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Summary

RNA-mediated gene silencing in human cells requires the accurate generation of ~22-nucleotide
microRNAs (miRNAs) from double-stranded RNA substrates by the endonuclease Dicer.
Although the phylogenetically conserved RNA-binding proteins TRBP and PACT are known to
contribute to this process, their mode of Dicer binding and their genome-wide effects on miRNA
processing have not been determined. We solved the crystal structure of a human Dicer-TRBP
interaction complex comprising two domains of previously unknown structure. Interface residues
conserved between TRBP and PACT show that the proteins bind to Dicer in a similar manner and
by mutual exclusion. Based on the structure, a catalytically active Dicer that cannot bind TRBP or
PACT was designed and introduced into Dicer-deficient mammalian cells, revealing selective
defects in guide strand selection. These results demonstrate the role of Dicer-associated RNA
binding proteins in maintenance of gene silencing fidelity.

Introduction

MicroRNAs (miRNAs) regulate a diverse array of eukaryotic cellular processes including
differentiation, proliferation, and apoptosis (He and Hannon, 2004). In mammals, the RNA-
induced silencing complex (RISC) performs miRNA-mediated gene silencing by targeting
an Argonaute protein (e.g. Ago2) to repress mRNAs bearing sequence complementarity to a
bound ~22 nucleotide (nt) miRNA guide (Liu et al., 2004). Critical to this process are the

© 2014 Elsevier Inc. All rights reserved.

"To whom correspondence should be addressed: doudna@berkeley.edu, Phone: (510) 643-0225; Fax: (510) 643-0080.

Accession Numbers: The molecular coordinates have been deposited to the protein data bank (PDB: 4WYQ). Sequencing data have
been uploaded in .fastq format (Bioproject ID: PRINA267577).

Author Contributions: R.C.W., A.T., and J.A.D. designed the experiments. R.C.W., C.L.N., and C.P.S. prepared samples. R.C.W.,
C.L.N., C.P.S., and M.A K. conducted the experiments. R.C.W. and A.T. analyzed the data. R.C.W. and J.A.D. wrote the manuscript.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wilson et al.

Results

Page 2

production and loading into Argonaute of mature guide miRNAs, which are functions of the
endoribonuclease Dicer and its double-stranded RNA-binding protein (dsRBP) partners
(Gregory et al., 2005). During formation of RNA-induced silencing complexes (RISCs),
Dicer cleaves pre-miRNA hairpin substrates to generate roughly symmetric miRNA
duplexes of a specified length. Each product duplex binds to Argonaute in an orientation that
defines the guide strand, while the opposing passenger strand is ejected and degraded, a
process known as strand selection (Khvorova et al., 2003; Matranga et al., 2005). In humans,
the Dicer-associated dsRBP paralogs TRBP and PACT have been shown to influence both
cleavage and strand selection activities, although their functions have not been fully defined
(Lee et al., 2006). In addition, TRBP and PACT have been implicated in mediating miRNA
isoform (isomiR) processing by Dicer to generate related miRNAs of differing lengths and
altered targeting specificity (Fukunaga et al., 2012; Lee et al., 2013). TRBP has also been
shown to stabilize Dicer (Paroo et al., 2009), and dsRBP homologs in flies are responsible
for sorting of small RNAs between distinct pathways (Hartig and Forstemann, 2011;
Okamura et al., 2011).

Dicer partner dsRBPs TRBP and PACT may be somewhat functionally redundant in
miRNA biogenesis due to their conserved sequence and domain organization: they both
consist of three double-stranded RNA-binding domains (dsRBDs), with the first two binding
to double-stranded RNA (dsRNA) and the third participating in protein-protein interactions.
Accordingly, previous studies of potential defects resulting from the absence of just one of
the two proteins may have been hindered due to functional compensation by the remaining
dsRBP. In this work, we used crystallography to determine the previously unknown
structures of mutually interacting domains in human Dicer and TRBP, revealing that Dicer
employs a conserved interface to bind both TRBP and PACT. The structure elucidated the
molecular details of a distinct partner-binding interface on Dicer, enabling cellular
experiments in which Dicer binding to both proteins was abolished. These experiments
revealed unforeseen effects on miRNA length determination and guide strand selection for a
subset of cellular miRNAs that associate with Ago2, implicating Dicer partner proteins in
maintenance of miRNA production and subsequent gene silencing.

Structure of the Dicer—TRBP interface

To determine how Dicer associates with its dsRBP partners and how these complexes
influence MiRNA function in mammalian cells, we determined the crystal structure of a
human Dicer-TRBP interaction domain complex at 3.2 A resolution (Table 1). This complex
includes the partner-binding domain of the Dicer N-terminal helicase (Dicerpgp) bound to
the third dsRBD of TRBP (TRBP3), the regions shown experimentally to be both necessary
and sufficient for Dicer—TRBP association in vivo (Daniels et al., 2009) (Figure 1A).
Dicerpgp is a four-helix bundle of 97 amino acid residues and the stable globular domain
TRBP3 contains a 69-residue a/f sandwich typical of the dsRBD fold extended at its N-
terminus by a partially disordered 31-residue linker containing one helix (Figure 1B). The
Dicer-TRBP interface comprises a hydrophobic core surrounded by complementary
electrostatic interactions over an area of 1006 A2 (Figure 1C). Both TRBP3 and full-length
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TRBP exhibit similar low nanomolar affinities for full-length Dicer as determined by
isothermal titration calorimetry, indicating that TRBP3 is responsible for Dicer association
(Figure S1A).

The TRBP3 (residues 258-366) core contains an a3 sandwich (residues 289-363),
embodying the afpa fold typical of a dsSRBD. An N-terminal extension of 31 residues
beyond the canonical dsRBD domain is necessary for TRBP3 stability and is part of a
protease-resistant fragment (Figure S1B). This extension contributes to electron density
readily observed in the initial experimental map obtained via single wavelength anomalous
dispersion, yet the amino acid identity of the sequence remains ambiguous due to poor
electron density and was modeled as a separate chain of alanines (Figure S1C). This N-
terminal feature abuts a cleft between helices al and a2 of the dsRBD core, and its C-
terminus is ~11 A away from the N-terminus of one crystallographic copy of the TRBP3
dsRBD core and ~8 A away from the N-terminus of the other (Figure S1D). Thus, this N-
terminal feature may be docking to the dsRBD core in cis, in trans (via domain swapping),
or in some heterogeneous combination of the two in the crystal. This potential homodimer
interface is unlikely to be biologically relevant due to the weak dissociation constant of 54
UM reported for dimerization (Yamashita et al., 2010). Notably, mRNA decay factor Staufen
also contains a degenerate dsRBD that lacks RNA binding activity and mediates
homodimerization through an N-terminal helical extension via domain swapped docking
onto a similar cleft between the two helices of its dsRBD core (Gleghorn et al., 2013),
suggesting a shared structural motif. Indeed the dsRBD core of TRBP3 finds its top DALI
match in this fifth dsRBD of Staufen, with a backbone RMSD of 1.9 A over the 69 core
residues (Figure S1E) (Holm and Park, 2000).

The DicerPBD (residues 269-401) model contains neither the disordered loop between al
and a2 (residues 290-293) nor the disordered C-terminal region (residues 392-401). The C-
terminal helix (a5) and the preceding loop (residues 370-391) form a crystallographic
homodimer by packing against helices a2 and a3 of a Dicerpgp protomer from the
neighboring asymmetric unit (Figure S1F). The conformation of residues 370-391 observed
in the crystal is almost certainly artifactual based on its divergence from the expected
helicase architecture (Figure S1G) and thus is omitted from figures.

Implications for Dicer—PACT binding

To assess whether TRBP paralog PACT might bind to Dicer in a similar manner, we used
the extensive sequence conservation between the third dsRBD of PACT (PACT3) and
TRBP3 (Figure S2A, B) to generate a homology model based on the Dicer-TRBP interface
structure (Figure 2A). Conserved interfacial PACT residues (Figure 2B) provide
complementarity to the same Dicerpgp surface that binds TRBP3, suggesting that PACT
binds to Dicer in the same location as TRBP and that Dicer interactions with the two partner
proteins are mutually exclusive. To test this premise, Dicer was mutated in three positions
(Dicermyt: F282A, L348K, T352E) to disrupt the conserved TRBP- and PACT-binding
interface (Figures 1C, 2A, 2C). Observations that TRBP stabilizes Dicer (Chendrimada et
al., 2005; Paroo et al., 2009) may stem from inherent instability of the hydrophobic interface
region of Dicer that is exposed in the absence of TRBP and PACT. To promote Dicer
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stability in the absence of partner proteins, Dicery,: was designed to enhance polarity of the
TRBP/PACT binding site (Figures 1C, 2A, 2C). Diceryyt exhibits in vitro behavior and
catalytic activity indistinguishable from wild-type (WT) Dicer (Figure S2C). As expected,
binding experiments showed that Dicery, has diminished affinity for both TRBP and
PACT, supporting the conclusion that these two partner proteins bind the same site on Dicer
(Figure 2D).

Role of Dicer partner proteins in miRNA biogenesis

We wondered how the recruitment of TRBP or PACT to Dicer might influence global
mammalian miRNA processing and RISC loading in mammalian cells. To investigate the
role of this interaction, we took advantage of high conservation between the human and
mouse Dicer—-TRBP and Dicer—-PACT interfaces to introduce the point mutations of human
Diceryyt into the mouse Dicer gene (Figure S2D, E). This experimental design offers the
benefit of displacing both of the potentially functionally redundant proteins TRBP and
PACT from Dicer without removing them from the other cellular pathways in which they
participate (Daniels and Gatignol, 2012). Deep sequencing was performed for three
biological replicates on Ago2-coimmunoprecipitated small RNAs from WT mouse
embryonic fibroblast (MEF) cells and on those from a Dcr”- MEF line (Betancur and
Tomari, 2011; Yang et al., 2010a; Yi et al., 2006) transfected for 24 h with either an empty
vector or a vector encoding WT Dicer or Dicerpy,. Under these rescue conditions Dicer was
confirmed to be present at levels comparable to the endogenous levels in MEF cells, and
undetectable in the Dcr”- MEF cells instead transfected with empty vector (Figure S2F).
Ago2 is known to be destabilized when Dicer is down-regulated (Martinez and Gregory,
2013), and we observed a depletion of Ago2 and other Ago isoforms in the Der”~ condition
and recovery of these levels upon rescue with WT Dicer or Dicerpyt (Figure S2G). TRBP
and PACT levels were not markedly affected by varying Dicer levels, or by the form of
Dicer used for rescue (Figure S2G). In the absence of Dicer, we observed a predominant
pool of Ago2-associated RNAs shorter than 15 nt, much smaller than the 20-25 nt species
typically resulting from Dicer cleavage (Figure S3A). After rescue of dicing activity via
transfection with WT Dicer or Dicery,, pools of canonically sized 20-24 nt Ago2-
associated miRNAs are regenerated, but to differing degrees: canonical miRNAs represent
12% of all reads after WT Dicer rescue and 33% of all reads after Dicery, rescue (Figure
S3B). We observed striking changes in the abundance of several miRNAs between the two
rescue conditions, with eight miRNAs constituting 60% of all canonically sized reads in the
Dicermyt rescue condition compared to 33% during WT Dicer rescue. We conclude that the
unexpected yet reproducible increase in loading of Ago2 with canonically sized miRNAs
primarily results from changes in regulation of a class particular miRNAs (including let7f-2,
10b, 99a, 99b, 100, and 125a) that are responsive to levels of free cytoplasmic TRBP as
previously reported (Table S1) (DeVito et al., 2012; Melo et al., 2009). Since we observe no
change in the total levels of TRBP under differing experimental conditions (Figure S2G), we
suspect that the TRBP population liberated from a complex with Dicer under the Diceryt
rescue condition is responsible for this varying regulation of certain miRNAs. Accordingly,
we are unable to address potential contributions of TRBP and PACT to the efficiency of
Ago2 loading. Subsequent analysis was performed using =15 nt Ago2-associated miRNAs
produced by Dicer.
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We wondered whether TRBP and PACT participate in fine-tuning of small RNA processing,
performing quality control that influences a subset of substrates. We assessed whether these
Dicer partner proteins contribute to two key aspects of miRNA processing: miRNA strand
selection and length determination. Strand selection (scored as log(5p arm coverage/3p arm
coverage)) behavior for pre-miRNA duplexes in a WT MEF reference condition was
correlated to rescue conditions with either WT Dicer or Dicery, (Table S2), revealing a
reproducible and marked defect in the global fidelity of strand selection when Dicer is
unable to recruit a dsRBP partner (Figures 3A and S3C, D). Although most miRNAs exhibit
indistinguishable strand selection behavior between the two rescue conditions and the WT
MEF reference, in the presence of Dicerm,: 14 of the 108 miRNAs analyzed show a
pronounced change in the proportion of 5’ versus 3’ miRNA strands associated with Ago2
(Table S3), including an instance where the strand preference is markedly inverted
(miR-30e) (Figure S3E). Thus Dicer partner proteins contribute to correct strand selection
for a subset of miRNA duplexes.

Examination of the size of Ago2-associated RNASs revealed that Dicer's recruitment of
dsRBP partners also has an effect on Dicer product length for a subset of miRNAs (Figure
3B). This is apparent for miRNAs whose length varies between 21 and 22 nt, the two most
abundant functional miRNA lengths. Our analysis did not discriminate between strands, but
this should not influence our interpretation since the nine miRNAs implicated here do not
overlap with the 14 cases that are sensitive to TRBP/PACT regarding their strand selection.
This observation supports the idea that formation of a stable Dicer—dsRBP complex can
promote generation of a product with an additional nucleotide (an isomiR) in the case of
miRNAs that Dicer alone cleaves with imperfect precision.

Because thermodynamic asymmetry of miRNA duplexes has been implicated in the process
of strand selection, we examined our panel of miRNA duplexes for a correlation between
duplex terminal base pairing stability and propensity for strand selection to be sensitive to
TRBP/PACT recruitment to Dicer (Figure S3A). We observed no such correlation, and
similarly detected no correlation between the thermodynamic asymmetry of miRNA
duplexes with their strand selection score under any single experimental condition (Figure
S3A). These observations underscore the difficulty of predicting miRNA strand selection
behavior based on thermodynamic properties alone (Malefyt et al., 2014).

We next considered the role of Argonaute protein binding specificity for the 5’ nucleotide of
miRNAs (Frank et al., 2010) in defining which miRNA duplexes exhibited strand selection
behavior linked to the recruitment of TRBP/PACT by Dicer. Since Ago2 binds guide strands
bearing 5’-terminal U or A nucleotides preferentially versus strands bearing C or G (Frank et
al., 2010), differing nucleotides at these termini could be the primary factor determining
which strand is selected as the guide in some cases. Notably, a change in the position of
Dicer-mediated pre-miRNA cleavage induced by TRBP (Fukunaga et al., 2012; Lee et al.,
2013) can result in a change in the 5" nucleotide identity of the product miRNA duplex. In
the case of miR-30e, for which strand preference was inverted in the absence of Dicer-
dsRBP interaction (Figures 3A and S3E), a TRBP-induced change in Dicer cleavage
position could trigger a change in 5’-terminal nucleotide identity. The longer potential
miR-30e duplex bears a 5’-U on the 5p arm and a Dicer-generated 5’-C terminus on the 3p
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arm, and the 5’-U-containing strand is the selected guide that binds to Ago2 (Figure 4A). In
contrast, a shorter potential isomiR duplex results in both ends of the mature duplex bearing
5’-U, eliminating the nucleotide identity distinction that might otherwise drive Ago2-
mediated strand selection preference. Thus the inversion of miR-30e strand selection
observed in the absence of TRBP/PACT recruitment to Dicer could be triggered by a change
in Dicer cleavage position linked to the presence or absence of a dSRBP partner.

To test the roles of TRBP and/or PACT in the formation of mir-30e isomiRs, we assayed for
Dicer cleavage position in vitro, comparing WT Dicer with Dicery, both alone and in the
presence of TRBP or PACT. Since ejected passenger strands are not detected via
sequencing, interpretation of those data will be complicated for cases in which cleavage
position variability is linked to changes in strand selection preference; therefore we
examined Dicer cleavage position directly. We observed similar cleavage behavior of pre-
miR-30e for Dicerp,; and for WT Dicer alone or in the presence of PACT, but a distinct
change in isomiR production in the presence of TRBP (Figure 4B, C). This enhanced
formation of a 1-nt longer isomiR in the presence of TRBP is consistent with the change in
Ago2-loaded mir-30e strands observed in the cellular sequencing data, providing a plausible
explanation for the inversion of strand selection when Dicer is incapable of recruiting
TRBP. The ability of TRBP to influence isomiR formation during dicing while PACT
cannot agrees with previous studies distinguishing the activity of these Dicer binding
partners. The strand selection behavior of miR-30a was also sensitive to TRBP recruitment
by Dicer (Figure 3A), and due to a pre-miR structure nearly identical to pre-miR-30e, a
similar mechanism by which isomiR formation influences Ago2-mediated strand selection is
likely. Indeed, a recent report has shown a TRBP-based dependency on Dicer cleavage
position of pre-miR-30a analogous to our findings for pre-miR-30e (Kim et al., 2014).
Among four other pre-miRs that were candidates for this mechanism and displayed a dsRBP
sensitivity for their strand selection, we found that miR-423 and miR-32 bear a similar
sensitivity to TRBP for isomiR formation during dicing (Figure S4B).

Overall structure of TRBP

To probe the mechanistic link between these effects on miRNA biogenesis and the behavior
of Dicer partner proteins during RISC loading, we used NMR to investigate the inter-
domain interactions in TRBP. 1H-15N HSQC spectra were collected using the full-length
protein or using constructs representing its constituent globular domains (Figures 5 and S5).
No pronounced chemical shift perturbations are induced in the presence of neighboring
domains, demonstrating that the three domains of TRBP do not associate with each other in
the absence of protein or RNA interacting partners, consistent with a previous study that
examined the first two domains and not the third (Benoit et al., 2013). Hence TRBP is
expected to sample a conformation wherein the maximum distance between its three
globular domains is limited only by the number of residues tethering the domains.

Discussion

Many organisms encode Dicer-associated RNA-binding proteins that are thought to
influence substrate recognition and processing during miRNA maturation. To understand
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how human Dicer interacts with its partner protein TRBP, we determined the crystal
structure of the interacting portions of Dicer and TRBP, revealing previously unknown
structures of two domains contributing to the Dicer—TRBP interface. To help understand
these domains in their functional contexts, they were compared to related protein structures.
Alignment of Dicerpgp to the structurally similar lobe of the dsSRNA helicase RIG-1 (Figure
S6A) (Luo et al., 2012) showed that TRBP3 does not block the expected helicase-RNA
interaction. Furthermore, alignment of TRBP3 to the RNA-bound form of the second RNA-
binding domain of TRBP (Yang et al., 2010b) revealed that TRBP3 binds Dicer using a
surface distinct from that used for dsSRNA recognition (Figure S6B). Amino acid
substitutions on the Dicer-distal face of TRBP3 appear to be responsible for the domain's
distinct loss of dsRNA binding affinity relative to that of canonical dsRBDs (Figure S6B).

PACT, a human paralog of TRBP, also interacts with Dicer, but it has been unknown
whether PACT and TRBP bind Dicer simultaneously, by mutual exclusion, or in tandem
(Kok et al., 2007). Conservation between TRBP and PACT within the Dicer-dsRBP
interface suggested that the proteins bind in a mutually exclusive manner (Figure 2A), as
confirmed using Dicer mutations that abolish binding to both dsRBP partners (Figure 2D).
This experiment ruled out simultaneous direct binding to Dicer, although it remains possible
that TRBP and PACT associate with each other while only one is bound to Dicer (Kok et al.,
2007; Laraki et al., 2008).

TRBP has been suggested to extend the half-life of Dicer in cells through its physical
association with Dicer and its phosphorylation state (Paroo et al., 2009). The stability of the
Dicer-TRBP complex is reflected in our observation that Dicerpgp cannot be successfully
expressed and purified unless TRBP3 is present. This effect is likely due to the large
hydrophobic patch on Dicer that is exposed to solvent in the absence of a dsSRBP partner.
Phosphorylation of TRBP occurs at four sites, two of which are located in the linker peptide
preceding the folded structure of TRBP3 and distal to the Dicer interface (Figures S1D and
S2A). This observation suggests that TRBP phosphorylation does not directly alter the
affinity of TRBP for Dicer and may instead influence Dicer stability as a downstream
consequence of altered TRBP stability.

A persistent question in the field has been the role of TRBP and PACT in guide strand
selection (Betancur and Tomari, 2011; Noland and Doudna, 2013; Tomari, 2004), the
process in which one arm of a miRNA duplex is discarded (the passenger strand or miR*)
while the other (the guide strand or miR) is loaded onto Argonaute to provide targeting
specificity. Failure of this crucial step in miRNA biogenesis could result in spurious gene
silencing and/or the loss of intended silencing. Early studies implicated dsRBPs as robust
players in discrimination of potential guide strands (Tomari, 2004), but subsequent studies
suggested that they may not be necessary for this step (Betancur and Tomari, 2011; Noland
and Doudna, 2013). Comparing the miRNA populations bound to Ago2 in the context of a
Dicer knockout MEF line rescued via transfection of either WT Dicer or the dsSRBP
binding—incompetent Dicery,; revealed subtle but reproducible defects in global strand
selection fidelity. For 13% of the miRNA duplex pairs analyzed, strand selection diverged
from typical behavior due to the absence of TRBP and PACT from the miRNA biogenesis
pathway. Notably, the miRNAs most sensitive to such dsRBP-influenced strand selection
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have been linked to processes including cellular differentiation, apoptosis, and cancer
metastasis (Table S3).

Inspection of mMiRNA length and its dependence on the recruitment of partner dsRBPs to
Dicer reveals an influence in cases where Dicer product length typically varies between 21—
22 nt, the two most abundant lengths for miRNA (Figure 3B). The populations of these
variable miRNAs tend to shift towards 22 nt when Dicer is able to bind TRBP and PACT,
suggesting that these proteins can contribute to miRNA length determination. This is
consistent with evidence that TRBP can change the position of Dicer cleavage and promote
formation of an RNA product with an additional nucleotide (Fukunaga et al., 2012; Lee et
al., 2013).

We found no trend in sequence or predicted pre-miRNA structure to distinguish the top 14
miRNAs identified as sensitive to TRBP/PACT recruitment to Dicer (Fig. 3A) from those
miRNAs least sensitive to dsRBP recruitment regarding strand selection behavior.
Furthermore, 5 of 14 sensitive miRNAs obeyed the “loop counting rule” (5’ end of 3p arm is
two base pairs away from a disruption of the helix), in good agreement with the ~33% of
endogenous mammalian miRNAs for which this rule was previously reported to apply (Gu
et al., 2012). We also observed no correlation between strand selection behavior and
thermodynamic asymmetry (Figure S4A, B). However, in some cases TRBP-induced
changes in 5" nucleotide identity following Dicer processing likely triggers a switch in
strand selection based on Ago2 RNA binding preferences. In vitro cleavage assays support
this mechanism for miR-30e and related miRNAs, as well as for miR-423 and miR-32, all of
which showed altered strand selection behavior in cells containing the Dicery,; protein that
cannot recruit TRBP.

A previous report identified one mammalian miRNA duplex, miR-132, for which a 21-nt
rather than 22-nt product is generated preferentially in the absence of TRBP (Fukunaga et
al., 2012). Examination of our sequencing results reveals a similar TRBP dependency in
miR-132, with an increase in 21-nt product generated when Dicer cannot recruit TRBP/
PACT (Figure S4C). However, strand selection of the miR-132 duplex is not affected by
dsRBP recruitment to Dicer (Figure 3A). This may be because the 5’-terminal nucleotide of
the guide strand remains either A or U depending on the altered cleavage position, both of
which are favorably bound by Ago2 and would not be expected to influence strand selection
based on Ago2 specificity as in the case of miR-30e (Figure 4).

The domain organization of TRBP and its mode of Dicer association were used together
with recent structural studies of Dicer (Lau et al., 2012) to generate a model of the Dicer—
TRBP complex that provides insight into the spatial organization and associated processing
mechanisms of the miRNA biogenesis machinery (Figure 6A). As detailed above, TRBP3
was positioned relative to the Dicer helicase domain based on Dicerpgp homology to RIG-I
(Luo et al., 2012), while the first and second dsRBDs of TRBP are shown with their linker
connectivities and orientations of the N- and C-termini of each domain based on published
structures (Yamashita et al., 2010). HSQC experiments found no evidence for inter-domain
interactions in TRBP (Figures 5 and S5), suggesting that the span of the protein is defined
by the lengths of the inter-domain linkers. The 90 residues of TRBP inter-domain linkers is
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expected to span up to 270 A, a distance exceeding the 150 A measured across the longest
axis of Dicer and providing access to all RNA-interacting functional groups in Dicer.
Additionally, since Ago2 binds to the RNase Illa domain of Dicer, TRBP may be capable of
binding to Dicer products to enhance the rate and influence orientation of loading into Ago2
(Sasaki and Shimizu, 2007).

Since these dsRBDs bind preferentially to canonical A-form dsRNA (Masliah et al., 2013),
their binding could compress a pre-miRNA duplex containing mismatched or bulged
nucleotides towards an A-form geometry that positions an additional base pair within the
region of Dicer that determines miRNA length (Figures 6A and 6B, top) (Fukunaga et al.,
2012). In addition, the ability of dsRBDs to slide along dsRNA ligands (Koh et al., 2013)
could help ensure preferential binding at the more thermodynamically stable (thus likely
closer to A-form) end of a miRNA duplex produced by Dicer, thereby occluding that end
and increasing the likelihood that the Ago2 MID domain might bind the 5" terminus at the
other, less stable end (Figure 6B, bottom). This would result in behavior consistent with
previously observed determinants of strand selection wherein the 5 terminus at the less
thermodynamically stable end of a duplex is more likely to serve as the guide in RISC
(Noland and Doudna, 2013). Additionally, the MID domain of Ago2 is known to exhibit
specificity in its binding of the different 5" terminal nucleotides (U/A > C/G) (Frank et al.,
2010). This property of Ago2 can result in changes in strand selection behavior downstream
of TRBP-induced shifting of Dicer cleavage position and 5’-terminal nucleotide identity of
product miRNA duplexes.

The fact that only certain miRNA duplexes exhibit Dicer partner dsRBP-dependent strand
selection behavior is consistent with a pathway involving contributions from Dicer,
Argonaute, and Dicer-binding proteins to varying degrees depending on substrate
characteristics, an idea supported by previous work (Betancur and Tomari, 2011; Noland
and Doudna, 2013). The critical yet nuanced role of Dicer partner proteins in miRNA
biogenesis parallels the delicately balanced regulation of cellular processes imparted by
miRNAs themselves (Flynt and Lai, 2008). Together, the crystal structure of the human
Dicer-TRBP interface and the global analysis of Argonaute-loaded miRNAs resulting from
abolition of this interaction in cells show that the Dicer-TRBP and Dicer—-PACT complexes
contribute to proper miRNA length and strand selection in a subset of mammalian miRNAs.

Experimental Procedures

Protein Expression & Purification

For clarity, the 366 residue isoform TRBP2 will be referred to as “TRBP” throughout, and
residue numbers will refer to the full-length protein. Dicer, TRBP, or PACT samples were
purified as previously described (Lee et al., 2013). The Dicer-TRBP interface complex was
isolated via coexpression of untagged Dicerpgp (residues 269-401) and Hisg-MBP-tagged
TRBP3 (residues 258-366) followed by copurification (protocol as above) with tag removal.
Additional TRBP constructs comprised residues 1-105 (dsRBD1), 154-234 (dsRBD2),
228-366 (dsRBD3 and the preceding linker), and 98-366 (deletion of dsRBD1). 1°N-labeled
TRBP construct samples were prepared by using M9 minimal media containing 1°N-labeled
ammonium chloride and purifying as usual. Selenomethionine (SeMet) derivatized protein
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was prepared by supplementing M9 minimal media (Sambrook et al., 1989) via the
pathway-inhibition protocol (Ent et al., 1999).

Trypsin Digest

A 1 g/L sample of a TRBP construct containing residues 228-366 (dsRBD3 and the
preceding linker) was incubated with either 0.1% or 1% (by mass) trypsin at room
temperature for 60 min and quenched with SDS-PAGE loading dye (Figure S1B).
Subsequent mass spectrometry indicated a stable fragment: residues 258-366, leading to
generation of the construct used for subsequent experiments (Figure S2A, B).

Crystallography, Data Processing, & Model Building

Native crystals were grown at 16°C via hanging drop vapor diffusion and typically appeared
within two weeks. Drops were prepared by mixing 2 pL of 7.3 g/L TRBP-Dicer interface
complex in crystallization buffer (10 mM sodium acetate pH 5, 50 mM sodium chloride, 1
mM TCEP, and 5% (w/v) glycerol) with 1 uL reservoir solution (260 mM potassium sulfate,
1 mM TCEP, and 18% (w/v) PEG 3350). SeMet derivatized crystals were prepared
similarly, but by mixing 1 pL 9.4 g/L protein in crystallization buffer with 1 pL water and
0.5 uL reservoir solution (250 mM potassium sulfate, 1 mM TCEP, and 17% (w/v) PEG
3350). Crystals were cryo-protected via soaking for 15 s in modified reservoir solution
supplemented with 6% (w/v) glycerol, mounted on nylon loops, and plunged into liquid
nitrogen. Data were collected at the Advanced Light Source (Lawrence Berkeley National
Laboratory), beamline 8.3.1.

Data were processed using XDS (Kabsch, 2010), with heavy atom search performed using
SHELX (Sheldrick, 2008). Initial map generation and solvent flattening was performed
using SOLVE/RESOLVE and CCP4 (Winn et al., 2011). Initial modeling of helices was
performed using ARP/WARP, followed by manual building of the model using Coot.
Crystals belonged to the cubic space group F4132 with two copies of the Dicer-TRBP
interface heterodimer per asymmetric unit. The model was subjected to iterative rounds of
refinement against the isomorphous native map with consideration of real space XYZ
coordinates, group B-factors, secondary structure-based hydrogen bond restraints, backbone
non-crystallographic symmetry restraints, and translation/libration/screw (TLS) parameters.

Isothemal Titration Calorimetry

Protein samples were dialysed against 300 mM KCl, 5% glycerol, 1 mM TCEP, and 20 mM
HEPES NaOH pH 7.5 for > 24 h. Using an ITC-200 Auto (GE Healthcare), WT TRBP
(residues 1-366) or TRBP3 (residues 258-366) at 100 or 180 uM was injected into 10 uM
Dicer using one 0.5 pL injection followed by nineteen 2 pL injections at 25°C. Experiments
were performed in duplicate. Data were analyzed via modified Origin software (GE
Healthcare), fitting to a one-site binding model following baseline correction. Control
experiments with TRBP injected into buffer were performed to account for heats possibly
associated with dimer dissociation of TRBP (Yamashita et al., 2010), but no such heat could
be observed.
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Mutagenesis

To abrogate binding by TRBP or PACT, the following Dicer mutations were made: F282A,
L348K, and T352E. This was performed for the human enzyme via site directed
mutagenesis using the following primers: F282A-f,
GCTGATGGAATTAGAAGAAGCACTTAATGCTATCAATGATTGTAATATATCTCT
G; F282A-r,
CAGAGATATATTACAATCATTGATAGCATTAAGTGCTTCTTCTAATTCCATCAGC
; L348K+T352E-f,
GGAAATTTTTAAAGTTTACAGACGAATTCCTAAGGAAAATACATGC; L348K
+T352E-r, CCTTAGGAATTCGTCTGTAAACTTTAAAAATTTCCTGTGCAG.

Mutations at equivalent positions of mouse Dicer were made using the following primers:
F270A-f,
GATGGAGTTAGAAGCAGCACTTGATGCTATCAATGATTGTAATGTAGCTGTAC;
F270A-r,
GTACAGCTACATTACAATCATTGATAGCATCAAGTGCTGCTTCTAACTCCATC;
L336K+T340E-f,
GGAAGTTCCTAAAGTTTACAGACGAATTGTTAAGGAAAATACACGC; L336K
+T340E-r, CCTTAACAATTCGTCTGTAAACTTTAGGAACTTCCTGTGTAGCTCC.

Dicing Assays
5/-32p_|abeled RNA substrates were annealed in 20 mM Tris-HCI pH 7.5, 100 mM NaCl, 1
mM DTT, 1% glycerol, and 1.5 mM Igepal CA-630 by heating at 95°C for 5 min followed
by snap cooling on ice for 5 min. Single turnover dicing assays were performed in 5 pL
mixtures, which consisted of 100 nM Dicer (or previously purified Dicer-dsRBP complex
(Lee et al., 2013)) and < 1 nM 5’ 32P-labeled substrate. Reactions were incubated for 15 min
at 37°C with 10 nM pre-let-7 hairpin RNA in 20 mM Tris-HCI pH 7.5, 25 mM NaCl, 1 mM
DTT, 1% glycerol, 1.5 mM MgCl,, and 0.01% lIgepal CA-630. Reactions were quenched
using EDTA and the denaturing PAGE gels were visualized by phosphorimaging. All RNA
substrates were gel purified using 12% acrylamide denaturing PAGE prior to use. RNA
transcripts contained a 3’-terminal sequence for cloning
[GGGAAUUCUAAUACGACUCACUAUAGGGAGA], a 5-terminal HDV ribozyme
sequence
[GGGUCGGCAUGGCAUCUCCACCUCCUCGCGGUCCGACCUGGGCAUCCGAGGA
AAC UCGGAUGGCUAAGGGAGAGCCAACGAGUAGUGGGAUCCGGG], and a
variable internal sequence containing a hammerhead ribozyme
[CUGAUGAGUCCGUGAGGACGAAACGGUACCCGGUACCGUC] (HH) and a pre-
miR (underlined) that was released after self-cleavage of the adjacent ribozymes:

30e  GGAUGUUUACA[HH]JUGUAAACAUCCUUGACUGGAAGCUGUAAGGUGUUGAGAGGAGCUUUCAGUCGGAUGUUUACAGC

574  ACACACACUCA[HH]JUGAGUGUGUGUGUGUGAGUGUGUGUCGCUCCAAGUCCACGCUCAUGCACACACCCACA

17 UAAGCACUUUG[HH]CAAAGUGCUUACAGUGCAGGUAGUGAUGUGUGCAUCUACUGCAGUGAGGGCACUUGUAG

423  UCUGCCCCUCA[HH]JUGAGGGGCAGAGAGCGAGACUUUUCUAUUUUCCAAAAGCUCGGUCUGAGGCCCCUCAGU

32 AAUGUGCAAUA[HH]JUAUUGCACAUUACUAAGUUGCAUGUUGUCACGGCCUCAAUGCAAUUUAGUGUGUGUGAUAUU

let-7  CUACUACCUCA[HH]JUGAGGUAGUAGGUUGUAUAGUUUUAGGGUCACACCCACCACUGGGAGAUAACUAUACAAUCUACUGUC
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13 pmol Hisg-MBP-tagged TRBP or PACT was allowed to bind to equimolar amounts of
WT Dicer or Dicerpy,t in 200 uL binding buffer (300 mM NaCl, 30 mM imidazole, 5%
glycerol, 20 mM HEPES NaOH 7.5, and 1 mM TCEP) for 20 min at RT. This mixture was
bound to equilibrated nickel affinity resin for 15 min at RT and then washed twice with 500
uL binding buffer. Beads were boiled in 1x loading dye to elute bound protein and run on
SDS-PAGE. Protein bands were quantified using Image Lab (BioRad) and bound Dicer
quantities were plotted.

NMR Spectroscopy

NMR data were collected at 298 K at the NMR Facility at the University of California,
Berkeley on Bruker Avance 11 900 MHz spectrometer equipped with a Bruker cryogenic
probe. HSQC spectra were collected using 1 mM protein at 25°C in a buffer of 20 mM
HEPES NaOH pH 7.5, 100 mM potassium chloride, 5% (w/v) glycerol, 1 mM TCEP, and
5% D,0. Data were processed using NMRpipe and analyzed using NMRviewJ.

Transfection, Library Preparation, and Sequencing

Plasmids expressed mouse Dicer with an N-terminal 3XxFLAG tag, driven by a TK promoter.
10 cm? plates of WT or Der™~ (Yang et al., 2010a) mouse embryonic fibroblast (MEF) cells
were transfected with 10 ug of plasmid using 30 pL of Lipofectamine 2000 (Life
Technologies). Fresh media (Glutamax DMEM (Gibco) supplemented with 10% fetal
bovine serum and 1% pennicillin/streptomycin) was introduced after 5 h. Cells were
harvested after 24 h via scraping followed by washing with PBS. For lysis, cells were
resuspended in a hypotonic buffer (10 mM HEPES NaOH pH 8, 1.5 mM MgCl,, 10 mM
KCI, 1 mM TCEP, and 1 mM PMSF) to induce swelling, followed by eight passes through a
27GY%2 needle. Nuclei and cellular debris were subsequently pelleted by centrifugation. Total
protein was quantified using Bradford reagent and subsequent steps used equivalent amounts
of total protein. Western blots were performed using DM1A (Abcam) for tubulin control,
610418 (BD Biosciences) for Hsp90 control, J101 (a gift from Chrysi Kanellopoulou, NIH)
against Dicer, 2D4 (Wako) against Ago2, 2A8 (Millipore) against pan-Ago (Agol1/2/3/4),
1B9-1A7 (Abcam) against PACT, and ab42018 (Abcam) against TRBP. For
immunoprecipitation, 3 UL (4 pg) anti-mouse AGO2 antibody (2D4, Wako) was bound to 50
uL of Dynabeads G (Life Technologies) slurry in 100 pL citrate-phosphate buffer (25 mM
and 50 mM, respectively; pH 5) for 90 min at RT with agitation. 200 L cleared lysate
(supplemented with 4 M sodium chloride to a final concentration of 200 mM) was bound to
the antibody-coated beads with agitation for 4 h at 4°C. Beads were washed with 200 uL
PBS and the RNA was isolated via extraction with acid phenol followed by ethanol
precipitation. 75 ng of isolated RNA was used in library preparation with the miRvana kit
(Life Technologies) modified with a custom 5 adapter with eight degenerate nucleotides
(N), 5 GUUCAGAGUUCUACAGUCCGACGAUCNNNNNNNNGUAC 3, to incorporate
a distinct primer 1.D. for each ligation event, eliminating signal noise from PCR
amplification (Jabara et al., 2011). After library amplification, samples were gel purified and
~150 bp bands were excised, eluted, and ethanol precipitated. Samples were run on an
Illumina HiSeg2500 in high output mode and single-end sequenced.
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Sequencing Analysis

Raw sequencing data was pre-processed before alignment by filtering for read quality,
collapsing PCR replicates (based on primer 1.D.) and removing adapter regions, using the
Fastx Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). After pre-processing, ~1.5 million
reads remained in each sample. Pre-processed sequences were aligned to a reference pre-
miRNA transcriptome (Kozomara and Griffiths-Jones, 2011) with Bowtie2 in global
alignment mode, allowing for up to 100 degenerate mappings (Bowtie2 settings—very-
sensitive —k 100) (Langmead and Salzberg, 2012). 60-70% of reads were aligned to the pre-
miRNA transcriptome under these settings. This is true even for the predominantly <15 nt
reads observed under the Dcr”- condition, although such sequences derive from pre-
miRNAs cleaved or degraded by Dicer-independent processes. Ambiguous mappings were
resolved by using eXpress (eXpress settings —output-align-prob, -B 20, and all other settings
as default) to produce an estimated probability of correct alignment, such that the sum of
these probabilities for all alignments for a given read sequence was set to 1 (Roberts and
Pachter, 2013). This step re-scales each mapping of a multi-mapped read based on its
probability of alignment, and ensures quantitative treatment of alignments. This step is
especially important for this experiment because the short read lengths of miRNAs are
expected to produce many ambiguously mapped reads. Downstream analysis of alignments
was performed using custom-written Python scripts using the open-source libraries PySam
and BioPy. Read counts at each step of analysis are presented in Table S4. Our analysis of
strand selection behavior was as follows: for each mouse pre-miR annotated in miRbase
with at least one read at each arm, we plotted log(5’ arm coverage/3’ arm coverage) —
defined as the “strand selection score” — in a scatter plot with the WT MEF condition as
reference and compared this to values obtained under the rescue conditions using WT Dicer
or Dicerp,t. To determine the miRNAs most drastically affected by the presence or absence
of Dicer partner dsRBPs, we averaged the values from the equivalent replicate datasets,
sorted the miRNAs by strand selection score, and removed from consideration (due to
potentially atypical behavior) miRNA duplexes where magnitude of strand selection score
differed by more than a standard deviation (0.49) between WT MEF reference and WT
Dicer rescue conditions. Top remaining cases differing by more than one standard deviation
in magnitude (0.60) between WT MEF reference and the Dicery,; rescue condition are
reported in Table S3. Cluster analysis was performed on the miRNAs meeting the above
criteria for strand selection scoring. Data for both potential strands were considered in
tandem for each miRNA. Ordering of miRNAs was determined based on the WT Dicer
rescue clustering, and this ordering was applied to the other two samples for comparison.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of the Dicer—-TRBP interface. (A) Cartoon representation of the primary sequence

of Dicer and TRBP with brackets indicating the interacting domains. (B) Overlaid backbone
cartoon and surface representations of the Dicer partner-binding domain (PBD) and the third
dsRBD of TRBP. (C) Front and back views with interfacial residues shown. Dicer residues
mutated to abrogate TRBP and PACT binding are shown in pink with resulting residues
indicated in parentheses. See also Figure S1.
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A single surface of Dicer binds TRBP or PACT. (A) A homology model of PACT3 based on
the TRBP3 structure reveals conservation of interfacial residues (white, identical or similar;
orange, dissimilar). Mutated Dicer residues are shown as in Figure 1C. (B) Sequence
alignment comparing TRBP and PACT in human and mouse. Black, identical residues; grey,
similar residues; orange, dissimilar residues; dots, TRBP residues located within 5 A of
Dicer in the crystal structure. (C) A view of interfacial contacts between TRBP and Dicer,
showing Dicer residues targeted for mutation as in 1C. (D) MBP-tagged TRBP or PACT
was used to pull down WT Dicer or Dicerq,t, demonstrating the latter protein's lack of

affinity for dsSRBP partner proteins. See also Figure S2.
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Figure 3.
Roles of Dicer partner proteins TRBP and PACT in miRNA biogenesis. (A) Correlation of

strand selection behavior (scored as log(5” arm coverage/3’ arm coverage) among Ago2-
associated miRNA) between WT MEF (X axis) and rescue conditions (Y axis) with either
WT Dicer or Dicergy; demonstrates the importance of TRBP and PACT in maintaining
fidelity of strand selection. In the Dicery,t condition, an increased deviation from the
diagonal is observed due to impaired strand selection fidelity. Labels denote the 14 miRNA
duplexes most dramatically affected (to >1 standard deviation) by the loss of TRBP and
PACT recruitment to Dicer. 23 candidate duplexes varying in strand selection behavior by
more than one standard deviation between MEF and WT rescue conditions (shown in grey)
are not considered based on the possibility that they are behaving aberrantly due to the Dcr™-
MEF context. The blue open circle represents miR-132. (B) Cluster analysis of miRNA
lengths observed in WT MEF cells or Dicer knockout cells rescued with either WT Dicer or
Dicerp, revealing an increased propensity for formation of 22 nt products instead of 21 nt
products when Dicer can recruit TRBP and PACT for certain sensitive miRNAs (pink
boxes). Ordering is based on results obtained in the WT Dicer rescue condition. See also
Figure S3.
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Impact of TRBP on Dicer cleavage position of miR-30e. (A) In vitro dicing of pre-miR-30e
shows a dependence on TRBP for consistent cleavage of a 24 nt product. (B) Quantification
of isomiR distributions resulting from dicing assays of pre-miR-30e. Error bars represent
standard deviation based on triplicate experiments. (C) Schematic showing the effect of
altered dicing on pre-miR-30e and ramifications for downstream Ago2 loading. See also

Figure S4.
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Figure 5.
The absence of inter-domain interactions in TRBP. IH-15N HSQC spectra of individual

TRBP dsRBD constructs (dsRBD1, red, top; dsRBD2, green, middle; TRBP3 which
includes dsRBD3, blue, bottom) show no pronounced chemical shift perturbations when
overlaid with a spectrum of full-length TRBP containing all three dsRBDs (black),
indicating the absence of inter-domain interactions. Asterisks mark peaks assigned via their
diagnostic intensity to the C-termini of the dSRBD1 or dsRBD2 constructs, expected to be
shifted in the spectrum of the full-length TRBP due to change in chemical environment.
Brackets mark regions wherein the full-length TRBP spectrum is displayed at a slightly
lower threshold to show low-intensity peaks. See also Figure S5.
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o
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Figure 6.
Mechanisms of Dicer partner proteins in the context of the miRNA biogenesis machinery.

(A) The human Dicer architecture (as determined by electron microscopy) is colored
according to functional domains (PAZ, pink; RNase Illa/b, yellow; helicase, green), with the
Dicer-TRBP interface structure determined in the present crystallographic work shown in
dark green (Dicerpgp) and cyan (TRBP3). NMR results suggest that the two N-terminal
RNA-binding domains of an extended TRBP can readily access an RNA bound near the
paired RNase 11 active sites of Dicer. (B) Models for how Dicer partner proteins contribute
to isomiR formation (top) and strand selection fidelity during transfer of a Dicer product
duplex to Argonaute (bottom). See also Figure S6.
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Resolution range (A)

Total reflections

Unique reflections

Completeness (%)

Redundancy

Rmeas (%)

I/sigma (1)

Wilson B-factor
Refinement

R-factor

R-free

Number of atoms

Protein residues

RMS (bonds)

RMS (angles)

Ramachandran favored (%)

Ramachandran outliers (%)

Clashscore

Average B-factor

49.35-3.2 (3.28-3.2)
239356

18127

100.00 (99.80)

13.2 (13.6)

18.9 (194.4)

18.55 (1.70)

79.26

0.2280
0.2593
3192
410
0.013
1.59

0.25
22.46
89.5

Table 1
Crystallographic statistics.
Native Se (peak)

Crystal properties

Space group F4,32 F4,32

Unit cell

a,b,c(A) 292,292, 292 294,294, 294

a, B,y (%) 90, 90, 90 90, 90, 90
Data collection

Wavelength (A) 1.11111 0.979663

169.5 - 3.7 (3.79-3.70)

1006047
21915

99.8 (99.3)
459 (39.5)
20.4 (142.3)
26.96 (3.67)
103.67
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