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Deformability in the cleavage site of primary
microRNA is not sensed by the
double-stranded RNA binding domains in the
microprocessor component DGCR8
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ABSTRACT

The prevalence of double-stranded RNA (dsRNA) in eukaryotic cells has only recently been appreciated. Of interest here,

RNA silencing begins with dsRNA substrates that are bound by the dsRNA-binding domains (dsRBDs) of their processing

proteins. Specifically, processing of microRNA (miRNA) in the nucleus minimally requires the enzyme Drosha and its

dsRBD-containing cofactor protein, DGCR8. The smallest recombinant construct of DGCR8 that is sufficient for in vitro

dsRNA binding, referred to as DGCR8-Core, consists of its two dsRBDs and a C-terminal tail. As dsRBDs rarely recognize

the nucleotide sequence of dsRNA, it is reasonable to hypothesize that DGCR8 function is dependent on the recognition of

specific structural features in the miRNA precursor. Previously, we demonstrated that noncanonical structural elements that

promote RNA flexibility within the stem of miRNA precursors are necessary for efficient in vitro cleavage by reconstituted

Microprocessor complexes. Here, we combine gel shift assays with in vitro processing assays to demonstrate that neither the

N-terminal dsRBD of DGCR8 in isolation nor the DGCR8-Core construct is sensitive to the presence of noncanonical struc-

tural elements within the stem of miRNA precursors, or to single-stranded segments flanking the stem. Extending DGCR8-

Core to include an N-terminal heme-binding region does not change our conclusions. Thus, our data suggest that although

the DGCR8-Core region is necessary for dsRNA binding and recruitment to the Microprocessor, it is not sufficient to estab-

lish the previously observed connection between RNA flexibility and processing efficiency.
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INTRODUCTION

One of the most significant recent breakthroughs in

biology, especially for the therapeutic community,1,2 has

been the discovery of RNA interference (RNAi), which is

involved in a wide range of developmental, immunity,

and regulatory networks.3,4 As part of RNAi, the canoni-

cal microRNA (miRNA) maturation pathway includes a

series of steps beginning in the nucleus with cleavage by

the Microprocessor complex, progressing to the cyto-

plasm with cleavage by Dicer, and ending with incorpo-

ration into the RNA-induced silencing complex.5 Despite

the centrality of this pathway to the eukaryotic gene reg-

ulation program, much is still unknown about the

molecular mechanism of miRNA processing. Specifically,

the complexity of RNA structure in cellular pools

and the prevalence of double-stranded RNA (dsRNA)

are both far more pronounced than previously

appreciated.6–8 Improper substrate recognition within

the miRNA maturation pathway can result in the accu-

mulation of unprocessed miRNAs and/or misregulated

mRNA levels, culminating in a multitude of clinical

effects.9 Therefore, miRNA processing proteins face a

crucial, complex task in selecting primary miRNA (pri-

miRNA) targets from a pool of diverse dsRNA structures.

For these reasons, gaining mechanistic insight into the

molecular-scale rules for RNA selection by miRNA proc-

essing complexes remains a high priority.
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Wherever dsRNA is encountered, the dsRNA-binding

domain (dsRBD) is typically employed for the binding of

dsRNA.10,11 In the canonical metazoan miRNA matura-

tion pathway, there are five key proteins that contain

dsRBDs: DGCR8, Drosha, TRBP, PACT, and Dicer. In

this study, we focus on the pair of dsRBDs found in the

Microprocessor component DGCR8, which is involved in

the initial stage of miRNA processing. At the level of

amino acid sequence, the RNA-binding face of a given

dsRBD motif is typically evolutionarily conserved across

species although this conservation does not generally

extend across orthologous dsRBD-containing proteins.12

For example, DGCR8 contains two dsRBDs that share

only 25% of sequence identity with one another

although the sequences of each domain are 98%

conserved among mammals. The 3D fold of the dsRBD

is structurally similar to the fold of the single-stranded

RNA recognition motif (RRM), featuring a mixed a/b

topology arranged in the tertiary structure to produce a-

helical- and b-sheet-rich faces, but the binding mode

observed for dsRBDs is mechanistically distinct from that

of RRMs.13 The structures of dsRBDs bound to dsRNA

reveal that the a-helical face of the domain engages the

dsRNA through predominantly electrostatic interactions

that are nearly always insensitive to the nucleotide

sequence of the RNA;14–18 although exceptions have

been noted.19 This tendency of dsRBDs to bind dsRNA

without sequence specificity suggests that proteins like

DGCR8 must recognize specific structural features in

their RNA targets for function.

It is widely believed that structural features common

to pri-miRNAs, but rare in nontarget RNAs, are a key

determinant for the recognition by the Microprocessor

complex and for resulting high processing efficiency. The

typical pri-miRNA contains a long dsRNA stem in the

context of a hairpin loop structure, disrupted by multiple

noncanonical structural features (i.e., loops and bulges),

and adjoined to flanking regions with strong single-

stranded character.20–23 Previously, we have shown that

disorder-promoting noncanonical structural elements

within the stem of pri-miRNAs are necessary for efficient

in vitro cleavage by reconstituted Microprocessor com-

plexes.24 The likely origin of these pri-miRNA structural

requirements is in the RNA-binding function of DGCR8,

which motivates detailed biochemical characterization of

this key dsRNA-binding protein.

Interestingly, although the enzymes Dicer and Drosha

each contain a single dsRBD, their cofactor proteins,

including DGCR8, each contain multiple dsRBDs, sug-

gesting that these cofactors may gain a functional

advantage by arranging multiple dsRBDs in a single

polypeptide chain. The most thoroughly studied frag-

ment of DGCR8 that is sufficient for in vitro dsRNA

binding, referred to as DGCR8-Core, consists only of its

two dsRBDs and a short C-terminal tail, which contains

an a-helix that the two dsRBDs pack against.25

Intriguingly, the spatial arrangement of the two dsRBDs

within DGCR8-Core is incompatible with their simulta-

neous binding to pri-miRNA, unless the stem of the pri-

miRNA undergoes substantial bending (Fig. 1)25; other-

wise, DGCR8-Core must undergo a (possibly RNA

dependent) global conformational transition. Supporting

the possibility of structural rearrangement within

DGCR8-Core, molecular dynamic calculations performed

by our group lead to the hypothesis that correlated bend-

ing about the pseudo-twofold symmetry axis running

through the interface between the two dsRBDs induces a

conformational change that may facilitate pri-miRNA

binding.26 Recent experimental evidence to support this

hypothesis was provided by NMR lineshape analysis,

which revealed a substantial change to the chemical envi-

ronment for the RNA-binding face of both dsRBDs,

accompanied by the changes in environment spanning

the interface formed between the domains, in the context

of RNA-bound DGCR8-Core.27 Taken together, these

observations suggest that DGCR8-Core must undergo

some degree of structural rearrangement, even in a bind-

ing mechanism featuring strong bending of the stem of

pri-miRNA.

In a previous study,24 we demonstrated a need for

flexibility within the pri-miRNA stem for efficient

Figure 1
Bending model for pri-miRNA recognition by DGCR8-Core currently

supported in the literature.25 The DGCR8-Core crystal structure (PDB
2YT4, with loops built-in as described previously26) is shown with

dsRBD1 in red and dsRBD2 in blue. Approximately, one turn of ideal-

ized A-form dsRNA (tan) has been modeled in contact with each
dsRNA-binding face of DGCR8, with an additional turn of dsRNA

shown in between to bridge the space separating the dsRBDs. The
flanking tails, flexible regions in the stem, and terminal loop are

implied by dotted lines to suggest the full make-up of a pri-miRNA
bound to DGCR8-Core. This model suggests that the pri-miRNA must

undergo extreme bending to accommodate binding by DGCR8, which

may occur at the hot spot and secondary imperfection sites (labeled).
Approximate Drosha and Dicer cut sites are also labeled.
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cleavage by Drosha, but attribution of this result to a

measurable impact on dsRNA binding by DGCR8-Core

was not attempted. Additional study by others has dem-

onstrated a need for flanking single-stranded RNA and

for a large, flexible terminal loop on the hairpin21,28;

similarly, these studies did not aim to demonstrate that

the effects observed were directly DGCR8 mediated. In

this study, we focus on DGCR8’s interactions with a vari-

ety of dsRNAs that contain features commonly found in

native pri-miRNA substrates (i.e., ssRNA–dsRNA junc-

tion, dsRNA stem, imperfections within the stem, and

the terminal loop). Our results show that neither the N-

terminal dsRBD of DGCR8 in isolation nor the DGCR8-

Core construct is sensitive to the presence of noncanoni-

cal structural elements within the stem of pri-miRNA, or

to the composition of the RNA flanking the stem. Signif-

icantly, we show that periodic (i.e., once-per-turn) flexi-

bility along the RNA stem is not necessary for high-

affinity DGCR8-Core binding, which suggests that the

strong RNA-bending model may be inaccurate. Further-

more, extending DGCR8-Core to include the N-terminal

heme-binding region does not affect RNA binding affin-

ity to our dsRNA constructs, in contrast with the recent

literature. Consistent with the rest of our findings, inclu-

sion of the heme-binding region also does not confer

novel RNA-structure specificity to DGCR8. To summa-

rize, our data suggest that although the DGCR8-Core

region is necessary for RNA binding and recruitment to

the Microprocessor, it is not sufficient to establish the

previously observed connection between RNA flexibility

and processing efficiency.

MATERIALS AND METHODS

Protein preparation

A synthetic DGCR8-Core (505–720) gene was pur-

chased from Geneart, and DGCR8-dsRBD1 (505–583)

was amplified by PCR. The expression and purification

of the protein was performed as described previously.29

The protein was buffer exchanged into 50 mM cacodylate

(pH 5 6.0), 50 mM KCl, and 0.35 lg/mL b-

mercaptoethanol. Final concentration of the sample was

determined via guanidine hydrochloride denaturation by

UV absorption using e 5 22,400 M21 cm2 1 (DGCR8-

Core) and e 5 4200 M21 cm21 (DGCR8-dsRBD1), both

at 278 nm.

The DGCR8-HBD-Core construct (276–720) was pre-

pared by amplifying DNA through PCR from the human

DGCR8 gene, purchased from ATCC, which was then

inserted into pET24 vector. Following similar expression

and purification protocols as for the other DGCR8 con-

structs, but without 3C protease cleavage of the his-tag,

the recombinant protein was buffer exchanged into

50 mM sodium cacodylate (pH 5 6.0), 50 mM KCl, 0.35

lg/mL b-mercaptoethanol, and 5% v/v glycerol. Final

concentration of the sample was determined via guani-

dine hydrochloride denaturation followed by UV absorp-

tion measurement, using e 5 44,800 M21 cm21 at

278 nm.

Primary miRNA preparation

All DNAs containing a pri-miRNA sequence were pur-

chased from Geneart and contained a T7 promoter

sequence at the 50-end, as well as an inverted BsaI cut

site at the 30-end. The preparation of the template DNA,

transcription by T7 RNA polymerase, and purification of

the transcribed RNA were all performed as described

previously.24

50-end labeling of RNA

All RNAs were 50-end labeled with 32P. To remove the

50-triphosphate, the RNA was first treated with calf intes-

tinal alkaline phosphatase (New England Biolabs), phe-

nol/chloroform extracted, and ethanol precipitated. The

RNA was then 50-end labeled with T4 polynucleotide

kinase (New England Biolabs). The concentration of

labeled RNA was determined using a liquid scintillation

counter (Beckman).

Native gel RNA purification

For the RNA duplexes, 50-32P-end-labeled top strand

RNA was mixed with 20-fold excess unlabeled bottom-

strand RNA (RNAs ordered from Dharmacon) and the

electrophoretic mobility shift assay (EMSA) 53 buffer to

a final concentration of 20% v/v (Supporting Informa-

tion Methods: Electrophoretic Mobility Shift Assay Meth-

ods). In the case of the duplexes containing terminal

loops, the 50-32P-end-labeled RNA was mixed with the

EMSA 53 buffer to a final concentration of 20% v/v.

The mixture was denatured at 85 �C for 3 min followed

by renaturing at 1 �C for 5 min. Subsequently, the RNA

mixtures were run on a 0.253 Tris-borate (TBE), 10% of

acrylamide gel at 12 V cm21 at 4 �C for 4 h. The gel was

then exposed on film for 30 min and the developed film

was used to cut out the corresponding duplex or mono-

mer terminal loop bands from the gel. The gel pieces

were soaked overnight at 4 �C in a TEN250 solution,

and the RNA was then purified from the supernatant by

ethanol precipitation. The concentration of labeled RNA

was determined using a liquid scintillation counter

(Beckman).

Electrophoretic mobility shift assays

For reactions involving pri-miRNA constructs, the

50-32P-end-labeled RNA was renatured immediately prior

to use by heating to 85 �C for 3 min followed by rena-

turing at 1 �C for 5 min. Prior to mixing with protein,

the binding reactions were incubated at room
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temperature for 30 min to ensure full equilibration in

the presence of 50 mM of cacodylate (pH 5 6.0), 50 mM

of KCl, 5% of glycerol, 100 lg/mL of bovine serum albu-

min, 1 mM of dithiothreitol, and 0.1 mg/mL of herring

sperm DNA (to prevent the complex from sticking in the

wells). Subsequently, the binding reactions were run on a

0.253 TBE, 10% of acrylamide gel at 12 V cm21 at 4 �C
for 3 h, with each lane containing 20 lCi. Signal from

the gels was quantified on a Typhoon-9410 imager, and

the resulting images were processed in ImageQuant. The

fraction bound was calculated as the intensity of all

protein-bound species over the sum of the protein-

bound species and the free RNA. A more detailed proto-

col is described in the Supporting Information Methods.

Drosha processing and competition
processing assays

RNA substrates for in vitro assays were transcribed as

described previously.30 FLAG-Drosha30 and FLAG-

DGCR8 (AddGene) (collectively referred to as Micro-

processor) were overexpressed in HEK-293T cells and

FLAG-tagged proteins were isolated on M2-FLAG beads

(Sigma) as described previously.24 Lysate (whole cell or

immunopurified Microprocessor) was combined with 10

fmol of labeled RNA, 103 reaction buffer (64 mM

MgCl2), RNasin (Promega), and with (competition proc-

essing) or without (regular processing) increasing

amounts of purified competitor duplex RNA. The reac-

tion mix was incubated at 37 �C for 15 min. The prod-

ucts were phenol/chloroform extracted and ethanol

precipitated, and labeled RNA analyzed on 12% of dena-

turing PAGE gels. Signal from the gels was quantified on

a Typhoon-9410 imager, and the resulting images were

processed in ImageQuant. The percent processed was cal-

culated as the intensity of all cleaved species (pre-miRNA

and cleaved single-stranded tails) over the sum of all spe-

cies (cleaved species and substrate pri-miRNA).

RESULTS

Native pri-miRNA substrates for DGCR8 are long

(>80 nucleotides) hairpin RNAs, characterized structur-

ally by multiple base-pairing imperfections in their ;30

base-pair stems, a terminal loop, and an unpaired flank-

ing region (termed the ssRNA–dsRNA junction through-

out this article). Multiple investigators have studied the

prevalence and significance of base-pairing imperfections

within the double-stranded stem of the pri-miRNA, lead-

ing to the identification of two broadly conserved fea-

tures: the region located near the Drosha cleavage site

(referred to here as the “hot spot”)24; and the secondary

imperfection, located approximately halfway between the

Drosha and the Dicer cleavage sites (Fig. 1).23,31

Although it is widely accepted that an ssRNA–dsRNA

junction is necessary for Drosha processing, it is still

disputed whether a large, flexible terminal loop is

required.21,32,33 Motivated by the need to clarify the

relative importance of each of these pri-miRNA struc-

tural features for efficient miRNA processing, we chose

to begin this study with an investigation of DGCR8-

Core’s ability to recognize each of these structural ele-

ments in controlled in vitro binding reactions.

Binding to pri-miRNAs

The recognition of pri-miRNA by the tandem-dsRBD

containing DGCR8-Core has been previously investigated

by EMSAs, suggesting that nonspecific association

between DGCR8-Core and pri-miRNA is characterized

by an apparent dissociation constant (Kd,app) of ;2 lM,

under a range of binding conditions.25,27,29 Alterna-

tively, the single N-terminal dsRBD from DGCR8

(DGCR8–dsRBD1) binds pri-miRNA with Kd,app of ;9

lM,29 whereas binding by the C-terminal dsRBD

(DGCR8–dsRBD2) alone has not been reported owing to

limited solubility of this domain in isolation. It is note-

worthy that Drosha also contains a dsRBD, but it has

not demonstrated the dsRNA-binding activity (Support-

ing Information Fig. S1). Under solution conditions

exactly matching those used throughout this study, we

selected the panel of pri-miRNA molecules shown in Fig-

ure 2(A) for EMSA analysis to establish the affinities of

DGCR8-Core and DGCR8–dsRBD1. The representative

gels for DGCR8-Core and DGCR8–dsRBD1-binding

assays are shown in Supporting Information Figures S2

and S3, respectively. The investigation of binding using

filter binding assays was also attempted, but rapidly

abandoned because the binding intermediates appeared

not to be sufficiently stable for retention on the mem-

branes, leading to systematic errors in the apparent dis-

sociation constants (Supporting Information Fig. S4).

The inspection of the apparent dissociation constants in

Table I reveals that although the secondary structures of

these three pri-miRNAs vary significantly within the

stem region, the affinity of DGCR8-Core for all three is

nearly invariant (Kd,app range, 1–2 lM). Interestingly, the

affinity of DGCR8-Core for the Drosha cleavage product

pre-mir-16-1 is also indistinguishable from its measured

affinity for any of the three pri-miRNAs employed in the

study. In contrast, DGCR8–dsRBD1 displays an approxi-

mate threefold variation in affinity among these three

pri-miRNA molecules, but binds all three approximately

threefold more weakly than DGCR8-Core interacting

with the same pri-miRNAs.

Binding to perfect Watson–Crick duplexes

The relatively uniform dissociation constants measured

in our pri-miRNA-binding studies suggested that either

DGCR8-Core is not sensitive to variations in the struc-

tural features of pri-miRNA targets, or that the

K.A. Quarles et al.
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complexity of their structures masks DGCR8-Core’s sen-

sitivity to the presence of individual structural elements.

Therefore, we designed a series of model RNA constructs

to continue our binding studies that will provide unam-

biguous assessment of DGCR8-Core’s sensitivity to spe-

cific structural features. As a baseline for this study, we

first characterized DGCR8’s ability to bind perfect Wat-

son–Crick (WC) RNA duplexes, with lengths increasing

from 12 through 44 bp (Fig. 3, secondary structures).

The lengths of WC–dsRNAs used in this study were as

follows: (1) 12 bp (ds12), representing the smallest bind-

ing site size of a single dsRBD14,15,17,19,34; (2) 16 bp

(ds16), representing the smallest binding footprint seen

Table I
EMSA Best-Fit Parameters for DGCR8-Core and DGCR8-dsRBD1

Binding to the Native pri- and pre-miRNA Constructs, with Uncertain-
ties Based on Two Independent Replicates

RNA construct

DGCR8-Core DGCR8–dsRBD1

Kd (lM) n Kd (lM) n

pri-mir-16-1 1.05 6 0.03 3.9 6 0.4 9.7 6 0.6 2.3 6 0.1
pri-mir-107 1.50 6 0.07 6 6 1 6.6 6 0.4 2.3 6 0.2
pri-mir-30a 1.86 6 0.09 5.6 6 0.3 16.7 6 0.1 1.49 6 0.01
pre-mir-16-1 1.70 6 0.09 6.0 6 0.4 N/Da

aN/D, binding not determined/tested.

Figure 2
Secondary structures of in vitro-transcribed RNA models for (A) native pri-miRNAs and pre-mir-16-1; and (B) non-native pri-mir-16-1 stem-loop

constructs (region of mutation boxed). Secondary structures shown are as predicted experimentally by combined SHAPE/MC-Pipeline analysis.24

For all constructs, the mature miRNA is indicated in bold.

Figure 3
Secondary structures of perfect WC duplexes derived from pri-mir-16-1
(which is displayed at the top for reference). The mature miRNA strand

is shown in bold and the dotted line indicates where each construct’s

sequence aligns relative to pri-mir-16-1; these are consistent for all
RNA model constructs throughout.
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for a tandem dsRBD construct (i.e., proteins similar to

DGCR8-Core)35; (3) 22 bp (ds22), representing the

length of a miRNA:miRNA* duplex; (4) 33 bp (ds33),

representing the approximate length of a pre-miRNA;

and (5) 44 bp (ds44), representing the approximate

length of a pri-miRNA. It is worth noting that, with the

exception of the additional sampling created by the ds16

construct, all duplexes differed in length by approxi-

mately one turn of A-form RNA duplex, which allows

for the examination of binding on a per-helical turn

basis.

EMSAs were performed in which either DGCR8-Core

or DGCR8–dsRBD1 was titrated into each of the RNA

duplexes described above. The representative gels are

shown in Figure 4(A,C) for binding to ds44, with repre-

sentative gels for DGCR8-Core and DGCR8–dsRBD1

binding to all duplexes shown in Supporting Information

Figures S5 and S6, respectively. As the length of the RNA

duplex increased, the affinity of DGCR8-Core for the

duplex also increased modestly, from Kd,app 5 8 lM for

binding to ds12 to Kd,app 5 3 lM for binding to ds44

(Fig. 4(B); best-fit parameters in Table II). It should be

noted that at high DGCR8-Core concentrations, particu-

larly for titrations into the longer RNA duplexes, high-

molecular-weight complexes began to stick in the wells

of the gel, which may have been the result of high

stoichiometry in the complexes36 or of DGCR8 self-

assembly.37 In contrast, DGCR8–dsRBD1 shows a much

larger change in affinity as RNA duplex length increases,

ranging from Kd,app of 200 up to 6 lM as the duplex

length increases from 12 to 44 bp (Fig. 4(D); best-fit

parameters in Table II). It should be noted that the satu-

ration of the binding event was not possible for

DGCR8–dsRBD1 binding to ds12 or ds16 owing to the

limitations in the solubility of the protein, and hence the

reported dissociation constants for these two RNAs

should be interpreted as lower limits. In summary, the

data from this study of interactions between DGCR8-

Core and DGCR8–dsRBD1 with WC RNA duplexes sug-

gest that juxtaposing two dsRBDs in a single polypeptide

largely eliminates DGCR8’s sensitivity to duplex length

for RNAs with lengths similar to Microprocessor sub-

strates and products.

The previous studies have shown that DGCR8-binding

affinities correlate well with Drosha-processing efficien-

cies21 and that Drosha cleaves remarkably efficiently

when in complex with the RNA-binding region of

DGCR8 (amino acids 484–750 of the human sequence,

which includes the “Core” region).38 These findings sug-

gest that the trends in dsRNA-binding affinity we

observed in our EMSAs should be predictive of the effi-

ciency with which our dsRNA duplexes will inhibit pri-

Figure 4
EMSAs used to examine binding by DGCR8 to varying lengths of perfect WC RNA duplexes. Representative gels are shown for both (A) DGCR8-

Core and (C) DGCR8–dsRBD1 binding to ds44. The leftmost lane in the gels contains RNA, but no protein (labeled “RNA” above the gel). In all
other lanes, the concentration of protein increases from left to right (triangle above gel). Bands corresponding to free and bound RNA are indicated

to the left of the gels. (B, D) The corresponding fits to the EMSA data for all lengths of duplex (for best-fit parameters, see Table II; fitting proce-

dure is described in the Materials and Methods section). Representative gels for all dsRNA lengths contributing to (B and D) are shown in Sup-
porting Information Figures S5 and S6.
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miRNA cleavage by the Microprocessor in a standard

in vitro RNA-processing assay. Therefore, in an effort to

corroborate the trends we observed for DGCR8 affinity

to bind RNAs of varying lengths in a more biological

context, we conducted competition-binding assays with

the same panel of WC RNA duplexes (referred to

throughout as competition-processing assays). A repre-

sentative gel displaying titration of ds22 to inhibit pri-

mir-16-1 processing is shown in Figure 5(A), which

yielded an IC50 of ;9 lM (gels for all duplex inhibitors

are shown in Supporting Information Figs. S7 and S8).

As summarized in Table III, the trend toward lower IC50

values as dsRNA length increases, derived from the com-

petition processing assays, follows a similar trend to that

observed for Kd,app in the EMSA experiments. Although

the quantitative similarity between the IC50 and the

Kd,app values may be a coincidence, these results corrobo-

rate the finding that DGCR8 binds dsRNA in the size

range of miRNA precursors well, with minimally higher

efficiency for binding to longer RNA duplexes. To show

that the trends observed were a result of duplex length,

and not owing to the chosen nucleotide sequence, we

also tested a 33-bp duplex with a randomized alternative

sequence (ds33-alt) that, within experimental uncer-

tainty, yielded the same IC50 as ds33 (Table III). Based

on these results, we conclude that the EMSA assays

report accurately the trends in DGCR8 binding to RNA

in the context of the Microprocessor.

Binding to duplexes with flanking single
strands

Drosha-processing assays have confirmed that the pres-

ence of an ssRNA–dsRNA junction approximately one

turn of A-form helix removed from the Drosha cleavage

site is required for processing.20,21 As a result, it is com-

mon to draw schematics of the RNA-bound

Table II
EMSA Best-Fit Parameters for DGCR8-Core and DGCR8–dsRBD1

Binding to the Indicated Duplexed RNA Constructs, with Uncertainties
Based on Two Independent Replicates

RNA construct

DGCR8-Core DGCR8-dsRBD1

Kd (lM) n Kd (lM) n

ds12 7.4 6 0.9 5 6 2 >200 ;1
ds16 5.8 6 0.8 6 6 1 >90 ;1
ds22 4.1 6 0.5 8 6 2 21 6 1 2.1 6 0.2
ds33 3.7 6 0.3 6 6 2 8.8 6 0.2 1.7 6 0.1
ds44 3.3 6 0.2 12.1 6 0.7 5.9 6 0.1 2.66 6 0.09
ds16 1 native

flanking
3.41 6 0.06 5.7 6 0.2 >25 ;1

ds16 1 non-native
flanking

4.9 6 0.2 4.3 6 0.2 >35 ;1

ds16 1 flanking TS 4.5 6 0.7 5 6 1 >55 ;1
ds16 1 native

flanking BS
4.3 6 0.6 4.8 6 0.7 >125 ;1

ds16 1 non-native
flanking BS

4.3 6 0.2 4.0 6 0.2 >50 ;1

16TS 20 6 2 2.09 6 0.06 N/Ba

ds16 1 TL 6.0 6 0.1 6 6 1 >90 ;1
ds16 1 polyU4 6.4 6 0.2 6.2 6 0.3 N/Db

ds16 1 polyU6 6.4 6 0.2 4.1 6 0.1 N/D
ds16 1 polyU8 4.9 6 0.3 3.8 6 0.4 >65 ;1
HS duplex 4.76 6 0.02 2.26 6 0.01 N/D
miR:miR* 4.67 6 0.01 2.26 6 0.01 N/D
dsAmis 2.35 6 0.05 3.67 6 0.08 N/D
dsUbulge 6.4 6 0.1 4.3 6 0.1 N/D

aN/B, no binding was seen between 16TS and DGCR8-dsRBD1.
bN/D, binding not determined/tested.

Figure 5
Competition-processing assays were used to corroborate the results of EMSA (Fig. 4) in a more biological context. (A) A representative gel using
ds22 as the competitor is shown with the concentration of competitor increasing from left to right (triangle above gel). The leftmost lanes report a

ladder, pri-mir-16-1 processing in the absence of transfected Microprocessor (Mock), and pri-mir-16-1 processed in the presence of transfected
Microprocessor but the absence of any competitor duplex (-Comp). The positions of the pri-miRNA substrate and cleaved pre-miRNA and flanking

tails are indicated to the right of the gels. (B) The corresponding fits to a single exponential decay model for all competitors are shown with solid

lines (Table III, IC50 values ); ds12 and ds16 estimated fits are displayed as dashed lines because these assays yielded only lower limits for IC50. Rep-
resentative competition-processing gels for all RNA constructs are shown in Supporting Information Figures S7 and S8.
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Microprocessor with DGCR8 covering the ssRNA–dsRNA

junction,2,5,39,40 whereas Drosha engages the pri-

miRNA cleavage site; however, direct binding of DGCR8

to the junction has never been demonstrated experimen-

tally. To assess whether DGCR8 binding is sensitive to

the presence of an ssRNA–dsRNA junction, we con-

structed a set of duplex RNA constructs, based on our

ds16 duplex, which contain an additional 16 nucleotides

of single-stranded tail(s) flanking the duplex (Fig. 6(A),

secondary structures). The first construct contained both

50- and 30-flanking tails, matching those found in native

pri-mir-16-1 (ds16 1 native flanking). As the native pri-

mir-16-1 sequence contains some WC complementarity

in the flanking region, we also designed a construct with

both 50- and 30-flanking tails in which the bottom strand

is mutated to destroy all base-pair complementarity out-

side of the ds16 stem (ds16 1 non-native flanking).

Finally, we also annealed each of the three 32-mer flank-

ing strands to their complementary 16-mer strands to

generate the constructs with only a 50-tail (ds16 1 native

flanking TS) or a 30-tail (ds16 1 native flanking BS;

ds16 1 non-native flanking BS). As a control, we also

assayed DGCR8 interactions with 16-mer ssRNA (the top

strand from the ds16 duplex) to test whether DGCR8-

Core or DGCR8–dsRBD1 possesses an intrinsic affinity

for ssRNA.

For DGCR8-Core, the EMSA-derived binding affinities

for each of the five single-stranded flanking constructs

Table III
Competition-Processing Assays Reporting Inhibition of pri-mir-16-1

Cleavage by the Microprocessor in the Presence of the Indicated
Competitor Duplexes as IC50 values, with Uncertainties Based on

Two Independent Replicatesa

RNA construct EMSAs (Kd) Competition (IC50)

ds12 7.4 6 0.9 >12
ds16 5.8 6 0.8 >10
ds22 4.1 6 0.5 8.9 6 0.7
ds33 3.7 6 0.3 4 6 1
ds33-alt N/D 4.7 6 0.8
ds44 3.3 6 0.2 1.3 6 0.2

aEMSA-derived dissociation constants for DGCR8-Core binding to the same RNA

duplexes from Table II are also provided for comparison.

Figure 6
Secondary structures of (A) flanking and (B) terminal loop duplexes derived from pri-mir-16-1 (top). The various terminal loops are boxed to
highlight the extent of the mutations.
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were more similar to the measured affinity for ds22 than

to the measured affinity for ds16 (Table II; for gels, see

Supporting Information Fig. S9), which suggests that the

addition of an ssRNA–dsRNA junction does increase

DGCR8-Core’s binding affinity, albeit minimally. Signifi-

cantly, the EMSA for DGCR8-Core interacting with the

single-stranded 16-mer did show very weak binding

(Kd,app 5 20 lM, Table II; Supporting Information Fig.

S10). As expected, the binding affinity of DGCR8–

dsRBD1 across all flanking duplexes is much weaker than

the affinity seen for DGCR8-Core (Table II; for gels, see

Supporting Information Fig. S11) although quantitative

assessment is difficult because saturation could not be

reached. Taken together, our results support the possibil-

ity that DGCR8 interacts with single-stranded RNA in

the context of the Microprocessor although it appears to

be unlikely that DGCR8 is targeted to the ssRNA–dsRNA

junction specifically.

Binding to RNA bearing terminal loop
structures

Processing assays conducted by multiple groups have

demonstrated that when the native terminal loops of pri-

miRNA models are replaced by small terminal loops

(especially thermostable UUCG tetraloops), Drosha proc-

essing is moderately to significantly dimin-

ished.21,24,32,33 Intriguingly, the inhibition of pri-

miRNA processing by binding of small molecules to the

terminal loop has recently been demonstrated, implying

that the terminal loop mediates important interactions

with the Microprocessor.41 Other data have led to the

hypothesis that large, flexible terminal loops enhance RNA

release and enzyme turnover after Drosha cleavage.32,42

Given that we observed a weak interaction between

DGCR8 and ssRNA in tails flanking ds16, we next tested

for a direct impact on DGCR8 binding mediated by termi-

nal loops. For this experiment, we designed another set of

RNAs in which various terminal loops were used to close

a 16-bp stem–loop secondary structure (Fig. 6(B), struc-

tures). This set included a stem–loop terminated by a

thermally stable UUCG tetraloop (TL) and a series of

three flexible polyU loops containing 4, 6, and 8 nucleo-

tides (polyU4, polyU6, and polyU8, respectively).

The inspection of the EMSA results using these stem–

loop RNAs as binding partners for DGCR8 reveals a

slight increase in binding affinity for the large polyU

octaloop construct, but no statistically significant change

was found in affinity for either of the tetraloops (Table

II; for gels, see Supporting Information Figs. S12 and

S13). Motivated by this finding, we also designed pri-

mir-16-1 variants in which the native terminal loop was

replaced by the four experimental loop sequences

described above (Fig. 2(B), secondary structures).

Although pri-mir-16-1-TL has previously been shown to

inhibit Drosha processing substantially,24 it yielded a

DGCR8-Core-binding constant that was almost identical

to that seen for wild-type pri-mir-16-1 (Table IV; for a

representative gel, see Supporting Information Fig. S14),

suggesting that DGCR8 does not interact with the termi-

nal loop strongly enough to impact function.

Intrigued by these findings, we next carried out in

vitro Drosha-processing assays with the above described

pri-mir-16-1 mutants to establish how well the binding

affinities observed by EMSAs correlate with processing

efficiency. For each construct, processing assays were per-

formed under two different conditions: with the immu-

nopurified Microprocessor (IP Micro) and with whole-

cell extract generated from cells overexpressing both

DGCR8 and Drosha (WCE). In all four cases, the same

trend was observed irrespective of the method used as

shown in Figure 7. As expected based on our prior expe-

rience,24 the processing of the UUCG tetraloop mutant

was significantly reduced. The extent of inhibition

observed with the polyU4 loop was much less than for

the pri-mir-16-1-TL construct, suggesting that the length

of the loop alone is not the origin of the strong effect

observed with the thermostable UUCG tetraloop con-

struct. In fact, processing efficiency was diminished by

the same amount with the constructs of polyU4, polyU6,

and polyU8. Overall, the structure and nucleotide com-

position of the terminal loop is seen to have a significant

impact on Drosha cleavage efficiency. Taken together

with the EMSA studies, in which we observed that

DGCR8 binding was largely insensitive to the presence

or size of the terminal loop, we conclude that the impact

of loop composition on processing cannot be attributed

to direct recognition by DGCR8’s dsRBDs.

Binding to pri-miRNA with reduced stem
flexibility

Bioinformatic analysis has shown a tendency for pri-

miRNAs to harbor non-WC helical defects near the Dro-

sha cleavage site and approximately halfway between the

Drosha and the Dicer cleavage sites, which we label the

“hot spot” and secondary imperfection sites, respectively

(Fig. 1).22 Recently, we demonstrated that these helical

defects enhance the local flexibility of the stem and that

flexibility near the Drosha cleavage site in particular is

necessary for high-efficiency pri-miRNA processing.24

Motivated by these findings, we constructed this final set

Table IV
EMSA Best-Fit Parameters for DGCR8-Core Binding to pri-mir-16-1,

Bearing the Indicated Mutations, with Uncertainties Based on Two
Independent Replicates

RNA construct DGCR8-Core (Kd, lM)

pri-mir-16-1-TL 1.0 6 0.1
pri-mir-16-1-HS 2.70 6 0.03
pri-mir-16-1-sec 1.2 6 0.1
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of experiments to address whether DGCR8 binding is

impacted by the presence of flexibility-inducing non-WC

defects in the context of the dsRNA stems of pri-miRNA

and our model duplexes. For this study, we used both

our previously generated “hot spot” mutant in which the

Drosha cleavage site of pri-mir-16-1 is mutated to be

fully WC complementary (pri-mir-16-1-HS), and a new

construct in which the secondary imperfection between

the Drosha and the Dicer cleavage sites was also mutated

to be fully WC complementary (pri-mir-16-1-sec). Sec-

ondary structures for both of these RNAs are shown in

Figure 8(A). Similar to the EMSA results reported above

for the panel of native pri-miRNAs, no significant differ-

ence in apparent dissociation constant for DGCR8-Core

binding to these two stem-mutants was observed (Table

IV; for representative gels, see Supporting Information

Fig. S14).

To provide a more controlled assessment of the impact

that these stem-stabilizing mutants may have on DGCR8

binding, we also assessed DGCR8 affinity in the context

of otherwise ideal 22 bp duplexes (Fig. 8(B), secondary

structures). The first duplex resembled the Drosha cut

site (HS duplex), containing both the GA tandem

mismatch and the A/C mismatch. For the secondary

site, three duplexes were generated to assess the impact

of combining symmetric and asymmetric defects: (1)

miR:miR*, and hence named because of its similarity to

the fully Drosha and Dicer processed native duplex, with

both the A/A mismatch and the U-bulge; (2) dsAmis,

containing only the A/A mismatch; and (3) dsUbulge,

containing only the U-bulge.

For the dsUbulge duplex, the apparent DGCR8-

binding affinity was decreased in comparison to the per-

fect ds22 duplex (Table II; for representative gels, see

Supporting Information Fig. S15), most likely owing to

the bending of the RNA duplex at the bulge. In contrast,

no significant change in binding affinity was observed

for the duplexes containing symmetric internal loops;

Figure 7
Drosha-processing assays show that the secondary structure of pri-miRNAs is an important determinant of Microprocessor cleavage efficiency in

vitro. (A) Denaturing gels for the processing of native pri-mir-16-1 and its mutants: pri-mir-16-1-WT (WT), thermally stable tetraloop mutant (TL
mut), polyU4 mutant (polyU4), polyU6 mutant (polyU6), polyU8 mutant (polyU8), “hot spot” mutant (HS mut), and secondary mutant (Sec

mut). In each assay, lanes represent RNA exposed to FLAG beads with the addition of cell lysate that did not express FLAG-tagged proteins

(Mock), exposed to the FLAG-tagged immunopurified Microprocessor (IP Micro), and exposed to whole-cell extract containing overexpressed
Microprocessor (WCE). The positions of the pri-miRNA substrate, cleaved pre-miRNA, and flanking tails are indicated to the right of the gel. (B)

The percentages of pri-miRNAs cleaved by the Microprocessor in vitro averaged over three independent experiments. Processing efficiencies are
graphed for the immunopurified Microprocessor (left axis) and the whole-cell extract (right axis), with error bars to one standard deviation (for

details, see Materials and Methods section).
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only a slight increase in affinity was seen for the dsAmis

duplex. This result suggests that the mismatches in these

RNAs do not significantly alter the average A-form

geometry as it is common for symmetric internal

loops.43 These results are also similar to those recorded

in our laboratory for TRBP interactions with similar

duplexes.44

We have previously shown with immunopurified

Microprocessor that Drosha processing is inhibited by

the pri-mir-16-1-HS mutation,24 which rigidifies the

stem near the Drosha cut site. Continuing the in vitro

processing assays first discussed for the stem–loop pri-

miRNA mutants, this experiment was completed by

assessing the impact of removing stem defects on Drosha

cleavage efficiency, using both immunopurified Micro-

processor and whole-cell extracts from cells overexpress-

ing Drosha and DGCR8. Under both conditions, pri-

mir-16-1-HS cleavage was significantly reduced as com-

pared to wild-type pri-mir-16-1 (Fig. 7). In contrast,

replacing the helical defects in the secondary site with

WC base pairs had no effect on Drosha-processing effi-

ciency under either IP or whole-cell extract conditions.

Together with the EMSA assays, these results show that

Drosha processing is sensitive to the presence of helical

defects near the cut site, but that this effect cannot be

attributed directly to DGCR8 binding.

RNA binding by DGCR8’s heme-binding
domain

Recently, the group of Feng Guo has introduced the

hypothesis that a region of DGCR8 N-terminal to the

“Core” element, which bears sequence homology to

other proteins in the WW domain fold family, is essential

for establishing high-affinity RNA binding by DGCR8

and, furthermore, that this activity is heme binding

dependent.37,45–47 Significantly, this hypothesis has

recently been substantiated by the study of Roth et al.,27

who reported enhanced dsRNA binding affinity meas-

ured by in vitro assays similar to those we utilize here.

Therefore, we carried out binding assays using DGCR8-

Core lengthened at its N-terminus to contain the heme-

binding domain (DGCR8-HBD-Core; residues 276–720).

Furthermore, the crystal structure of the heme-binding

domain of DGCR8 (276–353) suggests that C352 binds

to an iron-containing heme molecule through direct liga-

tion of the iron by C352, which dimerizes DGCR8.48

Therefore, we also performed binding assays with the

DGCR8-HBD-Core construct mutated to convert the

critical cysteine to alanine (C352A). Through these stud-

ies, we aim to evaluate whether the findings we have

reported in this study are likely to be general or limited

in scope to the context of the DGCR8-Core construct

only.

Figure 8
Secondary structures of constructs mimicking the imperfections found in pri-mir-16-1: (A) in the context of full-length pri-mir-16-1 and (B) in

the context of short duplexes. The regions of mutation are boxed.
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As the binding constants summarized in Table V show,

there is no statistically significant difference in DGCR8-

Core and DGCR8-HBD-Core binding affinity for pri-

mir-16-1, the pri-mir-16-1-TL mutant, or ds44 (for rep-

resentative gels, see Supporting Information Figs. S16

and S17). The pri-mir-16-1-TL result is especially strik-

ing, because Quick-Cleveland et al.47 have recently pub-

lished the hypothesis that the HBD engages the open

terminal loop of pri-miRNA as a necessary feature of

high-affinity binding. It is noteworthy that our results

contrast those of the Guo and Hennig groups, where an

enhanced RNA-binding affinity is observed in the con-

text of HBD-containing constructs that extend to the C-

terminal residue of DGCR8 (276–773). This suggests that

the disordered tail region between residues 720 and 773

is a necessary part of this affinity-switching mechanism.

Also, we note that heme binding in the wild-type

DGCR8-HBD-Core construct was confirmed by UV–visi-

ble spectroscopy as evidenced by the split Soret spectrum

indicating a bis(thiolate) hyperporphyrin structure sur-

rounding the iron center,49 which disappeared upon the

introduction of the C352A mutation (Supporting Infor-

mation Fig. S18). Therefore, our results demonstrate that

heme interaction with DGCR8 is not sufficient to

enhance the RNA-binding affinity of DGCR8, suggesting

that the heme-binding domain does not contribute

directly to pri-miRNA binding.

Our binding results for the DGCR8-HBD-Core con-

struct were surprising, because the introduction of a

C352A mutation into the heme-binding domain has

been previously shown to negatively impact pri-miRNA

processing by Drosha45 although outright deletion of the

heme-binding domain has had contradictory impacts on

pri-miRNA processing in the literature as well.47 There-

fore, we tested Drosha-processing efficiency in the back-

ground of the C352A mutant DGCR8, using pri-mir-16-

1 as a substrate for consistency with the remainder of the

study reported here. Additionally, we tested processing in

the background of the pri-mir-16-1-TL and pri-mir-16-

1-HS structural mutants. Consistent with the previous

literature, we observe a decrease in processing efficiency

for wild-type pri-mir-16-1 when the Microprocessor con-

tains the DGCR8-C352A mutant construct (Fig. 9). Sig-

nificantly, we observe a similar quantitative reduction in

processing efficiency for both the pri-mir-16-1-TL and

the pri-mir-16-1-HS mutants, indicating that regardless

of functional role the heme-binding domain may be

serving is independent from the mechanism that estab-

lishes the pri-miRNA structural preferences we have

documented here.

DISCUSSION

It has been firmly established that DGCR8 and Drosha

form the minimal complex required for efficient process-

ing of pri-miRNAs during the first stage of miRNA mat-

uration.50 Interest in fully defining the mechanism of

Table V
EMSA Best-Fit Parameters for DGCR8-HBD-Core (with and without

the C352A Mutation) Binding to pri-mir-16-1, pri-mir-16-1-TL, and
ds44, with Uncertainties Based on Two Independent Replicates

RNA construct

DGCR8-HBD-Core
DGCR8-HBD-Core

(C352A)

Kd (lM) n Kd (lM) n

pri-mir-16-1 2.1 6 0.1 4.1 6 0.1 3.1 6 0.1 3.0 6 0.1
pri-mir-16-1-TL 2.2 6 0.1 4.6 6 0.1 3.1 6 0.2 4.1 6 0.2
ds44 4 6 1 8 6 1 4.7 6 0.1 5 6 1

Figure 9
Drosha-processing assays show that the cysteine residue C352 is an

important determinant of Microprocessor cleavage efficiency in vitro.

(A) Denaturing gels for the processing of native pri-mir-16-1 and its
mutants: pri-mir-16-1-WT (WT), thermostable tetraloop mutant (TL

mut), and “hot spot” mutant (HS mut). In each assay, lanes represent
RNA exposed to FLAG beads with the addition of cell lysate that did

not express FLAG-tagged proteins (Mock), exposed to either the FLAG-
tagged immunopurified Microprocessor or the whole-cell extract con-

taining overexpressed Microprocessor for both the wild-type Micro-

processor (IP Micro and WCE Micro, respectively) and the
Microprocessor containing the C352A mutation in DGCR8 (IP C352A

and WCE C352A, respectively). The positions of the pri-miRNA sub-
strate, cleaved pre-miRNA, and flanking tails are indicated to the right

of the gel. (B) The percentages of pri-miRNAs cleaved by the Micro-
processor in vitro averaged over three independent experiments. Proc-

essing efficiencies are graphed for the immunopurified Microprocessor

(left axis) and the whole-cell extract (right axis), with error bars to one
standard deviation (for details, see Materials and Methods section).

K.A. Quarles et al.

1176 PROTEINS



cleavage by these proteins is high, because dysfunctional

miRNA processing has been linked to the etiology of

multiple diseases.9 It is hypothesized that DGCR8 acts as

a “molecular anchor” by forming a precleavage complex

with pri-miRNA, promoting Drosha binding and estab-

lishing the appropriate cut site within the pri-

miRNA.21,51 Complicating matters, DGCR8 has been

observed to interact with a plethora of RNAs in the

nucleus in addition to pri-miRNAs,52 suggesting that the

rules for RNA selection and identification as pri-miRNA

by DGCR8 may be more complex than previously appre-

ciated. Therefore, understanding how the dsRBDs of

DGCR8 collectively recognize their targets in the nucleus

is a necessary step toward developing a molecular mech-

anism to describe pri-miRNA processing in the context

of the miRNA maturation pathway.

Several dsRNA-binding proteins contain multiple cop-

ies of the dsRBD fold, suggesting that placing multiple

dsRBDs in tandem promotes high-efficiency binding and

possibly increased selectivity. One possible reason for a

protein like DGCR8 to harbor two dsRBDs would be to

increase binding affinity over that expected for a single

dsRBD; yet our data show that this simple model is not

sufficient to explain the structure of the protein. Although

DGCR8-Core does bind each of the RNAs we investigated

more strongly than DGCR8-dsRBD1 does, we have previ-

ously measured interactions between the isolated dsRBD

from Dicer and the same panel of dsRNAs, reporting

binding affinities that are essentially indistinguishable

from the DGCR8-Core affinities reported here.53 Thus,

DGCR8 could have achieved the observed dual-dsRBD

affinities with a single dsRBD of different sequence. As

suggested by Faller et al.37 and by the high Hill coeffi-

cients from the EMSAs in this study, an alternative expla-

nation is that DGCR8-Core binds dsRNA cooperatively,

whereas the isolated dsRBDs are capable of doing so. The

EMSA results in this study demonstrate that the isolated

N-terminal dsRBD of DGCR8 binds inefficiently to short

duplexes (<22 bp) or to duplexes possessing significant

single-stranded character. In contrast, DGCR8-Core shows

marginal changes in Kd,app across the duplex length range

tested and is more resilient to the incorporation of ssRNA

into the duplex. This suggests that the arrangement of two

dsRBDs in DGCR8-Core may have evolved to increase

DGCR8’s resilience to the structural diversity commonly

encountered across the set of hundreds of pri-miRNAs it

must assist in processing. Overall, our binding results are

highly consistent with those of Roth et al.27 while provid-

ing broader coverage of RNA structural motifs that

strengthens our confidence in the general nature of our

collective findings.

The current model for Drosha substrate selection by

DGCR8 suggests that the identification of pri-miRNAs is

achieved, in part, by direct interactions between the

DGCR8 and the ssRNA–dsRNA junction at the base of

the pri-miRNA stem.2,40 Crystallography of the

unbound DGCR8-Core particle, supported by FRET

measurements, has also led to the hypothesis that

DGCR8 wraps the pri-miRNA stem around its two

dsRBDs.25 The observed formation of a stable interface

between the two dsRBDs of DGCR8-Core in the

unbound state is unique and contrasts with the solution

structures of the dual-dsRBD proteins PKR54 and

TRBP,55 and yet extensive NMR spectroscopic data sup-

port the presence of this interface in solution,27,56 lend-

ing credence to the RNA-wrapping model. However, the

proposals that DGCR8-Core interacts with the ssRNA–

dsRNA junction and that it wraps the RNA stem around

itself in the bound state are not mutually exclusive as the

wrapping model can still place the ssRNA–dsRNA junc-

tion in contact with DGCR8 for reasonable stem lengths

(e.g., see the model in Fig. 1). Evidence in support of

both elements of this model has been provided by

Drosha-processing assays, which show reduced efficiency

when the ssRNA–dsRNA junction or flexible sites inter-

nal to the stem are eliminated.20,21,24,33 The results of

this study confirm that the dsRBD-containing region of

DGCR8 is capable of high affinity binding to dsRNA,

consistent with it being the minimal region necessary for

the recruitment of RNA to the Microprocessor; but bind-

ing of dsRNA to DGCR8-Core is not enhanced by the

the addition of single-stranded flanking regions, or by

the presence of a hairpin-forming stem–loop. Further-

more, the elimination of the two regions of enhanced

flexibility within the stem did not inhibit DGCR8-Core

binding; nor did the elimination of secondary site flexi-

bility inhibit in vitro processing. Therefore, we conclude

that interactions mediated by DGCR8-Core alone cannot

be responsible for generating the previously observed cri-

teria for efficient cleavage of RNAs recruited to the

Microprocessor complex.

Given that the “Core”-binding region of DGCR8 is

not responsible for the recognition of specific structural

features within pri-miRNAs, identifying the molecular

mechanism of specific target recognition remains a high

priority. To this end, we investigated the previously

hypothesized role of DGCR8’s heme-binding region47 in

target RNA selection. Our data support the conclusion

that the heme-binding domain does not contribute to

the recognition of specific structural features within pri-

miRNA targets. The previous studies have shown an

increase in RNA-binding affinity for full-length DGCR8

(less the nuclear localization signal) in comparison to the

“Core”-binding region; however, our data suggest that

the heme-binding region is not responsible for this

change, at least in the context of the DGCR8-HBD-Core

construct. This conclusion is further supported by previ-

ous reports of efficient in vitro processing of pri-miRNAs

using Microprocessor reconstituted with DGCR8 that is

missing the heme-binding region.37,38,47

At first glance, the collective findings reported here

seem negative—no strong connection is observed
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between DGCR8-Core-binding affinity and the inclusion

of any structural features in the dsRNA targets. This

result is unexpected, because DGCR8-Core matches well

to the minimal fragment of DGCR8 that it is necessary

to promote in vitro pri-miRNA processing, suggesting

that the job of selecting pri-miRNAs from the diverse

cellular RNA pool may be dependent on a region of

DGCR8 not necessary for efficient in vitro processing.

Recent studies suggest that this latter point has merit.47

However, taking the converse view of these data suggests

a new hypothesis. We propose that the unique spatial

arrangement of two dsRBDs within DGCR8-Core pro-

motes efficient cleavage for a broad set of substrates by

disconnecting recruitment efficiency from the vagaries of

the unique structure features seen in individual pri-

miRNA substrates and, furthermore, that this insensitiv-

ity is necessary to support DGCR8’s Drosha-independent

functions. It appears to be likely that DGCR8 binds to

nearly all of the dsRNAs it encounters in the nucleus and

that the identification of some RNAs as pri-miRNAs may

be a function of Drosha itself.
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