com-
plex, we can change the contrast of the solvent to equal that
of the protein. Under this condition, any remaining signal
(above background) should arise solely from the RNA. As
discussed in the Materials and Methods, CV-SAXS exploits
the fact that the SAXS signal arises from the electron den-
sity difference between the macromolecule and the solvent.
The scattering form factor of a molecule, described above, is
given by fM¼DrMVM, where VM indicates the volume of the
macromolecule. In an environment in which there is no sol-
vent (i.e., in vacuum), fM is essentially equal to the number
of electrons within the macromolecule. When the macro-
molecule is in a buffered saline solution, fM reflects the num-
ber of excess electrons above that contained by the solvent
in the same volume: DrM ¼ rM � rM,solv. We explained
this concept in detail in a 2016 review article (23).

Given a two-component systemmade of an RNAmolecule
(component 1) and a protein molecule (component 2), the
SAXS scattering intensity is described by Eq. 8. If the solvent
electron density (rsolv) is increased to equal that of the protein
molecule (r2), then f2 ¼ 0 and the second and third terms of
Eq. 8 vanish. For the pri-miR-16-1 and DGCR8 core system,
f2¼ 0 when the solvent is made up of 50% (w/v) sucrose. The
scattering signal from the protein component of the complex
disappears as shown in Fig. 2 E; under 50% sucrose condi-
tions, the retained scattering signal of the complex is exclu-
sively from the RNA. Based on the association constant of
the protein and RNA, a very small fraction of free protein
and free RNA may remain in solution. The signal from the
free protein is blanked out by the addition of sucrose. The
small signal from the free RNA may add some heterogeneity
to the scattering profile of the RNA in the complex. In Fig. 2
E, we find that the SAXS profile of the pri-miR-16-1 RNA by
itself (in the absence of its protein partner) is distinct from the
RNA profile in complex with the DGCR8 core. Because
SAXS reports the overall shape of the molecule, we deduced
that the conformation of pri-miR-16-1 changes upon protein
binding.
Contrast variation SAXS shows bending of miR16
in DGCR8-mir16 complex

CV-SAXS at the correct match point nullifies the signal
from the protein and still reports on RNA conformation in
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the presence of the protein. We applied the program GNOM
to generate the real-space pair-distance distribution function
(P(R)) of pri-miR-16-1 without and with the DGCR8 core,
using the relevant I vs. q scattering curves as input. Note
that with the DGCR8 core, the RNA remains bound to the
protein in the presence of sucrose, and the contrast agent
simply makes the protein invisible, as illustrated in the in-
sets in Fig. 2, D and E.

The P(R) curves for the pri-miR-16-1 (alone and com-
plexed with the DGCR8 core) are shown in Fig. 3 A. The
RNA-alone curve, in blue, displays a pair-distance distribu-
tion characteristic of a dsRNA duplex; a peak close to 20 Å
signifies the helix diameter, and a subsequent linearly decay-
ing profile reflects its roughly cylindrical global structure.
The value of R at which P(R) drops to zero indicates the
maximal dimension of the molecule, DMAX. The RNA in
complex is in red, and the protein is invisible because of
contrast matching. The DMAX-value is comparable between
the RNA alone (blue) and RNA in complex (red), but there
are notable changes in the P(R) curve that suggest a bent
structure. Upon protein binding, the peak at 20 Å is less pro-
nounced, and there is a higher density of pair-distribution dis-
tances on length scales between 50 and 100 Å not seen in the
RNA by itself. These features suggest a deviation from a rigid
cylindrical rod profile and that distant parts of the molecule
can come closer together. Similar changes are detected
when comparing the different scattering profiles and P(R)-
values of rigid 25-bp RNA duplexes and flexible 12-bp-5U-
nucleotide-12-bp (helix-junction-helix) RNA constructs.
The pair-distance distribution functions of these constructs
(computed using the same GNOM analysis) are shown in
Fig. 3 B. The control molecules are shorter than the pri-
miR-16-1 and display smaller DMAX-values, but the overall
features are comparable. The P(R) curve for the pri-miR-
16-1 by itself closely resembles the rigid dsRNA duplex,
whereas the pri-miR-16-1 in complex has features that reflect
the added flexibility in the helix-junction-helix construct.
This latter molecule has been extensively studied by our
group (27,39). Overall, this simple comparison already sug-
gests that, in complex, the protein bends the RNA.

We visualized the shape of the molecules through the
application of reconstruction algorithms (see Materials and
Methods) to determine low-resolution three-dimensional so-
lution structures from SAXS scattering profiles. The aver-
aged dummy atom model from reconstructions are shown
in Fig. 3, C–F as semitransparent shape envelopes. The indi-
vidual reconstructions for pri-miR16-1 (alone and in com-
plex with the DGCR8 core) from DAMMIF are shown in
Figs. S4 and S5. The data and models have been assigned
ID numbers SASBDB: SASDJV7 and SASBDB: SASDJW7
by the Small Angle Scattering Biological Data Bank (47). In
Fig. 3 C, the reconstructed pri-miR-16-1 alone, shown as a
light blue shape envelope, aligns well with the truncated
pri-miR-16-1 model PDB structure in dark blue. The PDB
model was generated from an MD simulation that was run
to equilibrate the most probable pri-miR-16-1 structure pre-
dicted by MC-Pipeline (9). The transparent red solution
structure depicts RNA in complex with protein (Fig. 3 D).
Here, the shape reconstructions of the RNA in complex
show a clear signature of bending that is absent in the pri-
miR-16-1 alone, suggesting that the DGCR8 core bends
the primary miRNA. To measure the bend angle, we gener-
ated the most plausible bent conformation of pri-miR-16-1
by imposing conformational bending on the dark blue
FIGURE 3 Comparisons of pair-distance distribu-

tion functions and solution SAXS reconstructions

show notable bend of pri-miR16-1 upon binding the

DGCR8 core. (A) P(R) of pri-miR-16-1 alone (blue)

and pri-miR-16-1 bound to the DGCR8 core (red)

with the protein signal blanked out by the contrast-

matching agent (50% sucrose) is shown. (B) P(R) of

a rigid model system duplex RNA (gray) and a flex-

ible helix-junction-helix RNA molecule (green) is

shown. For ease of comparison, P(R) curves are

normalized by dividing each curve by the area under

the curve. Shape envelopes from SAXS reconstruc-

tions: (C) pri-miR-16-1 alone (blue), (D) pri-miR-

16-1 bound to DGCR8 core (red) superimposed to

PDB models described in the text, (E) duplex RNA

(gray), and (F) helix-junction-helix RNA (green)

also superimposed to PDB models are shown. The

PDB models in (C) and (F) are were determined

from MD simulations. The PDB model in (D) was

determined by imposing a bend in the PDB model

from (C) such that the value of the FCC is 1 when

compared to the SAXS reconstruction of pri-miR-

16-1 bound to the DGCR8 core. The PDB model

shown in (E) is from a Nucleic Acid Builder canonical

A-form RNA helix. To see this figure in color, go

online.
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MD-simulated structure using the FCC algorithm (38) and
requiring that it follow the shape of the light red shape recon-
struction. This procedure is described in the Materials and
Methods. The resulting bent model that gives a maximal
FCC-value of 1 is colored dark red and superimposed on
the light red solution structure in Fig. 3 D. The final estimate
of the bending angle is 39.8�, with the pivot point located
near the center of the molecule.

To further illustrate the extent of differences between a
straight conformation and the bent molecular model
consistent with our CV-SAXS data, we applied the
SAXS reconstruction algorithms to the 25-bp canonical
RNA duplex and the 12-bp-5 nt-12-bp helix-junction-he-
lix. The shape reconstruction and superimposed PDB
models are shown in Fig. 3, E and F, respectively. The
PDB model for the 25-bp canonical duplex RNA was
made using Nucleic Acid Builder (48). The PDB model
for the helix-junction-helix at the low-salt conditions
shown here (30 mM KCl) was derived from MD simula-
tions described previously (27). At higher salt concentra-
tions, the helix-junction-helix molecule can access more
conformations, and the helices can come closer together.
Because the pri-miR-16-1 is kept at low salt (50 mM
KCl), with and without the DGCR8 core, we chose to
compare it with the low-salt state of the helix-junction-he-
lix construct. The conformation of the duplex RNA does
not depend on salt conditions at this resolution.
tein binding. (C) FCS titration curve showing the increase in observed diffusion

are present is given. The solid line is the fit from Eq. 10, which allows us to de
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FRET confirms SAXS measurements

The above studies present evidence suggesting that pri-miR-
16-1 bends in the presence of the DGCR8 core. To further
explore this model, we performed smFRET experiments
on a complex consisting of the DGCR8 core and duplex
RNA. We first attempted to construct a FRET-labeled hy-
bridized molecule from two single-stranded fluorescently
labeled RNA strands with the bulges and mismatches found
in pri-mirR16-1; however, the resulting constructs were un-
stable. We therefore selected a 29-bp RNA duplex as a
FRET construct. This duplex has a similar length to the
stem of pri-miR-16-1 and stays hybridized under our
smFRET conditions. Its selection is consistent with our pre-
vious work in which we showed that the DGCR8 core binds
short canonical duplex RNA with a KD of �3–4 mM (11),
similar to that of the pri-miR16-1 (albeit slightly weaker).
These prior results suggested that it would be feasible to
test whether the bending of the duplex RNA occurs upon
binding the DGCR8 core through changes in FRET
efficiency.

Using the smFRET experimental setup and the 29-bp
labeled RNA construct described in Materials and Methods,
we measured energy transfer between dyes on the RNA both
in the presence and absence of protein. Fig. 4 A shows repre-
sentative smFRET histograms of the labeled RNA by itself
(Fig. 4 A, top) and labeled RNAwith DGCR8 core (Fig. 4 A,
bottom). We fit the FRET histogram to a model of three
FIGURE 4 Single-molecule FRET experiments

show a conformational change in a 29-bp duplex

RNA upon binding of DGCR8 core. (A) FRET his-

tograms of the RNA alone (top) and the RNA with

the DGCR8 core (bottom) are given. The FRET

signal resulting from energy transfer from donor

dye to acceptor dye is assumed to be the third

FRET peak, E3 (green peak in the top histogram

and red peak in the bottom), because of the distance

it represents. The peak position of E3 shifts to a

higher EFRET-value upon protein binding. The

zero-FRET peak (E1, gray) and low peak next to

it (E2, blue) are included in a three-Gaussian fitting

to precisely identify the position of E3. E1, the zero-

FRET peak, can be attributed to the presence of

donor-only RNA strands and/or formation of a

dark triplet state of the acceptor dye (49). E2 arises

from noise in the histograms because of its wide dis-

tribution across all FRET values. (B) EFRET-values

for E3 increase upon titration of DGCR8 core to

the labeled RNA. The colored bars display the error

range of the FRET efficiencies across multiple titra-

tions. The error bars for each data point indicate the

95% confidence intervals of the mean of the peak.

The lower EFRET-value near 0.7 for RNA alone

(green bar) reflect the separation distance between

the two dyes for a rigid duplex, and the higher

EFRET-values for the protein-bound state (red bar)

show that the dyes moved closer together upon pro-

time when a mixture of the bound protein-RNA complex and unbound RNA

termine the binding constant. To see this figure in color, go online.
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Gaussians to determine the relevant FRET signals, as
described previously (39). The first two peaks, E1 and E2,
do not change appreciably between free and protein-bound
conditions; we associate the FRET signal due to the distance
between the two dyes to the third FRET peak, E3. The shift
in the E3 peak position to a higher value (in the bottom his-
togram) reflects the decrease in separation distance between
the two dyes. Without the protein, this peak is centered near
EFRET ¼ 0.7 (green peak, top histogram), and it shifts closer
to EFRET ¼ 0.8 (red peak, bottom histogram) after the addi-
tion of the DGCR8 core, reflecting increased FRET effi-
ciency. Fig. 4 B shows EFRET-values for E3 as a function
of DGCR8 concentration and confirms that the E3 FRET ef-
ficiency shifts (from the green bar to the red bar) upon bind-
ing of the DGCR8 core.

To measure the binding affinity for the DGCR8 core and
the labeled RNA construct, we used the same smFRET setup
and correlator card for FCS measurements, as described pre-
viously (42). We observed a shift from a single-component
diffusion (RNA alone) to a two-component system when
the DGCR8 core was incubated with the RNA. The pro-
tein-bound RNA diffuses more slowly than the RNA alone
(43). Fig. 4 C shows the effective change in diffusion time,
td, when there are two components present in the solution:
the RNA alone versus the RNA in complex with the
DGCR8 core. The protein is unlabeled and does not emit a
fluorescent signal. The diffusion time is represented by the
variable td, and the fit to td determines the binding affinity:

tdðobservedÞ ¼ ½tdðcomplexÞ� tdðRNAÞ� MKA

MKA þ 1

þ tdðRNAÞ: (10)

Here,M denotes the DGCR8 core concentration and KA¼
1/KD. The KD from the fit was 0.39 5 0.14 mM, where the
error represents the 68% confidence bounds associated with
the fit. We therefore verified that the DGCR8 core binds 29-
bp labeled RNA with a similar KD to that specified in
Quarles et al. (11). Our FCS-based measurements show
slightly tighter binding than measured previously.

We used the following well-known equation to convert
the transfer efficiency to average dye-dye distance, R, given
the Forster distance, R0, between Alexa 488 and Cy5 is
52 Å.

EFRET ¼ 1

1þ
�

R
R0

�6
: (11)

Using this equation and the average E3-values in Fig. 4 B,
we found a decrease in separation distance between the two

dyes from 48 to 43 Å upon binding the DGCR8 core. The
distance of 48 Å is consistent with separation distance of
the Alexa488 and Cy5 conjugated along the 29-bp dsRNA.
Because duplex RNA is fairly rigid, the observation of a
decrease in separation distance between the two dyes pro-
vides more support for the conclusion derived from the
SAXS experiments that the DGCR8 core bends the RNA
upon binding.
DISCUSSION

DGCR8 and Drosha are the minimal components of the pro-
tein complex called the microprocessor, which is a critical
component to the first stage of themiRNAmaturation process.
In the microprocessor, Drosha functions as a ribonuclease and
determines the cleavage sites in the primarymiRNA (16). The
DGCR8 protein hasmultiple functions, but it primarily recog-
nizes the substrate pri-miRNA to be cleaved by Drosha
(20,50).ThemechanismbywhichDGCR8workswithDrosha
to direct pri-miRNA cleavage is not widely understood. A
recent crystal structure (18) of a large fragment of humanDro-
sha with a fragment of the DGCR8 C-terminal tail provided
substantial insight into how Drosha facilitates the first stage
of miRNA processing but also led to new questions about
the structural dynamics of the process.

Comprehensive structural mechanistic studies of DGCR8-
pri-miRNA complexes have proven challenging because of
the dynamics of the interaction and the lack of RNA sequence
specificity of DGCR8. Here, our implementation of both
SAXS and smFRET show that, together with indiscriminate
binding, indiscriminate bending of RNA also occurs. The
use of absolute calibration and CV-SAXS confirmed the
1:1 binding of the complex and, in conjunction with
modeling, revealed that the protein induces a notable bend
in the RNA. smFRET experiments carried out on duplexes
(not on the pri-miR-16-1 RNA, which proved technically
challenging) suggest that the DGCR8 core bends basepaired
molecules, as well as molecules with more design flexibility.
Taken together, these results suggest that the DGCR8 core in-
discriminately bends both canonical duplex RNA and pri-
miRNA, consistent with a model first proposed by Sohn
et al. (21) based on the crystal structure of the DGCR8
core and ensemble FRET measurements. They suggested
that, based on the positioning of the two dsRBDs within
the crystal structure, a long duplex RNA needs to be substan-
tially kinked for two regions of the molecule to be bound to
each dsRBD.We depict this model in Fig. 1C. From our find-
ings, we can support this model for DGCR8-pri-miRNA
interaction in which a single RNA molecule is bent upon
binding to DGCR8. Finally, these observations are consistent
with our previous work, showing that the binding affinity of
DGCR8 to both duplex RNA and pri-miRNA is fairly similar
and that flexibility or lack thereof in the potential Drosha
cleavage site is not sensed by the dsRBDs of the DGCR8
core (11). We suggested that this indiscriminate binding is
likely a feature of the RNA binding domains in DGCR8
that facilitates processing of hundreds of structurally diverse
primary miRNAs (11).

Although the interactions between dsRNA and single
dsRBDs are well understood (44), we are still learning
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how proteins with two or more dsRBDs function. Existing
models for dsRBD interaction with dsRNA derived from
x-ray crystallography, electron microscopy, NMR spectros-
copy, and mass spectrometry yield important insights into
the structure of dsRBD-RNA complexes (14,15,21). Bind-
ing of the DGCR8 core to RNA molecules happens through
the two dsRBDs. These dsRBDs have an abbba structure
and bind duplex RNA through sequence-independent
nonspecific interactions (44,51). Examples from the litera-
ture for other proteins, such as the protein kinase PKR
(52,53) or the Dicer binding partner TRBP (14), can help
address the general question of how proteins with multiple
dsRBDs bind RNA. Like the DGCR8 core, PKR and
TRBP have multiple dsRBDs; the difference is that in
PKR and TRBP, the dsRBDs are allowed to have indepen-
dent motions from one another in the absence of RNA.
The dsRBDs in DGCR8 are in stable contact with one
another in the absence of RNA, and these rigid contacts
probably dictate the bending of duplex RNA that we
observed here.
CONCLUSION

Our observation that a pri-miRNA bends upon binding to
the DGCR8 dsRBDs contributes to the global understand-
ing of RNA-protein systems and RNA-protein interactions
in general and how the microprocessor complex efficiently
processes pri-miRNA in particular. Hypothetically, RNA
bending by DGCR8 could facilitate cleavage by Drosha
because the physical bend can relax the strain in the rigid
duplex, expose the cleavage site, and stimulate cleavage
and the subsequent release of the cleaved pri-miRNA.
We can also imagine a dynamic picture of a cluster of pri-
mary miRNAwithin a single transcript or the accumulation
of pri-miRNA within transcription-associated subnuclear
compartments waiting to be cleaved by the Drosha-
DGCR8 complex and how bending contributes to the effi-
ciency and energetics of the process. Bending could be a
necessary component of a dynamic sequence of events
involving catch and release of pri-miRNAs waiting to be
processed. In this hypothetical picture, it is interesting to
infer how the proposed 2:1 DGCR8:Drosha stoichiometry
(16,17) plays a role in final cut-site energetics and dy-
namics, and we look forward to further studies to visualize
how this could play out. From previous studies (8,9), we
understand that a sequential model of DGCR8 recruitment
before Drosha cleavage is unlikely. Bending of RNA by
DGCR8 supports the notion that DGCR8 and Drosha
work together for efficient and effective processing.
Although DGCR8-induced RNA bending could facilitate
Drosha binding, without sequence specificity it is not suf-
ficient to establish the cleavage site with the required sin-
gle-nucleotide precision. Mechanisms to establish the
necessary specificity, such as through the presence of mis-
matched GHG motifs (54), offer tantalizing insights into
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how RNA bending by DGCR8 and the presence of sites
with high SHAPE reactivity near the Drosha cut site may
synergistically lead to both fast and precise cleavage.
Finally, our findings here highlight how protein binding
can contribute to RNA structural changes. In a recent study,
we showed that proteins partners can help stabilize RNA
structure (55). Work by other groups also showed the gen-
erality of mechanisms in which proteins help fold RNA.
Williamson and co-workers recently showed that transient
protein-RNA interactions guide ribosomal RNA folding
(56), and Walter and co-workers have shown proteins can
facilitate RNA unfolding by untying an RNA pseudoknot
(57). We are now beginning to understand the intricate
and dynamic relationship between RNA and proteins.
Future work should address the kinetics and energetics of
RNA binding and conformational change and how these
events drive biological function.
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Supporting Materials for “Elucidating the role of microprocessor protein DGCR8 in bending RNA 
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by Suzette. A. Pabit, Yen‐Lin Chen, Emery T. Usher, Erik C. Cook, Lois Pollack, and Scott A. Showalter 

Consistent with the “2017 Publication Guidelines for Structure Modeling of Small Angle Scattering Data 

from Biomolecules in Solution: An Update” paper [Trewhella, J. et al. Acta Crystallogr. Sect. D Struct. 

Biol. 73, 710–728 (2017)], we report the following information about our SAXS samples, experimental 

conditions and analysis, summarized as Table S1 and in the text below: 

Table S1: Summary of SAXS results and analysis 

(a) Sample details 

  Pri‐miR16‐1 RNA  DGCR8‐core protein 

Organism  Human  Human 

Source  T7 transcription, collected 
single‐peak though FPLC size‐
exclusion column (Superdex 200 
Increase 10x300 GL), showed a 
single transition in a UV melting 
experiment 

E. coli expressed, was passed 
through a Ni‐NTA column, 
further purified by FPLC on a 
Sephacryl S100 gel filtration 
column and fractions were 
chosen using results from an 
SDS‐PAGE gel 

Extinction coefficient (M∙cm)‐1  1,125,400 at 260 nm  544,800 at 278 nm 

Molecular weight (g/mol)  36170  26000 

Sample concentration (M)  5, 10, 20   10, 20  

Solvent  50 mM KCl, 50 mM HEPES, pH 7.5, 5 mM DTT, 1% glycerol,  
0‐50% w/v sucrose  

(b) SAXS data‐collection parameters 

Instrument/data processing  Cornell High Energy Synchrotron Source BioSAXS,  
Pilatus 100k detector 

Wavelength (Å)  1.25 

Beamsize (M)  250 × 250 (beam defining slits) 

Sample to detector distance (m)  1.517 

q measurement range (Å‐1)  0.0080 ‐ 0.2792 

Absolute scaling method  Comparison with scattering of pure H2O 

Normalization  Beamstop pin diode 

Monitoring for radiation damage  Sample oscillation, frame‐by‐frame comparison 

Exposure time  20 1‐second exposures 

Sample configuration  2‐mm quartz capillary flow cell 

Sample temperature (⁰C)  23 

(c) Software employed for SAXS data reduction, analysis and interpretation 

SAXS data reduction  BioXTAS RAW and MATLAB in‐house scripts 

Extinction coefficient estimate  Oligocalc Analyzer for RNA, ProtParam for protein 

Determination of sucrose match point  Determined empirically by experimentation as described 

Guinier analysis  BioXTAS RAW and MATLAB in‐house scripts 

P(R) analysis  GNOM 

Shape/bead modeling  DAMMIF, DAMAVER, SUPCOMB through ATSAS 

Atomic structure modeling  AMBER for RNA, CRYSOL for protein 
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3D graphic model representation  PyMOL 

(d) Structural parameters (representative curves) 

  Pri‐miR16‐1 RNA  DGCR8‐core protein 

Guinier analysis    

  I(0) (cm‐1)  0.0294 ± 0.0002  0.00631 ± 0.00003 

  Rg (Å)  43.8 ± 0.3  24.4 ± 0.2 

  qmin (Å‐1)  0.0177  0.0177 

  qRg max  1.3  1.3 

  Coefficient of correlation, R2  0.994  0.983 

  M from I(0) (ratio to predicted)  33300 g/mol (0.92)  21,400 g/mol (0.80) 

P(R) analysis   

  I(0) (cm‐1)  0.0317  0.0065 

  Rg (Å)  48.3  24.6 

  DMAX (Å)  175  80 

  q range  0.0143 to 0.190  0.0166 to 0.279 

  Total quality estimate  0.72  0.86 

  M from I(0) (ratio to predicted)  35970 g/mol (0.99)  21,400 g/mol (0.82) 

(e) Shape model‐fitting results  

  Pri‐miR16‐1 RNA [by itself]  RNA complexed to DGCR8‐core 
[protein blanked with sucrose] 

DAMMIF (default parameters, 15 calculations, slow mode) 

  q range for fitting (Å‐1)  0.0183 to 0.2792  0.0183 to 0.2792 

  Symmetry, anisotropy   P1, unknown  P1, unknown 

  NSD (standard deviation)   0.755 (0.024)  1.108 (0.065) 

(f) Atomistic Modeling 

  Pri‐miR16‐1 RNA (by itself)  RNA complexed to DGCR8‐core 
[protein blanked with sucrose] 

All‐atom models    Molecular Dynamics model 
generated from AMBER as 
described in the text 

Generated from the AMBER 
model and the SAXS 
reconstruction using the FCC 
algorithm as described in the 
text  

(g) SASBDB IDs for data and models  ID numbers 

Pri‐miR16‐1 RNA (by itself)   SASDJV7 

Pri‐miR16‐1 RNA complexed to DGCR8‐core (in sucrose)   SASDJW7 
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Notes on Contrast‐Variations SAXS experiments for RNA‐protein interactions: 

Demonstration of sample quality 

First, we established the quality (e.g. homogeneity) of the RNA and protein samples prior to complex 

formation. As described in the main text, we showed that the RNA and protein SAXS samples are from 

highly purified and dilute solution of monodisperse particles. Below, we show representative Guinier fits 

to scattering profiles from the RNA alone, protein alone, and the RNA‐protein complex. We use Guinier 

analysis to find the radius of gyration, Rg, in regular buffer (no sucrose). In the main text, we report the 

average Rg taken from several Guinier fits on different SAXS samples. 

 

Figure S1: Guinier approximation is used to find radius of gyration of (A) RNA alone, (B) protein alone, 
and the (C) RNA-protein complex in regular buffer. We show the Guinier fits, the normalized residuals and 
display the Rg and the coefficient of correlation, R2. 

In the main text (Figure 2D), we show the corresponding SAXS scattering profiles in linear scale to 

demonstrate the differences in signal strength between the protein, RNA and protein‐RNA complex, as 

demonstrated in eq. (8) and eq. (9). 
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Demonstration of contrast variation using sucrose 

Prior to performing a contrast variation experiment using sucrose to match or blank out the protein 

SAXS signal, we established that sucrose does not affect the RNA structure. 

 

Figure S2: (A) SAXS profiles of the RNA in regular buffer (0% sucrose) and buffer with 50% sucrose 
showing that the curves are indistinguishable. (B) Guinier fit of the RNA in 50% sucrose reports the same 
Rg as RNA in regular no-sucrose buffer. 

To find a sucrose match point, we looked for the sucrose concentration (in w/v) that cancels or blanks 

out the protein signal. Below, we show buffer‐subtracted SAXS profiles of the protein at various sucrose 

w/v concentrations. The 50% sucrose condition shows no (or very little) protein scattering, matching 

with buffer. 

 

Figure S3: Buffer-subtracted protein SAXS signals at different sucrose buffer concentrations from 0% to 
50% w/v sucrose displayed in (A) linear scale and (B) log scale. From this analysis, we determined that 
50% sucrose is our contrast-matched point. The protein concentration was kept the same in all the 
curves, 20 M. 
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Variation in the SAXS shape reconstructions 

 

Figure S4: DAMMIF shape reconstructions of the pri-miR16-1 RNA (in regular buffer, by itself) with the 
DAMAVER-DAMFILT-averaged dummy atom model boxed. 

 

 

 

Figure S5: DAMMIF shape reconstructions of the pri-miR16-1 RNA in complex with the DGCR8-core 
protein (blanked at 50% sucrose) with the DAMAVER-DAMFILT-averaged dummy atom model boxed. 
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Shape reconstructions allowed us to compare the RNA alone to the RNA in complex with the protein, 

with the protein scattering blanked by sucrose. The averaged dummy atom model resulting from the 

reconstructions is shown in the main part of the manuscript and compared with PDB models. In Figures 

S4 and S5 above, we show the different dummy atom models derived from DAMMIF, prior to averaging 

and filtering using DAMAVER and DAMFILT. Note that the NSD for the reconstructions are 0.755 ± 0.024 

for the RNA alone and 1.108 ± 0.065 for the RNA in complex. An NSD greater than 1 implies that there 

are systematic differences in the individual models, which could indicate some heterogeneity in the 

sample. However, the bend in the RNA persists as an overall feature in the reconstructed profiles for the 

RNA in complex. The SAXS measurements capture a bending or conformation change in the RNA due to 

the protein binding. In the main text, we use FRET as a complementary tool to confirm binding and 

bending the RNA due to the DGCR8‐core protein.  
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