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Abstract
Most non-coding RNAs function properly only when folded into complex 3D structures, but the
experimental determination of these structures remains challenging. Understanding of primary
miRNA maturation is currently limited by a lack of solved structures for non-processed forms of
the RNA. SHAPE chemistry efficiently determines RNA secondary structural information with
single-nucleotide resolution, providing constraints suitable for input into the MC-Pipeline software
for refinement of 3D structure models. Here we combine these approaches to analyze three
structurally diverse primary miRNAs, revealing deviations from canonical dsRNA structure in the
stem adjacent to the Drosha cut site for all three. The necessity of these deformable sites for
efficient processing is demonstrated through Drosha processing assays. The structure models
generated herein support the hypothesis that deformable sequences spaced roughly once per turn
of A-form helix, created by non-canonical structure elements, combine with the necessary single-
stranded RNA:double-stranded RNA junction to define the correct Drosha cleavage site.
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Many non-coding RNAs undergo enzymatic processing to achieve their functional states,
through mechanisms that are coupled to their three-dimensional structures. Therefore,
generating atomic resolution structure models is necessary for complete characterization of
non-coding RNA processing, though this is currently a daunting task to accomplish for most
RNAs by crystallographic or NMR methods. For many smaller non-coding RNAs, such as
microRNAs (miRNAs), adequate models are realized through computational prediction of
secondary structure, underscoring the need for computational approaches that yield highly
accurate and biochemically validated structure models. However, available structure-
mapping techniques face limitations when rare and under-characterized motifs are
encountered (1). Here we show that structure models of primary miRNA (pri-miRNA)
transcripts, suitable for generating testable mechanistic hypotheses, are created by
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combining secondary structure mapping through selective 2′-hydroxyl acylation analyzed
by primer extension (SHAPE) chemistry (2) with structure calculation in the MC-Pipeline
software (3). We apply these methods to three structurally diverse pri-miRNAs, revealing
deviations from canonical A-form structure in each; we then demonstrate that these
structural deformations significantly influence in vitro processing efficiency by the RNase
III enzyme Drosha.

Mature miRNAs – of which more than 1,000 have been annotated in humans (4) – regulate
development and tissue differentiation through their role in the RNA silencing pathway (5).
Canonical pri-miRNA transcripts adopt imperfect stem-loop structures embedded within
single-stranded regions (5). In the canonical miRNA biogenesis pathway, pri-miRNAs are
excised co-transcriptionally from longer RNAs by the Microprocessor complex – consisting
minimally of Drosha and the dsRNA binding protein DGCR8 – in a process that is tightly
regulated (5, 6). Cleavage results in precursor miRNA (pre-miRNA) that is approximately
70 nucleotides in). length and typically characterized by a two-nucleotide 3′-overhang at the
cut site (7 To date, no atomic resolution structures of pri-miRNA models have been
reported; regarding pre-miRNAs, only the structure of pre-mir-30a bound to Exportin-5 has
been solved (8). Consensus mechanistic proposals emphasize a role for the ssRNA:dsRNA
junction and pri-miRNA structural heterogeneity, from bulges and internal loops, in
Microprocessor positioning and cut-site recognition (7, 9, 10). In a recent bioinformatic
study, Warf et al. (11) predicted that most pri-miRNAs harbor a helical distortion at the
Drosha cleavage site, with a majority of the distortions being symmetric internal loops of
two nucleotides (i.e., single-nucleotide mismatches).

Generating a complete mechanistic model for miRNA processing requires the determination
of structures of representative pri-miRNAs (12). SHAPE chemistry has emerged as a
powerful method to define base-pairing status with single-nucleotide resolution (2). Hairpin
RNAs similar to pri-miRNAs have been studied using SHAPE chemistry, yielding results
that compare well to their previously determined secondary structures (13). However, these
previous studies made no attempt to generate SHAPE-constrained three-dimensional
structure models.

Here, we analyze the structures of three RNAs: pri-mir-16-1, pri-mir-30a, and pri-mir-107.
Of the three, pri-mir-16-1 and pri-mir-30a were chosen because of their extensive prior use
as models for in vitro processing studies (7–10, 14–16). We analyzed pri-mir-107, which
contains a 1-by-3 asymmetric loop at the cleavage site (17), because inclusion of the scissile
bonds in bulges and internal loops is predicted to produce inconsistent length pre-miRNA
molecules (18). Secondary structure constraints were generated by SHAPE and the data
were then incorporated in MC-Pipeline calculations (3), producing low resolution atomic
structure models of the RNA stem-loops in a relatively high-throughput manner.
Surprisingly, normalized SHAPE reactivity profiles indicate that many of the small helical
imperfections in the RNA stems are not disruptive to the A-form helix – results that are
corroborated by ribonuclease cleavage assays. In all three pri-miRNAs, the MC-Pipeline
structure ensembles feature an extensive ability to deform the dsRNA stem between the
ssRNA:dsRNA junction and the Drosha cut site. Drosha processing assays performed in
vitro confirm that the presence of these deformable “hot spots” near the cut site enhances
cleavage efficiency. Overall, we have developed an approach for generating structure
models of small RNAs and applied it to pri-miRNAs to reveal an important structural aspect
of Drosha processing.
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Materials and Methods
RNA Preparation

All DNAs were purchased from Geneart. Template DNA for SHAPE reactions was inserted
into a SHAPE cassette (19) with an inverted BsaI cut site at the 3′-end. All DNAs were
cloned into pUC19 (New England Biolabs) and transformed into DH5α competent cells,
which were grown in LB media at 37°C to an approximate OD600 of 3.75. Template DNA
for ribonuclease structure mapping was prepared identically, except that the SHAPE cassette
sequences were not present. Preparation of template DNA, transcription by T7 RNA
polymerase, and purification of the transcribed RNA were all performed as previously
described (20).

RNA Modification by 1M7
RNA (4 pmol) in 5 μL of sterile water was heated at 85°C for 1 minute and cooled to 4°C
for 2 minutes prior to adding 5 μL of folding buffer (50 mM HEPES pH 7.6, 50 mM KCl),
incubation at 37°C for 10 minutes, and treatment with 1 μL 1M7 (100 mM 1M7 in
anhydrous DMSO) at 37°C for 70 seconds. Control and sequencing reactions were treated
with 1 μL anhydrous DMSO. All reactions were cooled to 4°C and the RNA recovered by
ethanol precipitation (1 μL 5 M NaCl, 0.5 μL 20 mg/mL glycogen, 12.5 μL sterile water,
and 75 μL ethanol added to each reaction).

Primer Extension
All reactions were mixed with 0.5 μL Cy5 fluorescently labeled DNA primer (10 μM in
sterile water, 5′-cy5-GAACCGGACCGAAGCCCGATTTGG-3′, purchased from Sigma,
HPLC purified). The primers were annealed to the RNA by heating at 65°C for 5 minutes
and cooling at 35°C for 5 minutes prior to addition of 3 μL reverse transcription buffer (167
mM Tris-HCl pH 8.3, 250 mM KCl, 1.67 mM each dNTP, 17 mM DTT, 10 mM MgCl2).
Following heating to 52°C for 3 minutes, 1 μL of 5 mM ddNTP was added to the
sequencing reactions and 1 μL of sterile water was added to all other reactions. Primer
extension was initiated by the addition of 0.5 μL Superscript III (Invitrogen) and incubation
at 52°C for 10 minutes. Immediately thereafter, 0.5 μL of 2 M NaOH was added and the
solutions heated to 95°C for 7 minutes prior to cooling at 4°C for 5 minutes. cDNA was
treated with 9 μL neutralizing gel loading solution (100 mM Tris-HCl pH 7.5, 20 mM
EDTA in formamide), heated to 90°C for 90 seconds, and separated on a denaturing
polyacrylamide gel (8% 29:1 acrylamide:bisacrylamide, 8.4 M urea, 1X TBE; 95 W, 1
hour). The gels were visualized on a Typhoon imager.

Processing of SHAPE Data
Each of the SHAPE reactions was carried out over 21 replicates and three background
reactions. Gels were quantified using SAFA (21). After log-likelihood based processing,
normalizing, and background subtraction, the average and standard deviation of the SHAPE
reactivity was calculated using MATLAB scripts from the HiTRACE program (22, 23). The
mean SHAPE reactivities with standard deviations larger than their respective means were
discarded for further analysis, along with any negative values. Positive SHAPE reactivities
were re-scaled in the range of 0 to 1.

Ribonuclease Structure Mapping
The RNAs were 5′-end labeled with [γ-32P]ATP using T4 polynucleotide kinase (New
England Biolabs) and the RNA concentration determined by liquid scintillation. 5′-32P-end-
labeled RNA (0.05 pmol total RNA, 4 μL in sterile water) was renatured at 60°C for 10
minutes followed by 25°C for 10 minutes prior to adding 1 μL folding buffer (50 mM
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HEPES pH 7.6, 50 mM KCl). The RNA was digested in the presence of 1 μL of single-
strand-specific (0.11 ng/mL RNase A, 0.25 U/μL RNase T1) or double-strand-specific
(1.7×10−3 U/μL RNase V1) nucleases (Ambion) under native conditions at 37°C for 30
minutes. The T1 ladder was generated by incubating the labeled RNA (0.05 pmol, 2 μL in
sterile water) under denaturing conditions in 3.5 μL T1 digestion buffer (9.4 M urea, 28.3
mM sodium citrate pH 3.5, 1.4 mM EDTA) and 0.5 μL of 5 U/μL T1 at 50°C for 5 minutes.
The hydrolysis ladder was generated by incubating the labeled RNA (0.03 pmol, 1.5 μL in
sterile water) and 2 μL hydrolysis buffer (100 mM Na2CO3/NaHCO3 pH 9.0, 2 mM EDTA)
at 90°C for 5 minutes. All reactions were quenched by addition of an equal volume of 100
mM Tris-HCl pH 7.5/20 mM EDTA/formamide loading buffer and boiled before
fractionating on a denaturing polyacrylamide gel (both 8% and 12% 29:1
acrylamide:bisacrylamide, 8.4 M urea, 1X TBE; 100 W, 1 hour). The gels were visualized
on a Typhoon imager.

MC-Fold and MC-Sym Simulation
MC-Fold and MC-Sym were used to simulate pri-miRNA structures, supplemented by the
information provided by SHAPE. Initially, the 3′- and 5′-tails were constrained to be single-
stranded in the MC-Fold simulations. MC-Fold output consisted of 1000 dot-bracket
solutions generated to explore 15% of the sub-optimal structures and the solutions were
ordered based on total energy calculation. The single-stranded probability of each nucleotide
was calculated by the number of occurrences of dot over bracket in the solution set, which
was used to color code the most stable secondary structure prediction from MC-Fold in the
text. In summary, the MC-Fold output was used to create the secondary structure maps as
these results are directly related to the base-pairing probabilities (24, 25).

SHAPE reactivity data was provided as input to the MC-Pipeline in order to further refine
the single-strandedness predictions. Non-negative SHAPE reactivity was re-scaled to range
from 0 (no reactivity) to 1 (maximum reactivity) and sub-divided into three categories:
highly reactive nucleotides with normalized SHAPE reactivities > 0.22 (excepting pri-
mi-107 mut2, where the high cutoff was 0.37) were assigned a “medium” constraint strength
in MC-Fold, reflecting those residues in the top 5% of SHAPE reactivity; all other
statistically significant reactivity was defined by a normalized SHAPE reactivity between
0.03 and 0.22 and assigned a “low” constraint strength in MC-Fold; any nucleotide with a
reactivity < 0.03 was deemed not to have statistically significant reactivity and therefore was
not assigned a reactivity based structure constraint in MC-Fold. We found in early iterations
that assigning “high” constraint strengths to the strongest SHAPE hits resulted in over-
weighting of the SHAPE data that seemed to overwhelm the influence of MC-Fold on the
final output and thus chose to utilize the more conservative constraint strengths reported.

The most probable secondary structure model from MC-Fold analysis with low resolution
SHAPE constraints was used to generate the input for the MC-Sym model generation. MC-
Sym was configured to use the September 2011 snapshot of the fragment library to generate
the 3D structures. The top ten structures explored by MC-Sym were configured to use
probabilistic exploration of tertiary structure with the model diversity set to 1.0 Å. In all
MC-Sym runs, a total of 1000 sub-optimal structures were generated in order to provide
adequate sampling of three-dimensional space prior to terminating sampling. The top five
moste probable models generated, based on free energy calculation, were selected for further
analysis.

Drosha Processing Assays
RNA substrates for in vitro assays were transcribed as previously described (16). FLAG-
Drosha (16) and FLAG-DGCR8 (AddGene) (referred to as Microprocessor) or FLAG-GFP
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were overexpressed in HEK-293T cells and FLAG-tagged proteins were isolated on M2-
FLAG beads (Sigma). Briefly, 6 μg of plasmid was transfected into cells using
Lipofectamine 2000 (Invitrogen) as per manufacturer’s instructions. Mock treatment was
exposed to lipofectamine but no plasmids were transfected into the cells. Approximately 48
hours after transfection cells were washed with phosphate buffered saline, harvested, and
lysed via sonication in lysis buffer (20 mM Tris-HCl pH 8.0, 100 mM KCl, and 0.2 mM
EDTA). Lysate was combined with 10 fmol of labeled RNA, 10X reaction buffer (64 mM
MgCl2), and RNasin (Promega). The reaction mix was incubated at 37°C for 5 min.
Products were phenol/chloroform extracted and ethanol precipitated. RNA was analyzed on
12% denaturing PAGE gels.

Results
SHAPE-derived Primary miRNA Structures

More than half of the nucleotides in a typical RNA are found in Watson-Crick base-pairs,
but a number of non-canonical structural motifs are commonly embedded within A-form
secondary structures (26). One of the most prevalent motifs is the single-nucleotide
mismatch, or 1-by-1 internal loop, which is often (nearly) isosteric with canonical Watson-
Crick pairs (27). Also common are single-nucleotide bulges and small asymmetric loops,
which often serve as recognition motifs for proteins (28). Deep sequencing in
Caenorhabditis elegans shows an average of two 1-by-1 loops in a typical pre-miRNA,
along with an average of two single-nucleotide bulges (11). The three human pri-miRNAs in
our study contain a diverse set of both symmetric internal loops and small bulges. When the
structures of pri-mir-16-1 and pri-mir-107 were predicted by mfold (29), both exhibited
several alternative structures within the 10% suboptimality parameter range. These
alternative structures displayed differences in the size and location of internal loops and/or
bulges, which could lead to heterogeneous final miRNA length (18); and variation in the
terminal loop size, which has implications for processing efficiency (15).

Because the structural imperfections in pri-miRNA transcripts have direct consequences for
processing and function, it is necessary that they be accurately annotated. We subjected each
of the three pri-miRNAs in our panel to modification by the SHAPE reagent 1-methyl-7-
nitroisatoic anhydride (1M7) and analyzed the results by fractionating fluorescently labeled
cDNA products on denaturing gels to identify RNA secondary structure with single-
nucleotide resolution. Protection from modification by a SHAPE reagent is expected for a
site that is canonically base-paired or for mismatch sites that are constrained at the level of
secondary structure (19). The resulting normalized SHAPE reactivity for each pri-miRNA
indicates that the majority of the symmetric internal loops do not provide the SHAPE
reagent with access to the 2′-hydroxyl, implying that these defects do not significantly alter
the A-form helix of the double-stranded stem (Fig. 1, left panels). As positive controls, we
also looked at the reactivity of bulges and asymmetric loops in the same sequences. In
contrast to the above, these motifs did react with the SHAPE reagent, albeit to different
extents.

Symmetric internal loops, particularly 1-by-1 loops, are the most common base-pairing
defect in pri-miRNAs. A total of six 1-by-1 internal loops are represented in the present data
set (Table 1), but only the A/A mismatch in pri-mir-16-1 was modified above background
by the SHAPE reagent. Consistent with this result, thermodynamic analysis indicates low
helical stability for A/A mismatches as compared with most 1-by-1 loops (30). Chemical
and enzymatic probing has also confirmed this result for the same mismatch in pre-mir-16-1
(14). Another symmetric internal loop of interest in our data set is the 2-by-2 AG•GA
internal loop (i.e., GA tandem mismatch) located proximal to the Drosha cleavage site in
pri-mir-16-1, for which Krol et al. propose a dramatically re-folded double-loop structure
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based on Ca2+ cleavage assays (14). This loop is not modified above background by the
SHAPE reagent in the neighborhood of nucleotides 19–22, consistent with both an NMR
structure reporting an AG•GA internal loop in a similar sequence context (31) and with
thermodynamic data indicating high loop stability (32). It is noteworthy that there is a small
but statistically significant amount of shape reactivity in the complementary strand,
spanning nucleotides 92–95. Based on our SHAPE results and their consistency with
findings in the literature, we conclude that most symmetric internal loops do not cause the
average structure of pri-miRNAs to deviate significantly from A-form.

While 1-by-1 loops were rarely modified by the SHAPE reagent, single-nucleotide bulges
were often modified to a detectable extent. For example, each of the three U bulges were
significantly modified (Table 1). There is also a weak SHAPE reactivity for the C bulge
located near the terminal loop of pri-mir-107. The only single-nucleotide bulge not modified
above background was the A bulge in pri-mir-30a (Fig. 1B, left), which is likely to be
participating in purine-purine stacking on both sides. This result is consistent with previous
studies monitoring protection from metal-induced catalytic cleavage at this site (33).

High normalized SHAPE reactivity indicates a lack of base-pairing and/or base stacking at
the site of multiple-nucleotide bulges and asymmetric internal loops. Both two-nucleotide
bulges present in the data set were strongly modified by the SHAPE reagent (Table 1),
although one nucleotide in each pri-miRNA was modified much more heavily than the other
(Fig. 1B and 1C; left). In the case of the 1-by-3 internal loop of pri-mir-107, both strands of
the loop were heavily modified. Note that the single-nucleotide C-strand in this asymmetric
loop was modified more heavily than any single-nucleotide bulge (Fig. 1C, left). The
extensive SHAPE reactivity in this site is especially noteworthy, as similar patterns have
been shown to correlate strongly with NMR observations of large amplitude conformational
dynamics (34). As the predicted Drosha cleavage site is contained within this 1-by-3 loop,
dynamic deformations in this region could inhibit the cleavage reaction. However, Drosha
activity data shown below reveal that this is not the case.

Ribonuclease Cleavage Structure Mapping
Chemical modification with SHAPE reagents rapidly showed, with single nucleotide
resolution, that some loops and bulges are minimally disruptive to A-form helical structure
in pri-miRNA. The functional significance of this finding prompted us to verify the SHAPE
results through limited digestions with a panel of ribonucleases specific for single-stranded
and double-stranded RNA. Figure 2 shows ribonuclease mapping under native conditions
for pri-mir-16-1, pri-mir-30a, and pri-mir-107. The cleavage patterns for all RNAs are
largely consistent with the SHAPE results (compare Table 1, columns 4 and 5). Substantial
single-stranded specific cleavage is only indicated for bulges and asymmetric internal loops
larger than a single-nucleotide and the A/A mismatch located in pri-mir-16-1, which were
also sensitive to the SHAPE reagent. Interestingly, RNase A cleaves all of the surrounding
nucleotides of the CU bulge located in pri-mir-30a (Fig. 2B), suggesting that this bulge is
highly dynamic, although this could simply reflect RNase A’s tendency to cleave
nucleotides adjacent to loops. The propensity for the CU bulge to also exist as an alternative
UC bulge is consistent with prior metal-catalyzed cleavage assays (14) and with the crystal
structure of pre-mir-30a bound to Exportin-5 (8).

Secondary Structure Refinement by MC-Fold
The MC-Pipeline is a modeling program that utilizes a nucleotide cyclic motif library
containing base-pair contextual information, derived from crystal structures deposited in the
PDB, to ultimately predict 3D folds of RNA structures (3). SHAPE chemistry provides
structural constraints suitable for input into the MC-Pipeline, which has the potential to

Quarles et al. Page 6

Biochemistry. Author manuscript; available in PMC 2014 February 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



improve structure quality when rare sequence motifs are encountered or when ambiguous
base-pairing is possible. Therefore, we generated secondary structure predictions in MC-
Fold by identifying the joint probability that a nucleotide is single-stranded based on the
MC-Pipeline database and our experimental SHAPE constraints (as described in the
Methods). An alternative approach in which a large number of decoy structures is generated
in MC-Pipeline and then scored against low-resolution experimental constraints to generate
a sub-ensemble consistent with the data has recently been reported (35), but was not used
here. The most probable secondary structure resulting from our combined SHAPE and MC-
Fold analysis is reported for each pri-miRNA in Figure 1 on the right and color coded to
indicate the combined single-stranded probability (the ten most probable secondary
structures for each pri-miRNA are displayed in Figures S1–S3 of the Supporting
Information).

Importantly, some nucleotides provide only weak indications of ssRNA character by either
SHAPE or MC-Fold alone; however, combining the two sources of data yields clear
indications of base-pairing status (results from MC-Fold analysis performed without
reference to the SHAPE data are summarized in Figures S4–S6 of the Supporting
Information). When SHAPE and MC-Fold analysis are combined, the single-stranded
probabilities of nucleotides near the Drosha cleavage site on the stem closer to the
ssRNA:dsRNA junction of all three RNAs (labeled as the H1 stem in Figure 1, right) are
considerably larger than those of other nucleotides in the stem. Helical disruptions near the
Drosha cut site have previously been predicted by bioinformatics in C. elegans (11) and our
data provide the first experimental validation of this structural feature in pri-miRNAs of
human origin.

Another structural feature of pri- and pre-miRNA hairpins that has been heavily studied is
the terminal loop of the hairpin. In some prior studies thermodynamic algorithms (e.g.,
mfold) have been observed to predict excess base-pairing near terminal loops; over 70% of
the pre-miRNAs evaluated in a recent study were predicted by mfold to have short loops
inconsistent with experimental results (14). Application of MC-Fold to the present set of pri-
miRNA sequences also produces minimally sized terminal loops when SHAPE data is not
added as an input constraint (Figures S4–S6 of the Supporting Information). Enforced
shortening of the terminal loop in pri-mir-16-1 through mutagenesis decreased processing
efficiency (15), and replacement with a thermostable tetraloop eliminated processing
completely (15), thus establishing the necessity of properly defining loop size. Analysis of
the SHAPE-constrained MC-Fold secondary structures in Figure 1 confirms the presence of
large terminal loops for all three RNAs studied, suggesting that their loops should not impair
Drosha processing.

3D Structure Modeling Using MC-Sym: Global Features
Developing mechanistic insight into biomolecular function often requires visualization of
three-dimensional atomic structures. For example, coaxial stacking of helical segments to
either side of disruptive motifs in the pri-miRNA stem, or the absence of it, influences the
overall shape of the substrate recognized by the Microprocessor. The data discussed so far
does not address these overall geometric features. Therefore, the highest scoring SHAPE-
constrained MC-Fold secondary structures were provided as input for MC-Sym (3). The
single-stranded flanking tails were excluded from the MC-Sym input because their inclusion
resulted in stalling of the algorithm. It is noteworthy that the highly dynamic nature of such
regions often results in their exclusion from high-resolution structure models (i.e., those
derived from x-ray crystallography or NMR) as well. For similar reasons, caution is also
required in attributing functional significance to the quantitative atomic positions in the
terminal loops of the generated models, although the positioning of the single-
stranded:double-stranded junction is robust. The five most probable structures of each pri-
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miRNA are superimposed in Figure 3, where they are aligned along the main stem of the
RNA. The Drosha cleavage site is located between the regions labeled H1 and H2, directly
above the portion of H1 with high single-stranded probability (red in Fig. 3), making the
location of the cut site easily identifiable.

RNase III enzymes are expected to cleave most efficiently in the interior of A-form helical
regions. In all three structure bundles, the regions with low SHAPE reactivity (shown in
blue) overlap well, supporting their non-dynamic nature. In contrast, the regions with high
SHAPE reactivity (shown in the range from yellow to red) have a large spatial distribution
owing to their dynamic nature. The models predominantly favor a coaxial stack of the stem
regions with looped-out bulges. Again, the higher dynamics and lower base-pairing
probability of nucleotides at the H1/H2 boundary of all three bundles identify the basal stem
adjacent to the Drosha cut site. It is especially noteworthy that while this region is likely to
be more deformed than the majority of the RNA, coaxial stacking of H1 and H2 minimizes
disruption of the A-form helix – even in the case of pri-mir-107. This result is consistent
with the expectation of proper cut-site recognition by the RNase III domains of the Drosha
enzyme.

Primary miRNA Structural Heterogeneity
In addition to the increased single-stranded probability adjacent to the Drosha cut site,
combined SHAPE and MC-Pipeline analysis indicates at least one other region of lower
base-pairing probability at the H2/H3 boundary in the labeling scheme of Figures 1–3. Warf
et al. propose that periodic structural distortions in the RNA stem, co-localized on a single
side of the molecule, could enable the formation of a strong bend in the pri-miRNA structure
spanning three turns of helix (11). A bend of this nature is necessary for the DGCR8 binding
model proposed by Sohn et al. (36). Analysis of conformationally heterogeneous sites in the
SHAPE-constrained MC-Sym ensembles provides insight into the mechanism of
deformation necessary to support this hypothesis, and suggests a need for future molecular
mechanics calculations in order to define the dynamics uniting the reported pri-miRNA
conformational landscapes.

In pri-mir-16-1, an A/A mismatch found 11 nucleotides from the Drosha cut site (Fig. 4A),
along with a nearby U bulge (Fig. 4B), is responsible for creating a second region of
enhanced conformational variation (seen as the H2/H3 boundary in Figure 3a). Although
both A nucleobases are stacked within the helix in each of the five most probable structures,
base-pairing between them is poor. While the 5′UAA/3′AAU sequence containing the A/A
mismatch found in pri-mir-16-1 was not present in the PDB at the time of writing,
substantial evidence supports the dynamic nature of A/A mismatches in other sequence
contexts. For example, when flanked by thermodynamically stable G/A sheared base-pairs,
A/A was found to be highly dynamic by NMR (37). In addition, when flanked by Watson-
Crick base-pairs, the A/A mismatch was found to be thermodynamically unstable (38).
Moreover, the nearby U bulge in pri-mir-16-1 is flanked by a pyrimidine on its 5′-side,
therefore yielding unfavorable 5′-pyrimidine-pyrimidine stacking (33) and further enhanced
destabilization of this region.

Asymmetric elements, such as the two-nucleotide bulge in pri-mir-30a and the 1-by-3
asymmetric loop in pri-mir-107, can feature either intercalative stacking or extrusion of the
asymmetric base(s) from the duplex (28). The nucleobases of the two-nucleotide bulge in
pri-mir-30a are extruded from the helix in all five structures, but deformation of the
backbone imparts a bend to the overall structure (Fig. 4C). Consistent with the high SHAPE
reactivity in pri-mir-107, the A and U nucleobases of the three-nucleotide strand in the
asymmetric loop are extruded from the stack in all five structures (Fig. 4D), resulting in the
introduction of a bend to the overall structure of the stem.
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In contrast, many single-nucleotide mismatches do not significantly distort the RNA helix
(39); thermodynamically, many do not even disrupt helix stability (40). For example, A/C
mismatches are isosteric with G•U wobble pairs, although their stability is influenced by
nearest-neighbor identity (41). In pri-mir-16-1, the A/C mismatch is neither reactive to the
SHAPE reagent or RNase A cleavage (Table 1); nor is it predicted to be highly disordered
by MC-Fold, which is consistent with the structure of an A/C mismatch from the large
ribosomal subunit found in an identical sequence context (42). In pri-mir-30a, the A/C
mismatch is similarly not reactive to the SHAPE reagent and RNase A, but the single-
stranded probability from MC-Fold is high, suggesting deformability in the Drosha cut site
(Fig. 1B, right). Analysis of the structure database shows that the strength of A/C base-
pairing in similar sequence contexts is highly variable (27). The MC-Sym bundle for this
mismatch in pri-mir-30a shows the most disorder of any non-canonical element with low
SHAPE reactivity (Fig. 5A), suggesting weak base-pairing and a contribution to instability
in this region.

The U/C (or C/U) mismatch is also found in two of the three pri-miRNA sequences studied.
Crystal structures of RNA stems harboring U/C mismatches show that, with the assistance
of bridging waters, a hydrogen bonding network capable of promoting a good fit of the
nucleobases within the RNA helix is achievable (43, 44). In both pri-mir-107 (Fig. 5B) and
pri-mir-16-1 (Fig. 5C), MC-Sym ensembles display well-ordered stacking of these
mismatches that support the possibility of water-mediated hydrogen bonding between the
nucleobases. It is noteworthy that the C of the pri-mir-107 U/C mismatch was somewhat
sensitive to both the SHAPE reagent and RNase A (Table 1), and a slight distortion in the
backbone along the 3′-side of the mismatch is observed in the MC-Sym bundles.

Unique to the set of pri-miRNAs, a 2-by-2 AG•GA internal loop is found in pri-mir-16-1 in
the basal H1 stem, adjacent to the Drosha cut site (Fig. 5D). GA tandem mismatches are
generally thermodynamically stable (45), although both the thermodynamics of loop closure
and the structures they adopt are highly sequence dependent (45–49). Although the PDB
contains no examples of the exact 5′CAGU/3′GGAA sequence found in pri-mir-16-1, the
Watson-Crick face base-pairing observed in the MC-Sym bundles (Fig. 5D) is consistent
with the general literature trend (47, 49). Despite the relatively high order seen in the MC-
Sym bundles for the AG•GA internal loop and nearby A/C mismatch, these non-canonical
elements collectively contribute to a high probability of single-strandedness in the H1 stem
that identifies the Drosha cut site.

Drosha Processing of Primary miRNAs
To verify the hypothesis that imperfections in the A-form helix near the Drosha cut site are
necessary for efficient cleavage by the Microprocessor, in vitro Drosha processing assays
were conducted with wild-type pri-mir-16-1 and pri-mir-107. For both, mutants were
designed to modify the flexible region near the Drosha cut site. Of note, Drosha activity is
dependent on the presence of Mg2+ in the reaction buffer, whereas our SHAPE reactions
were performed in the absence of divalent metals in order to minimize the risk of metal-
catalyzed cleavage causing false positives. As specific metal binding is most likely to affect
tertiary structure, which does not exist in our single-hairpin transcripts, we feel there is
minimal risk that the structures are altered significantly by Mg2+ in the cleavage assays.
Control SHAPE reactions with pri-mir-107 in the presence of Mg2+ showed cleavage
profiles identical to those reported in Figure 1 (data not shown). On the whole, our results
support a correlation between cut site flexibility and processing efficiency.

For pri-mir-16-1, the flexible hot spot adjacent to the Drosha cut site was eliminated by
mutating both the AG•GA internal loop and the A/C mismatch to Watson-Crick base-pairs
(labeled pri-mir-16-1-HS mut in Fig. 6). The hot spot region was successfully rigidified, as
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confirmed by combined SHAPE and MC-Fold analysis (Fig. 6A). While wild-type pri-
mir-16-1 was processed efficiently in the in vitro assays, processing of the cut site mutant
was reduced two-fold (Fig. 6E). As a negative control for processing, we created another
mutant of pri-mir-16-1 in which the large terminal loop was replaced by a UUCG tetraloop
(labeled pri-mir-16-1-TL mut in Fig. 6). Consistent with previous studies where similar
tetraloops were shown to diminish processing (9, 15), pri-mir-16-1-TL processing was
reduced approximately four-fold (Fig. 6E). Thus, deformability of the stem near the cut site
is not the sole factor important for cleavage by the Microprocessor, but its presence
significantly improves processing efficiency.

Having confirmed that flexibility near the Drosha cut site is favorable for efficient
processing, we next determined whether asymmetric loops, which are flexible, mitigate
these positive effects. Despite the presence of the 1-by-3 internal loop at the cut site, wild-
type pri-mir-107 was processed just as efficiently as pri-mir-16-1 in our assay. In order to
determine the effect of an asymmetric loop versus a symmetric internal loop on the overall
cleavage efficiency, we created a mutant (labeled pri-mir-107-HS in Fig. 6) with a two-base
deletion on the 3-nucleotide side of the loop, leaving a symmetric 1-by-1 loop (i.e., a C/C
mismatch). The SHAPE reactivity profile and MC-Pipeline results for pri-mir-107-HS
confirm the formation of a C/C mismatch and show that the mutant pri-mir-107 is still
deformable near the Drosha cut site (Fig. 6B). Cleavage efficiency was slightly decreased
for the mutant pri-mir-107 in comparison to the wild-type (Fig. 6E). Based on the migration
of the pre-mir-107 band for the mutant, which migrates as a species two nucleotides shorter
than wild-type (compare WT and HS mut in Fig. 6D), creating a symmetric 1-by-1 loop
eliminated two nucleotides from the predicted pre-mir-107 product, but otherwise did not
change the position of Drosha cleavage. In addition to this mutant, another mutant of pri-
mir-107 was created to test the impact of a complete lack of deformability at the cleavage
site as was done with pri-mir-16-1. The second mutant for pri-mir-107 had the asymmetric
internal loop replaced with a Watson-Crick base-pair (labeled pri-mir-107-HS2 in Fig. 6),
whose structure was again confirmed by the combined SHAPE/MC-Pipeline analysis (Fig.
6C). As with pri-mir-16-1, a decrease in Drosha cleavage efficiency was seen when all
flexibility at the cleavage site was abolished (Fig. 6E). Therefore, we conclude that the
presence of an asymmetric loop near the Drosha cut site is less disruptive to processing than
the total absence of flexibility in the stem.

Discussion
Previous conclusions made about pri-miRNA structure-function relationships have been
based on the RNA secondary structure either predicted by mfold (29), derived from deep-
sequencing analysis (11), or in some cases based on biochemical data (9, 15, 18). There are
currently no solved atomic resolution pri-miRNA structures available, which impedes
further progress. In this study, we have shown that providing SHAPE-derived base-pairing
constraints to the MC-Pipeline produces pri-miRNA atomic structure models that are
consistent with existing biochemical data and support prevailing mechanistic hypotheses.
This study employed pri-miRNA sequences of human origin and is broadly consistent with
C. elegans deep-sequencing analysis – both validating the generalization of previous
conclusions and encouraging future in vivo genetics studies utilizing this attractive model
organism. Moreover, the helical distortions quantified in our analysis plausibly resolve
inconsistencies in accepted thermodynamic secondary structure models, while accounting
for the structural heterogeneity predicted from bioinformatic analysis.

In the prevailing model for Dicer cut-site recognition, the 3′-overhang left by Drosha
cleavage is bound by the Dicer PAZ domain and simple steric measurement of the expected
A-form helix length from that reference point provides a “molecular ruler,” identifying the
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cleavage site for Dicer (50, 51). Demonstrating an equivalent molecular ruler for Drosha has
been elusive. As can be seen in the SHAPE-constrained MC-Fold secondary structures in
Figure 1 (right panels), there is a high degree of conformational variation in the H1 stem
adjacent to the Drosha cut site. These deformable “hot spots” arise in the data due to a
combination of SHAPE reactivity and the probability of being single-stranded as determined
directly by MC-Fold. The deformable hot spot region located adjacent to the Drosha cut site
was shown to enhance processing via in vitro Drosha cleavage assays (Fig. 6). This result
suggests that the degree of base-pairing surrounding the Drosha cut site affects how the
Microprocessor locates and/or cleaves the pri-miRNA.

The ssRNA:dsRNA junction at the base of the stem, one turn of A-form helix removed from
the Drosha cut site, has previously been identified as a necessary structural element for cut-
site recognition by DGCR8 (9). Warf et al. propose the existence of an unstable face on the
pri-miRNA stem featuring strong structural distortions at the cleavage site that may serve as
a marker, negating the need for a molecular ruler in Drosha capable of measuring from a
fixed reference (11). We propose that our MC-Sym predicted models support previous
biochemical models in which DGCR8 binds proximal to the ssRNA:dsRNA junction (5) –
identifying the basal stem in analogy to the role of the PAZ domain in Dicer – and senses
the periodic deformable sites that occur approximately once per turn of A-form helix, as
evident in Figure 3. The periodic deformable sites therefore could permit bending of the pri-
miRNA, which is needed to engage both DGCR8-dsRBD binding faces in the Sohn et al.
(36) model. Collectively, the Microprocessor is able to specifically identify this set of
features in only those nuclear dsRNAs that require cutting by Drosha. Our Drosha
processing assays support the general hypothesis that cut site deformability contributes to
processing efficiency; future testing of this model through DGCR8 and Drosha binding
assays will clarify the molecular mechanism of this effect.

A potential consequence of inaccurate cut site identification by the Microprocessor is
variability in pre-miRNA length and, ultimately, mature miRNA sequence – resulting in
markedly dramatic effects if the seed sequence is altered. Warf et al. suggest that Drosha is
capable of producing both typical (e.g., 2-nt 3′-overhang) and atypical overhangs based on
the observation of variable overhang lengths in C. elegans pre-miRNAs (11). Improper
overhang lengths may be the result of improper Drosha positioning caused by large
imperfections at the cleavage site, as could be the case for pri-mir-107 – a hypothesis
supported by the numerous mature miRNA sequences reported from deep sequencing reads
for miR-107 in miRBase. On the other hand, an intriguing recent study by Park et al. shows
that Dicer may be able to use 5′-end binding as an alternative to 3′-end recognition in
anomalous cases like this (52). While the models in our MC-Sym structure bundles show a
remarkable extent of coaxial stacking of the H1 and H2 stems surrounding the Drosha cut
site in this molecule, it remains possible that looping out of the 3-nucleotide side of the
bulge will produce an atypical overhang length. Moreover, the asymmetric loop in pri-
mir-107 may exert a stronger influence on the kinetics of processing by Drosha than on the
ultimate sequence composition of the mature miRNA.

Resolving the remaining questions surrounding the miRNA maturation process will require
experimental determination of atomic resolution structure models for pri-miRNAs and pre-
miRNAs both in isolation and when bound to their processing complexes. Combining
SHAPE chemistry with analysis in MC-Pipeline enables the generation of high quality
structure models that are both predictive and capable of unifying previous biochemical
hypotheses. Minor imperfections within the A-form helix central in the pri-miRNA stem
result in minimal disruption of the A-form structure, but impart significant deformability
that may be sufficient to guide the Microprocessor to the appropriate cleavage site.
Combination of our methodology with recent advances in high-throughput SHAPE analysis
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– so-called SHAPE-seq methods (53) – offers the possibility to generate hundreds of
comparable structure bundles in the future from which the present findings can be
generalized. Application to other problems in RNA metabolism, such as the evaluation of
structures adopted by riboswitches and other regulatory elements, should be straight-
forward.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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miRNA microRNA

pri-miRNA primary microRNA

SHAPE selective 2′-hydroxyl acylation analyzed by primer extension

RNase ribonuclease

DGCR8 DiGeorge critical region 8

pre-miRNA precursor microRNA

ss single-stranded

ds double-stranded

1M7 1-methyl-7-nitroisatoic anhydride
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Figure 1.
SHAPE-constrained MC-Fold calculations yield secondary structures with embedded
estimation of conformational dynamics. SHAPE reactivity traces (left) identify single-
stranded nucleotides for (A) pri-mir-16-1, (B) pri-mir-30a, and (C) pri-mir-107. In the
SHAPE reactivity traces, bar heights indicate the normalized mean reactivity constructed
from 21 independent reactions. Blue filled bars indicate nucleotides with a positive mean
reactivity and a magnitude greater than the uncertainty of the measurement. All grey bars
indicate that the reactivity is either negative or has a mean magnitude below the uncertainty
and are therefore considered insignificant. Addition of SHAPE-derived single-stranded
constraints to MC-Fold calculations yields the combined probability of the nucleotide being
single-stranded, which is mapped onto the most probable secondary structure (right). These
probabilities are indicated in color as annotated in the color bar, ranging from most likely
double-stranded (blue) to most likely single-stranded (red). Regions of high single-stranded
probability divide the stems into three segments, labeled as H1, H2, and H3. Nucleotide
numbering corresponds with the pri-miRNA numbering starting at 1 and the SHAPE
cassette linkers (see Materials and Methods) being less than 1 and greater than the pri-
miRNA length. Nucleotides corresponding to the mature miRNAs (as annotated in
miRBase) are indicated by a line adjacent to the secondary structure diagram, which has
been oriented such that the Drosha cut site is on the left in all three cases. Secondary.
structure diagrams were generated in VARNA (54).
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Figure 2.
Ribonuclease structure mapping is consistent with the most probable secondary structure
resulting from the SHAPE-constrained MC-Fold calculations for (A) pri-mir-16-1, (B) pri-
mir-30a, and (C) pri-mir-107. For each RNA, a denaturing 12% polyacrylamide gel used in
the analysis is shown, with lanes as follows: C is a control sample (no nuclease); OH− is a
limited alkaline digest; and T1, A, and V1 are limited digests with ribonucleases specific for
single-stranded G, single-stranded C and U, and 5′ to double-stranded or well stacked
single-stranded regions, respectively. The reactions in lanes 2 and 3 were performed under
RNA-denaturing conditions (denoted ‘Den.’) in order to provide a ladder correlating
position in the gel with the nucleotide sequence; while the reactions in lanes 4–6 were
performed under RNA-native conditions (denoted ‘Nat.’). Helical and loop regions of the
RNA are indicated to the right of the gel. The highest probability secondary structure (see
Fig. 1) with positions of cleavage by ribonucleases under native conditions indicated by
symbols as described in the legend is displayed below each gel. Symbol size is proportional
to cleavage intensity. In these secondary structure maps, proposed Drosha cleavage sites are
identified with red arrows; regions near Drosha cleavage sites displaying high single-strand
probability in our MC-Fold and SHAPE analysis are enclosed in grey boxes.
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Figure 3.
Ensemble representation of the top five SHAPE-constrained models generated by MC-Sym
for (A) pri-mir-16-1, (B) pri-mir-30a, and (C) pri-mir-107. All models are aligned along the
main stem of the RNA with the sugar-phosphate backbone indicated by a blue ribbon.
Planks representing the nucleotides are colored according to the probability of being single-
stranded as reported in Figure 1 and indicated by the color bar, ranging from most likely
double-stranded (blue) to most likely single-stranded (red). Regions of high single-stranded
probability divide the stems into three segments, labeled as H1, H2, and H3. Inclusion of
extended single-stranded tails renders MC-Sym calculations unstable; therefore, the
expected tails are not represented in the models shown.
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Figure 4.
The secondary structures of pri-miRNA molecules harbor multiple dynamic bulges and
internal loops. Expanded views of areas within the MC-Sym models that are highly dynamic
are shown for (A) A/A mismatch in pri-mir-16-1, (B) U bulge in pri-mir-16-1, (C) CU bulge
in pri-mir-30a, and (D) 1-by-3 asymmetric internal loop in pri-mir-107. The nucleotides
involved in the imperfections are colored orange (their position in the nucleotide sequence is
also annotated) and the most probable structure is shown otherwise in solid blue, with the
models from the other four members of the ensemble reported in Figure 3 shown in
transparent blue. All models are aligned to the nearest stable Watson-Crick base-pair
neighboring the imperfection in the most probable model.
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Figure 5.
The secondary structures of pri-miRNA molecules harbor multiple non-Watson-Crick
mismatches that are predicted to be well-ordered by SHAPE reactivity. Expanded views of
areas within the MC-Sym models representing these mismatches are shown for (A) A/C
mismatch in pri-mir-30a, (B) U/C mismatch in pri-mir-107, (C) C/U mismatch in pri-
mir-16-1, and (D) AG•GA internal loop in pri-mir-16-1. The nucleotides involved in the
imperfections are colored orange (their position in the nucleotide sequence is also annotated)
and the most probable structure is shown otherwise in solid blue, with the models from the
other four members of the ensemble reported in Figure 3 shown in transparent blue. All
models are aligned to the nearest stable Watson-Crick base-pair neighboring the
imperfection in the most probable model.
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Figure 6.
Drosha processing of pri-miRNAs to pre-miRNAs in vitro confirms the necessity of hot spot
flexibility for efficient cleavage. (A) The mutant pri-mir-16-1-HS has significantly reduced
hot spot flexibility compared with wild-type, as established by combined SHAPE and MC-
Fold analysis. (B) The mutant pri-mir-107-HS has the asymmetric 1-by-3 internal loop near
the Drosha cleavage site replaced by a flexible C•C non-canonical base-pair, (C) while the
mutant pri-mir-107-HS2 has only Watson-Crick base-pairs at the cleavage site, as
established in both cases by combined SHAPE and MC-Fold analysis. (D) Denaturing gels
for the processing of (from left to right) pri-mir-16-1 wild-type (WT), hot spot mutant (HS
mut), and tetraloop mutant (TL mut) constructs; in addition to pri-mir-107 wild-type (WT),
hot spot mutant (HS mut), and second hot spot mutant (HS mut2) constructs. In all six
assays, lanes represent RNA collected prior to addition of Microprocessor (RNA), exposed
to FLAG-beads with addition of cell lysate that did not express FLAG-tagged proteins for 5
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minutes (Mock), exposed to GFP for 5 minutes (GFP), and 5 minutes after exposure to
purified Microprocessor (Micro.). (E) The percentage of pri-miRNAs cleaved by the
Microprocessor in vitro after 5 minutes averaged over three independent experiments.
Cleavage is calculated as the sum of the intensities of the pre-miRNA product and the
cleaved flanking tails divided by the sum of the intensities of the product, tails, and the
remaining pri-miRNA substrate.
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Table 1

Complete annotation of secondary structure defects in the stem region of wild-type pri-mir-16-1, pri-mir-30a,
and pri-mir-107

Helical Imperfection Found in Sequence in RNA SHAPE Detection Single-stranded by Ribonucleases

U bulge pri-mir-16-1 34-C--G-35
80-GUC-78

yes no

U bulge pri-mir-30a 8-U--G-9
84-AUC-82

yes no

U bulge pri-mir-107 25-CUU-27
76-G--G-75

yes no

A bulge pri-mir-30a 9-GAG-11
82-C--C-81

no no

C bulge pri-mir-107 41-CCU-43
61-G--A-60

no (small hit) no

2-nt bulge pri-mir-30a 25-CCUC-28
67-GG-66

yes yes

2-nt bulge pri-mir-107 16-UG-17
89-ACAC-86

yes no (small hit)

1-by-1 symmetric internal loop* pri-mir-16-1 23-CCU-25
91-GAA-89

no no

1-by-1 symmetric internal loop pri-mir-16-1 36-UAA-38
77-AAU-75

yes yes

1-by-1 symmetric internal loop pri-mir-16-1 45-GCG-47
68-CUC-66

no no

1-by-1 symmetric internal loop pri-mir-16-1 47-GUU-49
66-CUA-64

no no

1-by-1 symmetric internal loop* pri-mir-30a 13-GAC-15
79-UCG-77

no no

1-by-1 symmetric internal loop pri-mir-107 29-UUU-31
84-ACA-82

no(only C hit) no (only C hit)

2-by-2 symmetric internal loop pri-mir-16-1 18-CAGU-21
96-GGAA-93

no no for T1; yes for A

1-by-3 asymmetric internal loop* pri-mir-107 21-U--C--A-23
82-ACUAC-78

yes yes

Helical imperfections that surround the Drosha cleavage site are indicated by an asterisk.
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