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ABSTRACT

In the microRNA (miRNA) pathway, Dicer processes precursors to mature miRNAs. For efficient processing, double-stranded
RNA-binding proteins support Dicer proteins. In flies, Loquacious (Loqs) interacts with Dicer1 (dmDcr1) to facilitate miRNA
processing. Here, we have solved the structure of the third double-stranded RNA-binding domain (dsRBD) of Loqs and define
specific structural elements that interact with dmDcr1. In addition, we show that the linker preceding dsRBD3 contributes
significantly to dmDcr1 binding. Furthermore, our structural work demonstrates that the third dsRBD of Loqs forms
homodimers. Mutations in the dimerization interface abrogate dmDcr1 interaction. Loqs, however, binds to dmDcr1 as a
monomer using the identified dimerization surface, which suggests that Loqs might form dimers under conditions where
dmDcr1 is absent or not accessible. Since critical sequence elements are conserved, we suggest that dimerization might be a
general feature of dsRBD proteins in gene silencing.
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INTRODUCTION

MicroRNAs (miRNAs) are conserved small noncoding RNAs
that regulate gene expression at the level of translation and
mRNA stability (Bartel 2009; Dueck and Meister 2014).
MiRNAs are generated as primary transcripts (pri-miRNAs),
from which stem-loop-structured precursors (pre-miRNAs)
are processed by the RNase III Drosha. Pre-miRNAs are ex-
ported to the cytoplasm, where Dicer, a second RNase III en-
zyme, generates a 20–25 nucleotide (nt) double-stranded (ds)
miRNA intermediate (Carthew and Sontheimer 2009; Kim
et al. 2009). One strand of the Dicer product is selected and
loaded into the RNA-induced silencing complex (RISC),
where it directly binds to a member of the Argonaute (Ago)
protein family (Meister 2013; Dueck and Meister 2014).
Both Drosha and Dicer require the help of a double-stranded
RNA-binding protein (dsRBP). DGCR8/Pasha helps to re-
cruit and correctly position Drosha on the substrate pri-
miRNA (Han et al. 2004, 2006; Landthaler et al. 2004;
Nguyen et al. 2015). In mammals, Dicer cooperates with
TRBP and/or PACT (Chendrimada et al. 2005; Haase et al.

2005; Lee et al. 2006). Both dsRBPs have been implicated in
miRNA biogenesis and contain three dsRNA binding do-
mains (dsRBDs). It has been demonstrated that TRBP uses
its first and second dsRBD to interact with the Dicer-pro-
duced miRNA intermediate while the third dsRBD is a pro-
tein–protein interaction domain and utilized for the
interaction with the helicase domain of Dicer (Daniels et al.
2009; Wilson et al. 2015). In Drosophila, miRNA and short
interfering RNA (siRNA) pathways are separated and two
specialized Dicers exist. Dicer2 (dmDcr2) is responsible for
processing of dsRNAs into siRNAs and requires the help of
the dsRBP R2D2 (Liu et al. 2003; Lee et al. 2004; Tomari
et al. 2004). Dicer1 (dmDcr1), in contrast, is specialized
on miRNA processing and is supported by the dsRBP
Loquacious (Loqs) (Forstemann et al. 2005; Jiang et al.
2005; Saito et al. 2005; Ye et al. 2007). Like other Dicer pro-
teins, dmDcr1 is characterized by several different domains
(Tsutsumi et al. 2011): two RNase III domains that cleave
the two strands of the miRNA precursor (Zhang et al.
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2004), a dsRBD that supports the cleavage activity (Kidwell
et al. 2014), a PAZ domain, which interacts with the ds
end of the pre-miRNA and positions it on human Dicer for
cleavage (Park et al. 2011) and a helicase domain, which binds
ATP and might be involved in substrate recognition (Sinha
et al. 2015). Loqs contains three dsRBDs (Fig. 1A). DsRBD1
and dsRBD2 are classical RNA-binding domains, which
interact with the dsRNA during Dicer processing and/or
RISC loading. The third dsRBD, however, appears to interact
with dmDcr1. The presumably unstructured linker between
dsRBD2 and 3 supports this interaction (Forstemann et al.
2005). While the interface between TRBP and human
Dcr has recently been structurally characterized (Wilson
et al. 2015), the molecular basis of this interaction platform
both on dmDcr1 and on the dsRBD3 of Loqs is not yet
understood.

To unravel themolecular and functional details underlying
the dmDcr1–Loqs interaction, we have solved the structure of
the dsRBD3 of Loqs at 2.65 Å. We find that a specific loop
and a linker region contact dmDcr1 and point mutations in
these regions abolish or weaken dmDcr1 interaction.
Furthermore, the crystal packing of dsRBD3 of Loqs suggests

a homodimer, which we find to be stable in solution. Critical
residues in the dimerization interface are also essential for
dmDcr1 binding and activity. As on the one hand the dimer
interface is conserved in other dsRBPs that function in small
RNA gene silencing, and on the other hand, the helix bundle
of Dicer which forms the interaction module for TRBP is also
conserved across species, the dsRBD3-dimer surface is prob-
ably a bifunctional interaction platform.

RESULTS

Crystal structure of Loqs dsRBD3

It has been reported that Loqs dsRBD3 interacts with Dicer
(Forstemann et al. 2005). The underlying structural features
that shift the dsRBD3 from an RNA-binding domain to
aDicer-interaction platform are still unclear. To clarify this is-
sue, we solved the structure of dsRBD3 by X-ray crystallogra-
phy (see Supplemental Tables 1 and 2 for statistics,
parameters, and conditions). The dsRBD3 of Loqs folds into
the canonical α-β-β-β-α structure described for dsRBDs
(Fig. 1B). The secondary structure elements can be almost

FIGURE 1. Structure of Loqs-dsRBD3, a non-RNA-binding dsRBD. (A) Schematic representation of Loqs-PB. RNA-binding dsRBDs 1 and 2 are
colored orange and the nonbinding dsRBD3 is shown in green. (B) Structure model of a Loqs-dsRBD3 monomer. Regions mediating RNA contacts
in other dsRBDs are highlighted in yellow. The side chain of phenylalanine (F) 419 is shown. (C) Superposition of the structures of TRBP dsRBD2
bound to RNA (PDB = 3adl, yellow), RBD5 of Staufen1 (PDB = 4dkk, blue), and Loquacious dsRBD3 (green). An arrow highlights different positions
of the L2 loop. (D) Structure-based alignment of Loqs-dsRBD3 with representatives of the most closely related structures identified by DALI.
Secondary structure elements are indicated; positions with <3 Å distance from the equivalent in Loqs are shaded in gray. The three RNA-binding
regions of dsRBDs are marked, and RNA-binding residues are shown in bold. Loqs F419 and residues at equivalent positions in other domains
are highlighted in red.
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perfectly overlaid onto several dsRBD structures identified by
DALI (Holm and Rosenstrom 2010) with overall rmsd values
∼2 Å. These include dsRBDs of Staufen1, Dicer, or RNase III.
However, considerable diversity is observed in the loop con-
formations, especially of L2 connecting the β-sheets β1 and
β2 (Fig. 1C).
Three highly conserved regions in dsRBDs have been

shown to be crucial for dsRNA binding (for review, see
Masliah et al. 2013). Particularly, a glutamate side chain in
helix α1, a GPxH motif in the loop L2, and the positively
charged patch KKxAK in helix α2, make important contacts
with the RNA (Fig. 1B, highlighted in yellow). In Loqs
dsRBD3, only region 1 is conserved (Fig. 1D). Region 2 in
loop L2 is shortened and the critical GPxH motif is missing.
In region 3, all positively charged residues are replaced by
AADAQ, leaving the region with a negative overall electro-
static potential. In a structure-based alignment, L2 shows
the highest degree of variability (Fig. 1D). The L2 of Loqs
dsRBD3 is shorter than its equivalent in RNA-binding
competent dsRBDs. Thus, it is not able to reach the minor
groove that is specifically bound by a histidine residue in
dsRBD2 of TRBP and most other RNA-binding dsRBDs
(Fig. 1C; Yang et al. 2010; Masliah et al. 2013). In addition,
Loqs L2 adopts a specific conformation, pointing away from
the surface bound by RNA in the related structures (Fig.
1C). As this conformation is observed in all six monomers
present in the asymmetric unit of our structure irrespective
of the crystal environment, we are confident that it is a natu-
ral structural feature. Reconstitution of the lysine residues in
region 3 and the GPxH motif in region 2 is not sufficient to
restore RNA-binding activity in gelshift assays, probably due
to the shorter loop L2, which prevents the histidine side chain
to reach into the dsRNA minor groove (data not shown).
L2 conformations similar to Loqs-dsRBD3 have been ob-

served in the C-terminal dsRBD of hsDicer and the RBD5
domain of human Staufen1 (Fig. 1C,D) and are indicative
of a protein rather than an RNA-binding function of these
domains.

The L2 loop within dsRBD3 contributes
to dmDcr1 interaction

The histidine residue involved in RNA binding in TRBP-
dsRBD2 is replaced by phenylalanine F419 in Loqs-
dsRBD3, which is fully accessible to the solvent (highlighted
in Fig. 1B). We hypothesized that this exposed hydrophobic
ring might be involved in the interaction of dsRBD3 with the
helicase domain of dmDcr1. To test this hypothesis, we per-
formed pulldown experiments using wild-type (wt) dsRBD3
as well as different mutants (Fig. 2A, “dsRBD3”). Indeed,
while GST-dsRBD3 efficiently precipitates overexpressed
His-dmDcr1 from cell lysates, the F419A mutant is strongly
impaired in dmDcr1 binding (Fig. 2B). In contrast, mutation
of the partially exposed F423 in strand β2 has no effect on the
Loqs–Dicer interaction, demonstrating that F419 specifically

contributes to dmDcr1 binding. Mutations that reconstitute
side chains participating in RNA binding in Loqs–dsRBD1
and -2 like A444K have no influence on Dicer binding (Fig.
2B), indicating that different surfaces of the dsRBDs are
used for RNA and protein binding.

The linker between dsRBD2 and dsRBD3 strongly
enhances dmDcr1 binding

Four splice isoforms of Loqs (Loqs-PA-PD) have been de-
scribed, which differ in their C-terminal regions (Hartig
et al. 2009). Loqs-PA and -PB contain all three dsRBDs with
PB having a longer linker region between dsRBD2 and 3.
Loqs-PC and -PD lack dsRBD3 and PD has an alternative C-
terminal region. Of these isoforms, mainly Loqs-PB and to a
lesserextentLoqs-PAarecopurifiedwithdmDcr1 in immuno-
precipitation experiments, demonstrating a role of dsRBD3
andalso the extended linker in thePB isoform inDicerbinding
(Forstemann et al. 2005). In order to investigate the contribu-
tion of the PB-linker region, we expressed and purified GST-
dsRBD3 protein containing different lengths of linker se-
quence. As expected, dsRBD3 containing the full linker se-
quence had markedly higher pulldown efficiency for
dmDcr1 compared to the dsRBD3 alone (Fig. 2C, Loqs-0,
Loqs-4). Sequential truncation of the linker (Fig. 2A) revealed
aminimal regionstartingwithaminoacid(aa)368,whichcon-
tributes to dmDcr1 binding in addition to dsRBD3 (Fig. 2C).
Sequence analysis of the minimal linker region predicts a

propensity to form an amphipathic helix with residues
L371, N373, L379/380/382, and L387 making up the hydro-
phobic face. While mutation of L371A and N373E had
no effect, mutation of L387A and K378E impairs dmDcr1
binding, suggesting that the linker makes hydrophobic in-
teractions with a cognate surface on dmDcr1 (Fig. 2D). Com-
bination of this mutant with the F419A mutation in dsRBD3
further diminishes the binding activity, which argues for a
concordant binding of both regions to the dmDcr1 helicase
domain (Fig. 2D).
Our truncation experiments suggested that not only the

third dsRBD but also the preceding linker region is important
for dmDcr1 binding. To analyze the individual contributions
of both regions in detail, we directly compared the binding
activity of dsRBD3 alone and together with the linker region
(Fig. 3A). Although both constructs interact with dmDcr1,
the addition of the linker region elevated binding by
∼10-fold. To analyze the individual contributions of these in-
teractions more quantitatively, we performed fluorescence
cross-correlation spectroscopy (FCCS) (Bacia and Schwille
2007). FCCS is a single-molecule-sensitive method to mea-
sure concentration and molecular mobility of fluorescently
labeled molecules and provides access to equilibrium and
rate constants of molecular interactions.
dmDcr1 was fused to GFP and a complex was formed

with the Alexa Fluor (AF) 647-labeled Loqs-3 construct
(Loqs-3AF647), which contains both dmDcr1-binding sites
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(Fig. 2A). Affinity determination of the interaction of labeled
components yielded a Kd-value of 6.7 ± 2.2 nM. Additional-
ly, wemeasured the equilibrium binding constants of fluores-
cent dsRDB3 (dsRDB3AF647) to GFP-dmDcr1 and observed a

substantially decreased affinity (191.5 ± 27.6 nM) (data not
shown). To rule out influences of the fluorescent dye, we test-
ed both unlabeled Loqs-3 and dsRDB3 in competition ex-
periments. For this, increasing amounts of unlabeled Loqs

FIGURE 2. Residues in Loop L2 and the interdomain linker contribute to dmDcr1 binding. (A) Schematic representation of GST-tagged proteins
used for the pulldown assays. Positions of mutated amino acids are indicated with red lines. (B) Pulldown assay of His-dmDcr1 from SF21 cell lysate
with GST-Loqs-dsRBD3 and point mutants as indicated. GST alone served as control. Bound dmDcr1 is detected by immunoblot using a specific
antibody and bait proteins were stained with Coomassie blue. (C) Pulldown assay as in B using Loqs constructs (Loqs0-4) containing sequential trun-
cations of the interdomain linker. (D) GST-pulldown with various mutations within the minimal linker Loqs-3 construct and quantification of the
dmDcr1 signal normalized to the wt construct.
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dsRBD3 alone or the Loqs-3 construct were added to the
sample to allow competition for dmDcr1 binding. Loss of
cross-correlation between the two fluorophores can be mea-
sured depending on the concentration of the added unlabeled
protein (Fig. 3B). Using this approach, we determined an
IC50 value of 104 nM and a Ki value of 43.6 nM for
dsRBD3 alone (Ki values are the Kd values of inhibitor bind-
ing, i.e., the unlabeled Loqs-dsRBD3). Consistent with our
binding studies, the IC50 and the correspondingKi values de-
creased ∼10-fold to 9.3 nM and 3.6 nM, respectively, for the
Loqs-3 construct (Fig. 3C).
In summary, we verified two specific dmDcr1 contact sites

located in the linker region as well as the dsRBD3. While the
dsRBD3 interaction might be important for specificity, the
linker region strongly contributes to high affinity binding.

Loqs forms homodimers

Analysis of the protein contact interfaces in the crystal using
PISA (Krissinel and Henrick 2007) revealed a symmetric
dimerization interface of ∼700 Å2 between the dsRBD mole-
cules when the effect of an observed domain swap, which
most likely is a crystallization artifact (see Supplemental
Fig. S1 in the extended view), was corrected. The observed in-
terface is predicted to be highly stable in solution. We there-
fore modeled a dimer consisting of two native dsRBD3

molecules (Fig. 4A). The dimer interface is mainly hydropho-
bic and brings the strands β3 of both monomers into close
proximity in a parallel orientation, enabling the first half of
the strand (aa 434–438) to engage in beta sheet interactions.
To further solidify our structural model, we investigated

homodimerization of Loqs via dsRBD3 in more detail.
First, we incubated dsRBD3 together with recombinant
dmDcr1 and chemically crosslinked interacting proteins
(Fig. 4B). Consistent with our dimerization model, the
Loqs-3 construct can be readily crosslinked to a species mi-
grating as a dimer in SDS-PAGE. It is also crosslinked to
dmDcr1 and does not form larger homomeric aggregates
(Fig. 4B). Second, we analyzed the migration of dsRBD3 in
size-exclusion chromatography (Fig. 4C). Loqs-3 (Fig. 2A)
migrates at an apparent molecular weight (MW) of 26 kDa,
which roughly equals twice the apparent MW of dsRBD2,
which elutes close to the theoretical value of 14 kDa (Fig.
4C; compare black and green graphs). From our structural
model, we predicted that L426, which is located in strand
β2, participates in dimer interactions. To disrupt the dimer,
we substituted L426 by a more bulky arginine (L426R).
Strikingly, the L426R mutation resulted in shifting the peak
in size-exclusion chromatography to a MW of 13 kDa repre-
senting the monomeric form (Fig. 3C, orange graph). In or-
der to assess a potential requirement of the dimerization
interface for dmDcr1 binding, we tested the L426R mutant

FIGURE 3. Contribution of the interdomain linker to dmDcr1-binding affinity. (A) GST-pulldown assay of Loqs-3 and dsRBD3 constructs and
quantification of the dmDcr1 signal normalized to the Loqs-3 construct. (B) Overview of the FCCS setup. Two laser lines illuminate an overlapping
microscopic detection volume (1). Molecules entering/leaving the detection spot give rise to a fluctuation curve (2). Auto- and cross-correlation of the
fluctuation curves gives specific information on various biophysical data (3). (C) Fluorescently labeled Loqs-3AF647 was bound to GFP-dmDcr1 and
subsequently competed with different amounts of unlabeled Loqs-3 or dsRBD3. IC50 values were obtained and Ki values were calculated according to
Cheng-Prusoff.
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FIGURE 4. Loqs dsRBD3 dimerizes via a conserved interface. (A) Structure model of a dimer of native Loqs-dsRBD3 molecules. The side chain of
residue L426 is shown as yellow sticks and I461 as red sticks. (B) Crosslinking assay of purified His-dmDcr1 and HA-Loqs-3 (aa 368–463).
Concentrations of DSS-crosslinker are indicated on top. Both proteins are detected by immunoblot—Loqs by an anti-HA-antibody (green) and
dmDcr1 by a specific antibody (red). Positions of monomeric and dimeric Loqs-3 are indicated on the right. (C) Size-exclusion chromatography
of Loqs-dsRBD2 (green), Loqs-3 (black), Loqs-3 L426R (orange), Loqs-3 K460E (red), and Loqs-3 KI460/61EA (blue). Migration of a protein stan-
dard is shown on top. (D, top) Pulldown assay of His-dmDcr1 with GST-Loqs-3 and mutants as indicated. Bound dmDcr1 is detected by immuno-
blotting using a specific antibody; bait proteins are visualized by Coomassie staining. (Bottom) HA-tagged wt Loqs (lanes 2,4) or HA-Loqs L426R
(lanes 1,3) were cotransfected with myc-dmDcr1 into HEK 293 cells. Myc-dmDcr1 was immunoprecipitated using anti-myc antibodies and the im-
munoprecipitates were analyzed by Western blotting using anti-dmDcr1 (upper panel) or -HA antibodies (lower panel). (E) Sequence alignment of
Loqs-dsRBD3 with functional homologs of the TRBP and PACT protein families from different organisms.
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in the GST-pulldown assay described above and found that
the interaction with dmDcr1 is almost completely abrogated
(Fig. 4D). Mutation of K460 or K460 and I461, which con-
tribute to the dimer interface via a potential salt bridge and
hydrophobic contacts, leads to a destabilization of the dimer
reflected by an intermediate elution in gel filtration (Fig. 4C,
blue and red graphs). On Dicer binding, they show only
a modest reduction (Fig. 4D). Furthermore, we analyzed
the interaction of full-length Loqs-PB with dmDcr1 by coim-
munoprecipitation after cotransfection into HEK293 cells.
Consistently, the L426R mutation reduced binding to
dmDcr1 also in the full-length protein context (Fig. 4D, low-
er panel) indicating that either dimer formation is required to
generate the dmDcr1-binding site on Loqs or that dimeriza-
tion and dmDcr1 binding are alternative processes requiring
the same protein surface. In agreement with the latter model,
it has been shown recently that TRBP-dsRBD3 forms a highly
similar interaction surface, which is used for direct Dicer
binding (Wilson et al. 2015).
The residues participating in dimer formation are very

poorly conserved between Loqs dsRBD3 and other dsRBDs
of known structure (Fig. 1D). However, comparison with
functionally homologous domains of the TRBP and PACT
protein families reveals a clear conservation of these residues,
thus implicating that dimerization via dsRBD3 might be a
conserved feature of this class of proteins (Fig. 4E). Indeed,
homomeric affinity of PACT dsRBD3 as well as a dimeric
state of purified recombinant TRBP have been reported

(Hitti et al. 2004; MacRae et al. 2008). In addition, it has
been shown that the dsRBPs TRBP and PACT can form het-
erodimers (Kok et al. 2007) presumably via their dimeriza-
tion surfaces.

Loqs dsRBD3 interacts with dmDcr1 as monomer

To investigate whether dsRBD3 interacts with dmDcr1 as
mono- or dimer, we established and performed single-mole-
cule immunoprecipitation analysis (Fig. 5). This method
is highly sensitive and can probe the stoichiometry of
biomolecular complexes (Jain et al. 2011). To this end, we
preformed a complex consisting of GFP-dmDcr1 and
AF647-labeled Loqs-3 (including the preceding linker re-
gion). The complex was immobilized to a quartz slide for sin-
gle-molecule total internal reflection fluorescence (TIRF)
microscopy using a biotinylated anti-GFP antibody (Fig.
5A). Single AF647 fluorescence spots were detectable in the
dmDcr1 containing reaction, while signals were largely ab-
sent when dmDcr1 was omitted (Fig. 5B,C) providing evi-
dence for the specificity of the immobilization strategy.
Single fluorescent emitters show an abrupt decrease in fluo-
rescence intensity, a phenomenon termed photobleaching,
which can be exploited to count the number of molecules
present at an individual fluorescent spot. In case one Loqs
molecule is bound, only one bleaching step should be ob-
served. However, if two molecules are interacting with
dmDcr1, two bleaching steps would be expected (Fig. 5D).

FIGURE 5. Stoichiometry of Loquacious bound to Dicer using single-molecule coimmunoprecipitation (co-IP) analyses. (A) Schematic represen-
tation of the single-molecule co-IP assay. (B) Total internal reflection fluorescence (TIRF) images of Alexa647-labeled molecules (Loqs-3AF647) pulled
down via Dicer. Dicer was genetically fused to GFP, enabling immobilization on the quartz slide via a biotinylated anti-GFP antibody (scale bar: 10
µm). As a control, Loquacious was flushed over the slide without prior incubation with GFP-dmDcr1. (C) Average numbers of Loqs-3AF647 molecules
per imaging area (6800 μm2). (D) Representative single-molecule fluorescence transients of Loqs-3AF647 molecules that exhibit one-step and two-step
photobleaching. (E) Photobleaching step distribution for Loqs-3AF647 bound to dmDcr1 indicating a 1:1 stoichiometry for the Dicer–Loquacious
complex (molecule numbers accumulated from four independent experiments, a total of 1558 molecules were analyzed).
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We recorded the fluorescence intensity of individual AF647-
labeled Loqs molecules bound to dmDcr1 over time and per-
formed a photobleaching analysis. Indeed, when we quanti-
fied the photobleaching steps, we observed that ∼90% of
the Loqs molecules underwent a single bleaching step and
<10% exhibited a two-step photobleaching event (Fig. 5E).
Therefore, our single-molecule analysis clearly demonstrates
that although dsRBD3 forms dimers in solution, dmDcr1 in-
teracts with a single molecule of Loqs.

Analysis of Loqs–dmDcr1 interactions
in an in vivo reconstitution system

We sought to test the functional relevance of the identified
Dicer-interaction modules in Loqs for miRNA processing
by dmDcr1. To this end, we performed rescue experiments,
in which murine embryonic fibroblasts (MEFs) deficient in
Dicer are complemented with Drosophila dmDcr1 (Bogerd
et al. 2014). In contrast to mouse Dicer, Drosophila Dcr1
alone is not able to process murine miRNA precursors effi-
ciently. Upon cotransfection of Loqs-PB, however, the pro-
cessing activity is restored, thus giving a direct readout of
functionality of different Loqs mutants (Fig. 6). We first test-
ed single-point mutations located within the linker region
that binds to dmDcr1 (Fig. 6A). As expected, L371A, which
had only marginal effects on dmDcr1 binding (Fig. 2D),
was comparable to wt Loqs in these in vivo assays. N373E
had markedly reduced effects on dmDcr1 activity (Fig. 6B),
which is in contrast to our binding experiments (Fig. 2D),
where N373E binds dmDcr1 efficiently. This might be due
to technical differences in the used assays or additional fea-
tures present in the complex in vivo reconstitution assay.
All other mutants tested (K378E, L387A, L379/80/82A)
showed reduced dmDcr1 activation (Fig. 6B), which is con-
sistent with reduced binding to dmDcr1 (Fig. 2D). The nat-
urally occurring splice variant Loqs-PA, which does not
contain the dmDcr1 interaction site located on the linker re-
gion between dsRBD2 and dsRBD3 (Fig. 6C, top panel) and
therefore binds dmDcr1 with reduced affinity (Forstemann
et al. 2005), is not able to reconstitute dmDcr1 activity in
our in vivo assay, indicating that interaction via the linker re-
gion is essential for dmDcr1 function (Fig. 6C). We next
analyzed mutations located in the dsRBD3. The F419A mu-
tation, which decreases binding to dmDcr1 in in vitro bind-
ing assays, also reduces dmDcr1 activity in the Dicer−/−

MEFs, indicating that the L2 loop contributes to dmDcr1
binding in the full-length context as well and the high-affinity
interaction with the linker region alone is not sufficient for
reconstituting dmDcr1 activity in vivo (Fig. 6B).

Finally, we tested the requirement for the dimerization
interface for Loqs activity by using the L426R, K460E, and
the KI460/461EA mutant constructs. Consistent with the
complete lack of dmDcr1 binding, Loqs L426R is unable to
support miRNA biogenesis (Fig. 6D). Of the other two mu-
tants that weaken the dimer interface, K460E and K460E/

I461A, only the double mutant, which also showed reduced
binding to dmDcr1, is clearly impaired in miRNA biogenesis
(Fig. 6D). Taken together, using an in vivo reconstitution
assay, we demonstrate that both dmDcr1 contact regions of
Loqs are required for dmDcr1 interaction and activity in
the full-length context, too.

DISCUSSION

Most RNase III enzymes involved in small RNA processing
function in concert with a dsRBP. These proteins are required
for the correct binding and placement of the dsRNA substrate
as well as strand selection processes (Ghildiyal and Zamore
2009). Here we have unraveled the molecular details of
Loqs–dmDcr1 interactions in Drosophila. Using X-ray crys-
tallography we solved the structure of Loqs dsRBD3 and pro-
vide evidence for the existence of an interaction surface that
can either bind dmDcr1 or dimerize. Furthermore, Loqs uses
not only its dsRBD3, but also the linker region preceding
this domain for efficient dmDcr1 interaction. Using several
different experimental approaches, we provide evidence
that dsRBD3 provides a low and the linker region a high-
affinity dmDcr1-binding site. Nevertheless, the interaction
with dsRBD3 is essential since a point mutation within the
dsRBD3 (F419) strongly affects dmDcr1 activity in the in
vivo reconstitution assay (Fig. 6B). It is therefore tempting
to speculate that dsRBD3 might form a specificity platform
with low affinity and upon dmDcr1 contact and recognition,
linker interactions establish a strong interaction between the
two proteins. Such a two-step binding model might allow for
proofreading during pre-miRNA positioning. Such a model,
however, needs to be experimentally further verified.
The dsRBD3 crystallized as a dimer using a high confi-

dence interaction surface. Interestingly, a highly similar
interaction surface is used by TRBP to interact with human
Dicer (Wilson et al. 2015). Loqs uses this interface to establish
a low-affinity interaction with dmDcr1 as well.We found that
Loqs dsRBD3 forms dimers in the absence of dmDcr1. Using
single-molecule analyses, we demonstrate that dmDcr1 binds
dsRBD3 monomers and liberates them from the preformed
dimers. In a speculative model, we suggest that Loqs forms
dimers when it is not bound to dmDcr1 (Fig. 7). This could
either resemble a quickly available Loqs storage pool or Loqs
could have dmDcr1-independent functions that require
dimerization. Consistently, it has been demonstrated that
dsRBD3 of TRBP and PACT can form homo- and also heter-
odimers as well (Hitti et al. 2004; Kok et al. 2007; MacRae
et al. 2008). Moreover, DGCR8, the dsRBP acting together
with Drosha, has been suggested to form dimers as well
(Faller et al. 2007; Senturia et al. 2010, 2012). The physiolog-
ical roles of such dimerization events, however, are still elu-
sive. Nevertheless, as all structural features required for
dmDcr1 binding are present in dsRBPs acting in small
RNA processing pathways in various organisms, we expect
the mode of Dcr-binding to be widely conserved.
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MATERIALS AND METHODS

DNA constructs

The pFastBac dmDcr1 and Loqs-PB constructs were described in Ye
and Liu (2008). The sequences of the primer-pairs (P1-26) are listed

Supplemental Table 3 (see extended content). Cloning into the bac-
terial expression vectors pET32a and pGEX-4T-1 was performed via
BamHI and SalI restriction sites where a TEV protease recognition
site was integrated into the forward primer. The crystallization con-
struct of Loqs-PB (392–463, P1) also contains a spacer of two gly-
cines for a more efficient cleavage. Linker construct Loqs-0 was

FIGURE 6. An in vivo Dicer reconstitution assays for the functional analysis of dmDcr1–Loqs interactions. (A) Schematic overview of full length
Loqs-PB. Point mutations are indicated as red lines. (B) HA-dmDcr1 (lanes 4–11), wt Loqs (lane 5) as well as the indicated Loqs mutants (lanes
6–11) were cotransfected into Dicer-deficient MEFs. Additionally, HA-GFP and HA-hDcr (lanes 2,3) were transfected as controls. Endogenous
let-7a from Dcr+/+ MEFs (lane 1) was loaded as a marker and processing in the deficient cells was analyzed by Northern blotting (upper panel).
HA-dmDcr1 (middle panel) or HA-Loqs (lower panel) expression was analyzed by Western blotting using anti-HA antibody. Loading of the
Northern blot samples was controlled by EtBr staining and loading of Western blots via an actin blot. (C) Comparison of the Loqs-PB and Loqs-
PA isoforms in the rescue assay. (D) Influence of the dimerization mutants L426R, K460E, and KI460/61EA on miRNA processing.
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introduced with P2, Loqs-1 with P3, Loqs-2 with P4, Loqs-3 with
P5, Loqs-4 with P6 and Loqs-3 HA construct with P7. For eukary-
otic expression, constructs were cloned into a modified pIRESneo
(Clontech) and pCS2 expression vectors via FseI and AscI restriction
sites. P8 was used to generate the Loqs-PB 1-463, P9 for the dmDcr1
construct from the respective pFastBac template. For point muta-
tions the following mutagenesis primers were used: L371A with
P10, P11 for L371A full-length construct, N373E with P12, K378E
with P13, triple mutant L379/80/82A with P14, L387A with P15,
F419A with P16, F423A with P17, A444K with P18, L426R with
P19, K460E with P20, P21 for K460E full-length construct, KI460/
61EA with P22 and P23 for KI460/61EA full-length construct. The
Loqs-3 construct for the labeling reaction was generated with P24
for C386S, P25 for Q406C, and P26 for C425S.

Protein expression and purification

All purification steps of recombinant proteins were performed at
4°C. Protein concentration was determined spectrophotometrically
at 280 nm. GST-tagged proteins were expressed from pGEX-4T-1,
His6-Thioredoxin tagged proteins from pET32a.

Expression of proteins was performed in Escherichia coli BL21
(DE3). Cells were grown at 37°C to an OD600 of 0.6 and protein ex-
pression was induced by the addition of 1 mM isopropyl-β-D-thio-
galactopyranosid (IPTG). Cells were grown overnight at 18°C.

The His6-thioredoxin tagged dsRBD3 was affinity purified with a
15-mL IMAC column equilibrated with His-A buffer (50 mM Tris-
HCl, pH 8.0, 300 mM NaCl, and 10 mM imidazole). Elution was
performed with His-B buffer (50 mM Tris-HCl, pH 8, 300 mM
NaCl, 300 mM imidazole) and protein-containing fractions were
pooled and dialyzed against HisA buffer and the tag was simultane-
ously cleaved with a TEV-protease. After a second 15-mL IMAC, the
flowthrough was concentrated by ammonium sulfate precipitation,
resuspended in SEC-1 buffer (50 mM Hepes-NaOH, pH 7.5,
250 mM NaCl, 1 mM dithiothreitol [DTT]), and loaded onto a
Superdex 75 26/60 column (GE Healthcare). Methylation of the
protein required for crystallization was performed according to
Walter et al. (2006).

For purification of GST-tagged proteins the lysate was loaded
onto a 5-mL GSTrap FF column (GE Healthcare) equilibrated
with GST-A buffer (50 mM Tris-HCl, pH 8.0, 200 mM NaCl).
Bound protein was eluted with GST-B buffer (50 mM Tris-HCl,
pH 8.0, 200 mM NaCl, and 3 mg/mL glutathione). GST fusion pro-
tein containing fractions were pooled and applied to a Hiprep 26/10
desalting column and buffer was exchanged to GST-A.

For the GST-tagged Loqs-3 HA construct and the Loqs-3 con-
struct for labeling (C386S, Q406C and C425S), the GST-tag was re-
moved with TEV protease, which, together with the GST tag, was
removed with a second 5-mL GSTrap FF column. The flowthrough
was loaded onto a Superdex 75 10/300 column (GE Healthcare)
equilibrated with SEC buffer and SEC buffer without DTT for the
Loqs-3 labeling construct.

Constructs containing the interdomain linker and the dsRBD2
were additionally washed with GST-A containing 1 M NaCl to re-
move RNA contaminations.

For the generation of recombinant baculovirus encoding
His-tagged dmDcr1 and His-tagged GFP-dmDcr1, the Bac-to-Bac
system (Invitrogen) was used. For this, SF21 cells were transferred
in Sf-900 III SFM medium (Invitrogen) at a density of 0.5–1 × 106

and infected 1:100 with V1 virus stock. Overexpressed dmDcr1
was purified according to Ye and Liu (2008).

Crystallization and structure determination

Methylated Loqs dsRBD3 was used in sparse matrix screening at
15 mg/mL and a single crystallization condition containing 10%
(w/v) PEG-1000 and 10% (w/v) PEG-8000 was identified. Further
refinement resulted in crystals suitable for X-ray diffraction grown
in 2% (w/v) PEG-1000 and 12% (w/v) PEG-8000. Crystals were
briefly soaked with cryobuffer (20% Glycerol, 2% PEG-1000, 12%
PEG-8000) and frozen in liquid nitrogen. X-ray diffraction experi-
ments were carried out at the Beamline 14.2 of the BESSY synchro-
tron (Berlin, Germany). Native data could be obtained up to 2.65 Å
resolution. Data set statistics are given in Supplemental Table 1. For
phasing, selenomethionine-substituted protein was crystallized as
described above and MAD (multiple anomalous diffraction) data
were measured (Supplemental Table 1). The data were processed us-
ing XDS (Kabsch 2010) and selenium sites were identified from the
MAD data using AutoSHARP (Vonrhein et al. 2007). The model
was manually built in COOT (Emsley et al. 2010) and refined

FIGURE 7. Model for Loqs dimerization and dmDcr1 binding. In
the absence of dmDcr1, Loqs forms homodimers via the dimerization
interface located on dsRBD3 (green). DsRBD1 and 2 are indicated as or-
ange circles. In the presence of dmDcr1, Loqs binds to the helicase
domain of dmDcr1 via the dimerization interface of dsRBD3 and a
high-affinity binding site located in the linker preceding dsRBD3 (high-
lighted in red).
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with PHENIX.refine (Adams et al. 2010) using NCS restraints and
simulated annealing. At the final stages, TLS-refinement was carried
out. Model statistics are given in Supplemental Table 2.

Cell culture

HEK 293T and MEF (Dcr+/+ and Dcr−/−) cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich)
supplemented with 10% FBS (Sigma-Aldrich) and 1% penicillin–
streptomycin (Sigma-Aldrich) under standard conditions (37°C,
5% CO2).

Western blotting

Samples for Western blot analysis were mixed with 2× Laemmli
Buffer (eluates from co-IP) or 5× Laemmli Buffer (inputs, eluates
from GST-pulldown) and incubated at 95°C for 5 min. Dicer and
full-length Loqs constructs were separated by SDS-PAGE with 8%
polyacrylamide gels. Loqs was transferred by semidry blotting and
Dicer by wet blotting to a Hybond ECL (GE Healthcare) nitrocellu-
lose membrane. For immunodetection, the following antibodies
were used: mouse-anti-HA (16B12, Covance; 1:1000), rabbit-anti-
myc (Sigma), rabbit-anti-dmDcr1 antibody (ab4735, Abcam,
1:1000), mouse-anti-α-tubulin (DM 1A, Sigma, 1:10,000).

GST-pulldown assays

For each pulldown sample, 40 µL of Glutathione 4 Fast Flow Sephar-
ose (GE Healthcare) were washed with PBS twice. Recombinant
GST proteins (300 µg each) were added to the beads and incubated
for 1 h at 4°C. Then the supernatant was removed and beads
were washed three times with PBS and 1 mL of SF21 lysate con-
taining overexpressed dmDcr1 was applied to the beads. For the
dsRBD3-only constructs, a threefold more concentrated lysate was
applied to the coupled beads. After incubation for 3 h at 4°C while
rotating, the supernatant was removed and the beads were washed
once with PBS supplemented with 1 mM DTT and 1 mM AEBSF
and then three times with a wash buffer containing 25 mM Tris,
pH 7.5, 350 mM NaCl, 1 mM MgCl2, 1 mM DTT, 1 mM AEBSF
and 0.1% NP40. The elution was performed with 40 µL elution
buffer (GST B) for 30 min at RT. The eluate was supplemented
with Laemmli sample buffer (5×), separated on an 8% SDS–poly-
acrylamide gel and Western blotting was performed as described
above. As a loading control, 1% of each elution sample was separat-
ed on a 10% SDS–polyacrylamide gel and Coomassie-stained.

RNA extraction

For the isolation of the RNA, cells were lysed with TRIzol reagent
and extraction was performed according to manufacturer’s proto-
col. Solubilized RNA samples were frozen and stored at −80°C.

Northern blotting

Northern blots were conducted as described earlier (Pall and
Hamilton 2008). RNA samples from Dicer rescue assays were sepa-
rated on 12% urea gels (UreaGel System, National Diagnostics),

semidry-blotted, and EDC-crosslinked. All Northern blots were hy-
bridized with a radiolabeled probe against let-7a (5′-AACTATACAA
CCTACTACCTCA-3′) overnight at 50°C. After the incubation, the
blots were washed twice with 5× SSC, 1% SDS and once with
1× SSC, 1% SDS. Signals were detected by exposure to a screen
and scanning with the phospho-imaging system PMI (Bio-Rad).

Dicer rescue assay

For the dicer rescue assay, 800,000 Dicer−/− MEF-cells were seeded
to a 6-well plate and grown overnight. On the next day, cells were
transfected by Lipofectamine LTX, using 1 µg of Loqs and 2 µg of
dmDcr1 supplemented with 2.5 µL Plus Reagent and 8 µL
Lipofectamine LTX. The transfection mixture was applied to the
cells and incubated for 6 h. Then cells were split to a 10-cm cell cul-
ture dish and after incubation for 2 d, cells were harvested. Sixty-five
percent of the cells were used for Western blot analysis and 35% for
RNA extraction. Cells for Western samples were resuspended in
80 µL PBS supplemented 20 µL 5× Laemmli buffer and lysed via
sonication. Western blotting was performed as described before.
For Northern blotting analysis, 10 µg of extracted total RNA from
the rescued Dicer−/− cells was used and 0.5 µg of the Dicer+/+ total
RNA as a wt control for let-7a.

Coimmunoprecipitation of Loquacious with dmDcr1

HEK293-T cells cotransfected with myc-tagged dmDcr1 and FLAG/
HA-tagged Loqs constructs were harvested and lysed for coimmu-
noprecipitation 48 h after transfection. For each IP transfected cells
from one 15-cm plate were lysed in 1 mL IP-lysis buffer (150 mM
KCl, 25 mM Tris, pH 7.4, 2 mM EDTA, 1 mM NaF, 0.5% NP-40,
1 mM AEBSF, 1 mM DTT, 100 µg/mL RNase A [Thermo Scien-
tific]). Lysates were cleared by centrifugation after an incubation
time of 10 min at 4°C and 10 min at room temperature. As input
samples 1.6% of the cleared lysates were taken. The input was
then incubated with 50 µL Protein-A-Sepharose beads (GE Health-
care) precoupled to 2.5 µg anti-c-myc antibody (Sigma). The IP re-
action was performed for 3 h at 4°C. As control, normal rabbit IgG
(Santa Cruz) was used. After incubation with the input, beads were
spun down and washed five times with IP wash buffer (300mMKCl,
50 mM Tris, pH 7.4, 1 mMMgCl2 and 0.5% NP-40) and once with
PBS buffer. The elution of the precipitated protein complexes was
performed by adding 50 µL SDS-PAGE loading buffer to the beads
followed by boiling at 95°C for 5 min. For analysis via Western blot,
40% of each IP-eluate was taken for PAGE.

DSS crosslinks

For protein–protein crosslinks, disuccinimidyl suberate (DSS,
Thermo Fisher Scientific) was dissolved in water-free dimethylfor-
mamide (DMF), resulting in a concentration of 400 mM. Dilution
series were also performed in water-free DMF and the crosslinker
was added 1:100 to 4 µM of each protein. The crosslinking was per-
formed for 3 h on ice and stopped by incubation with 100 mM
bicarbonate for 15 min. Crosslinked dmDcr1 containing samples
were separated on 6%, Loqs-3-HA containing samples on 15%
SDS–polyacrylamide gels. Western blot analysis was performed as
described above.

Crystal structure of the dsRBD3 of Loquacious

www.rnajournal.org 393



Protein labeling

For protein labeling, mutations C386S and C425S were introduced
into the Loqs-3 construct to reduce the amount of cysteine available
for labeling. Additionally Q406 located in L1 and pointing away
from the dimerization- and Dicer-interaction surface was mutated
to cysteine, which is accessible for the fluorescent dye. Mutation
of C437, which is part of the dimerization surface, led to destabili-
zation of the dimer and could not be mutated.

The labeling reaction was performed using the Alexa Fluor 647
(A647) (Invitrogen) malemide derivate. 1 mg of protein was incu-
bated with a fivefold molar excess of dye for 10 min at room temper-
ature (21°C). The reaction was stopped with β-mercaptoethanol and
the protein was loaded onto a Superdex 75 10/300 size-exclusion
column where absorption at 280 and 651 nm was monitored. The
protein eluted as a single-labeled dimer and a double-labeled mono-
mer (see Supplemental Fig. S2). The dimer fraction was used for the
fluorescence spectroscopic measurements.

Single-molecule coimmunoprecipitation experiments

Single-molecule coimmunoprecipitation assays on immobilized
proteins were carried out in custom-built flow chambers based on
fused silica slides passivated with polyethylene glycol (PEG). Flow
chambers were prepared and assembled as described previously
(Gietl et al. 2014).

For fluorescence measurements on single immobilized proteins,
the flow chamber was incubated with 0.1 mg/mL NeutrAvidin
(Thermo Scientific) in PBS for 5 min and washed with 500 µL
PBS. Afterwards, the chamber was incubated with 15 nM biotiny-
lated goat anti-GFP-antibody (Abcam) in PBS and washed with
500 µL PBS, 0.5 mg/mL BSA (Roche). In order to test for unspecific
binding of Loqs-3AF647, the chamber was incubated with Loqua-
ciousA647 in increasing concentrations (varying from 50 to
200 pM) for 5 min, washed with 500 µL PBS/BSA and incubated
for 5 min with oxygen scavenging buffer (Rasnik et al. 2006). In or-
der to measure the oligomerization state of Loqs-3AF647 in complex
with GFP-dmDcr1, the chamber was incubated with preformed 50–
200 pM Dicer-GFP/Loqs-3AF647 complexes in PBS/BSA for 5 min,
washed with 500 µL PBS/BSA, and incubated for 5 min with oxygen
scavenging buffer. The GFP-dmDcr1/Loqs-3AF647 complex was pre-
formed by incubating GFP-dmDcr1 (final concentration 1.1 µM)
with Loqs-3AF647 (final concentration 1.6 µM) for 2 h on ice before
dilution with PBS/BSA. This procedure yielded a completely saturat-
ed GFP-dmDcr1 surface (this was needed because of the compara-
bly low-affinity interaction between Dicer-Loqs) and immobilized
Loqs-3A647 density of approximately one molecule per 4 µm2.
Afterwards, the flow chamber was flushed and incubated for 5
min with 1× PBS/BSA containing the glucose oxidase/catalase oxy-
gen scavenging system. As a control, free Alexa647 dye (200 pM) was
flushed over an antibody-GFP-dmDcr1 surface and incubated for 5
min followed by oxygen removal. This did not lead to unspecific
binding of the dye to the surface (average of 14 molecules per imag-
ing area).

Single-molecule fluorescencemeasurements were performed on a
homebuilt prism-type total internal reflection (TIRF) setup based
on a Leica DMi8 inverse research microscope. Fluorophores were
exited with a 488-nm solid-state laser (Coherent OBIS) with a power
of 10 mW and 637 nm diode laser (Coherent OBIS, clean-up filter
ZET 635/10, AHF Göttingen) with a power of 50 mW. The fluores-

cence was collected by a Leica HC PL Apo 63x N.A. 1.20 water-
immersion objective and split by wavelength with a dichroic mirror
(HC BS 560, AHF Göttingen) into two detection channels that were
further filtered with a 635-nm long-pass filter (LP Edge Basic, AHF
Göttingen) in the red detection channel. Both detection channels
were recorded by one EMCCD camera (Andor IXon Ultra 897,
EM-gain 20, frame rate 10 Hz, 200–300 frames) in a dual-view con-
figuration (TripleSplit, Cairn Research).

The videos were analyzed employing the iSMS software (Preus
et al. 2015) using the program’s default settings. Molecule spots
were detected using a threshold of 200 for Alexa647 spots. Single-
molecule data were acquired as the average number of Loqs-3AF647

fluorescent molecules per imaging area (6800 μm2) as shown in
the histograms. The error bars represent standard deviation of the
mean values from 11 imaging areas. The number of fluorescence
photobleaching steps of Alexa 647-labeled Loquacious was deter-
mined for detected spots with a fluorescence intensity of at least
600 (arbitrary units) for single-step bleaching and 1200 for dou-
ble-step bleaching. The number of molecules showing one or two
bleaching steps was accumulated from four independent experi-
ments to obtain the stoichiometry of the complex.

Fluorescence cross-correlation spectroscopy (FCCS)

FCCS measurements were carried out on a ConfoCor2 FCS unit
connected to an Axiovert 100M stand equipped with a
C-Apochromat 40-fold water immersion lens, NA 1.2 (Carl Zeiss,
Jena, Germany). GFP was excited by a 488-nm laser line of an ar-
gon-ion laser while AF647 was excited with a 633 helium–neon
laser. The emissions were directed over an HFT 488/633 and NFT
635/IR beam splitter. The green fluorescence emitted by GFP was
detected after passing a BP 505–550 filter while the red fluorescence
emitted by AF647 was recorded after passing a LP 650 filter. Mea-
surements were done in 384-well glass bottom assay plates with ac-
quisition settings of 8 sec 8 times.

In titration experiments, GFP-dmDcr1 was diluted appropriately
in PBS-0.2% BSA to a final concentration of ∼20 nM. The protein
solution was dispensed as 20 µL aliquots into the 384-well glass bot-
tom plates. Loqs-3AF647 was added to the first well in high concen-
tration (200 nM), followed by a serial dilutions from well to well.
Thereby Loqs-3AF647 concentration was titrated in the range of
200–1 nM. After incubation of 15 min at ambient temperature,
the FCCS measurements were done on the ConfoCor2 instrument.
Each sample was measured for 8 sec with 8 repetitions. The fluo-
rescence fluctuations were auto- and cross-correlated and a fitting
formalism employed accounting for two diffusing species for
Loqs-3AF647 and one diffusing species for GFP-dmDcr1. Affinities
(the dissociation constant Kd) were calculated on the basis of free
and bound fractions of both labeled interactors and the concentra-
tion of doubly labeled dsRBD-Dicer complexes.

For competition experiments GFP-dmDcr1 was prepared as
20 nM in PBS–0.2% BSA and dispensed as 20 µl portions into wells
of the 384-well glass bottom plate. A cascade dilution for the puri-
fied dsRBD3 and Loqs-3 was prepared therein by serial dilution
steps, ranging from 0.01 nM to 4.2 µM in case of Loqs-3 and 0.02
nM to 8 µM for dsRBD3, respectively. The samples were incubated
at ambient temperature for 10 min. The tracer Loqs-3AF647 in PBS-
0.2 % BSA was added to each well to final 20 nM. The samples were
incubated for an additional 10 min at ambient temperature and sub-
sequently measured by FCCS. IC50 values were determined by
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plotting the concentration of doubly labeled particles (complex)
against the competitor concentration. The resulting IC50 value
was translated into a Ki value by application of the Cheng Prusoff
equation.

DATA DEPOSITION

Structural coordinates have been deposited at the RCSB Protein
Data Bank with the identification code 4X8W.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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