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ABSTRACT

RNA interference defends against RNA viruses and
retro-elements within an organism’s genome. It is
triggered by duplex siRNAs, of which one strand is
selected to confer sequence-specificity to the RNA
induced silencing complex (RISC). In Drosophila,
Dicer-2 (Dcr-2) and the double-stranded RNA binding
domain (dsRBD) protein R2D2 form the RISC loading
complex (RLC) and select one strand of exogenous
siRNAs according to the relative thermodynamic sta-
bility of base-pairing at either end. Through genome
editing we demonstrate that Loqs-PD, the Drosophila
homolog of human TAR RNA binding protein (TRBP)
and a paralog of R2D2, forms an alternative RLC with
Dcr-2 that is required for strand choice of endoge-
nous siRNAs in S2 cells. Two canonical dsRBDs in
Loqgs-PD bind to siRNAs with enhanced affinity com-
pared to miRNA/miRNA* duplexes. Structural analy-
sis, NMR and biophysical experiments indicate that
the Loqgs-PD dsRBDs can slide along the RNA du-
plex to the ends of the siRNA. A moderate but no-
table binding preference for the thermodynamically
more stable siRNA end by Loqgs-PD alone is greatly
amplified in complex with Dcr-2 to initiate strand dis-
crimination by asymmetry sensing in the RLC.

INTRODUCTION

RNA interference (RNAIi) is a sequence-specific RNA
degradation process that serves to defend against invad-
ing RNA viruses (1-3) and retro-transposons (4—7). RNAIi
is triggered by double-stranded RNA (dsRNA), which
is processed into 21 nt siRNA duplexes with 2 nt 3'-
overhangs by the RNase III family enzyme Dicer. In
Drosophila melanogaster, Dcr-2 is dedicated to the process-
ing of dsSRNA into siRNAs, whereas Dcr-1 operates in the
related microRNA (miRNA) pathway. A common theme in
the biogenesis of both miRNAs and siRNAs is the pairing
of an RNasellII-family nuclease with a small partner protein
that contains two or more instances of the dsSRNA binding
domain (dsRBD) (8—14). While virus-derived sequences are
called siRNAs, the transposon-targeting sequences are usu-
ally referred to as endo-siRNAs to point out their endoge-
nous origin.

The dsRBD has a conserved fold with aB38B8a topol-
ogy (15,16) that mediates binding to double-stranded RNA
molecules as well as protein—protein interactions (17).
Structural studies of RNA-bound domains revealed mainly
contacts to the ribose-phosphate backbone of an A-form
RNA helix without sequence-specificity (18-20). In certain
cases, particular deviations from a perfect dsSRNA helix can
be specifically recognized by a dsSRBD (21). Despite the fact
that dsRBDs often occur in multiple instances within the
same protein or within a protein complex, only few studies
have examined their interplay at the structural level (20-24)
or analyzed the roles of tandem dsRBD for RNA binding
(18,22,25,26). It is thus important to characterize the molec-
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ular function and biological activity of tandem dsRBD do-
mains using structural and biophysical approaches com-
bined with functional analysis.

Although the structure of an siRNA duplex is pseudo-
symmetric, one strand is preferentially incorporated into
RISC. Strand preference depends on the relative stability
of base-pairing at either end of the siRNA (referred to as
thermodynamic asymmetry sensing), such that the less sta-
bly base-paired 5'-end preferentially enters the Argonaute
protein. Several mechanisms for strand selection can oper-
ate, such as 5'-nucleotide preference (e.g. 5'-U) of the Ago-
protein sensing of unpaired nucleotides or phosphoryla-
tion state (for synthetic siRNAs) or the formation of spe-
cific protein complexes that aid during Ago-loading (27—
31). In Drosophila, loading of Ago2 with siRNAs depends
on the RISC loading complex (RLC) composed of Dcr-
2 and the dsRBD protein R2D2 (32-35). The RLC but
not Dcr-2 alone binds asymmetrically to duplex siRNAs.
Therefore, it has been proposed that R2D2 serves as the
sensor for asymmetry detection (32). In humans, it appears
that the TRBP/Dicer complex can bind siRNAs asymmet-
rically (36,37) but this may not be required during small
RNA loading (34,38,39). Biochemical studies have demon-
strated partial redundancy between the paralogs Logs-PD
and R2D2 (40,41) and deep sequencing experiments have
revealed that some Ago2-loaded siRNAs are present even in
r2d2 null mutant animals (42). However, the specific func-
tion of Logs-PD during RISC loading has not been clari-
fied.

Here, we have performed deep sequencing of small RNAs
after genome editing in cultured S2-cells to demonstrate
that R2D2 can be replaced by its paralog Logs-PD for load-
ing of endogenous and exogenous siRNAs but not for load-
ing of Ago2-tropic miRNAs. NMR-derived solution struc-
tures show that the Logs dsRBD domains adopt canoni-
cal dsRBD folds. Single and tandem dsRBDs can bind in-
dependently to RNA with moderate preference for siRNA
over pre-miRNA or miRNA/miRNA* substrates. Site-
specific cross-linking is most efficient at the siRNA ends
and demonstrates that the complex of Dcr-2 with Logs-PD
possesses strand discrimination activity analogous to Dcr-
2/R2D2. Notably, NMR data indicate that the dsRBDs
slide along the double-stranded RNA helix and do not me-
diate sequence-specific contacts to the RNA. The tandem
dsRBDs of Logs have a weak but notable preference to
bind the more stably base-paired end of an siRNA duplex.
This moderate preference is strongly enhanced in the Dcr-
2/Logs-PD complex, indicating their cooperation during
the strand selection process. Identification of Logs-PD as
the alternative RISC loading complex subunit has thus al-
lowed us to examine the role of both individual Drosophila
RLC components during the initiation of guide strand se-
lection. Our results indicate that the dsSRBD protein serves
as siRNA asymmetry sensor for the alternative RLC, and
demonstrate that the combined action of Dcr-2 with Logs-
PD is essential for faithful strand discrimination.
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MATERIALS AND METHODS
Protein expression, purification

For expression of full length Logs-PD (residues 1-359),
truncated Loqs-PDan (residues 129-359), Logs-PDanc
(residues 129-322) and the two dsRNA-binding domains
dsRBDI1 (residues 129-211) and dsRBD2 (residues 245-
322) a modified pET-M11 vector with an N-terminal Hisg-
Z7-tag and a following tobacco etch virus (TEV) protease
cleavage site was used. All plasmids were verified by se-
quencing, transformed into Escherichia coli BL21 (DE3)
cells for protein expression and cultivated in LB or mini-
mal M9T medium containing either or both of 2g/1[U-13C]-
glucose and 1g/1 >N ammonium chloride. See supplemen-
tary methods for details on the purification procedure. Hisg-
tagged Dcr-2 was expressed in Sf21 cells using the BAC-to-
BAC Baculovirus Expression System (Invitrogen), purified
via a HisTrap HP column (GE Healthcare) (8) followed by
a HiPrep 16/60 Sephacryl S200 gel filtration column (GE
Healthcare).

NMR spectroscopy

Proteins and protein—-RNA complexes were studied in
sodium phosphate buffer pH 6.5 and 7.2. 5% D,O was
added for locking. Protein samples were measured at 298
K and imino NOESY spectra of RNA were recorded at
278 or 298 K. Spectra were recorded on Bruker AVIII 500,
AVIII 600, AVIII 750, AVIII 800 and AVIII 900 NMR
spectrometers with cryogenic (TCI) triple resonance gradi-
ent probes, or standard TXI probes for AVIII 750. Data
were processed using Topspin 3.0 and NMRPipe/Draw
(43) and analyzed with Sparky 3 (T.D. Goddard and D.G.
Kneller, SPARKY 3, University of California, San Fran-
cisco, USA). Backbone assignments were derived from
HNCA, HNCACB, HNCACO, HNCO and HNCOCACB
experiments, side chain assignments were obtained from
HCCH-TOCSY, °N- and *C-edited NOESY-HSQC ex-
periments (44). NMR titration experiments were performed
with individual dsRBD1 or dsRBD2 domains and 21-
nt endo-siRNA with 2 nt 3’ overhangs (ban-siRNA),
(5-UCAGCUUUCAAAAUGAUCUCACU-3, 5-UGA
GAUCAUUUUGAAAGCUGAUU-3) at protein con-
centrations of 100 wM with protein:RNA ratios as follows:
1:0, 1:0.25, 1:0.5, 1:0.75, 1:1, 1:1.25. For Loqs-PDanc pro-
tein concentrations of 200 wM and molar ratios of 1:0,
1:0.12, 1:0.47, 1:0.7, 1:0.9, 1:1.1 were used. See Supplemen-
tary Information for further details.

Binding assays

Please refer to the Supplementary Information for details
on RNA sample preparation. 10 nM FITC-labeled RNA
oligos were incubated in binding buffer (10 mM Hepes,
pH 7.4, 100 mM KAc, 2 mM MgAc and 5 mM DTT)
with increasing amounts of recombinant protein for 30 min
at RT in a black, non-binding 96-well plate (Greiner bio-
one). Anisotropy values were recorded in an Infinite M 1000
plate reader (Tecan). For EMSA experiments, binding re-
actions were mixed 4:1 with binding buffer supplemented
with 50% glycerol and resolved on native 4% PAA gels for
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20-24 min at 200V. A Typhoon 9400 variable mode imager
(GE Healthcare) was used to image the fluorescence signal.
Quantification of EMSA bands was performed with Multi-
gauge V3.0 software (FujiFilm), and binding curves were
fitted with the Hill equation in Origin 8.1.

Crosslinking experiments

The substrate oligonucleotides were radioactively labeled
using polynucleotide kinase (Fermentas) and y*’P-ATP;
the non-labeled strands were phosphorylated with non-
radioactive ATP. 10nM radioactively labeled, thiouridine
containing siRNA duplexes were incubated with 1 pM
dsRBD1, 1 pM dsRBD2, 500 nM LoqsPDanc, 500 nM
LogsPD or 250 nM Decr-2/LoqsPD complex for 30 min at
room temperature. Crosslinking was induced with 3 x 500
mJ/cm? of 365 nm wavelength light, and the samples were
resolved on a 10 or 15% PAA gel for 1 h at 170 V. The
radioactive signals were read out using a phosphorimager
screen on a Typhoon imager and quantified using Multi-
gauge V3.0 software.

Cell culture and deep sequencing experiments

Drosophila S2-cells were grown and transfected in Schnei-
der’s medium as described before (45). For genome edit-
ing, a cas9 expression plasmid was co-transfected with a
PCR-generated sgRNA expression cassette. One week later,
the cells were diluted, clones were picked, amplified and
the induced mutations were characterized. Further details
and oligonucleotide sequences are provided in the sup-
plementary section. The cells were then treated with 300
ng/ml of dsRNA targeting Renilla luciferase, 100 ng/ml of
dsRNA targeting firefly luciferase, 30 ng/ml of dSRNA tar-
geting GFP and 10 ng/ml of dsRNA targeting DsRed. Total
RNA was isolated 3 days later and processed for compara-
tive Illumina sequencing with and without a B-elimination
step as previously described (46). To compare the differ-
ent sequencing datasets, a normalization to the sum of all
miRNA-matching reads was performed. Further details on
data analysis are given in the supplementary section.

RESULTS

R2D2 is dispensable for loading of siRNAs into Ago2 in
Drosophila S2-cells

R2D2 was originally identified via co-purification with Dcr-
2. Genetic analysis revealed that it is required for the load-
ing, but not the production, of siRNAs in Drosophila em-
bryos (8). Subsequent studies indicated that the PD isoform
of Logs, an R2D2 paralog involved in the endo-siRNA
pathway, can also interact with Dcr-2 (47-49). Based on
data obtained with mutant flies, a sequential model was
proposed where Loqs-PD interacts with Dcr-2 during the
dicing reaction while R2D2 is an obligatory partner dur-
ing the loading reaction of all siRNAs (40,48,50,51). In S2
cells, however, R2D2 was dispensable for the function of en-
dogenous siRNAs but required for full silencing activity of
experimentally introduced dsRNA (52,53), thus arguing for
the existence of an alternative RLC for endo-siRNAs (Sup-
plementary Figure S1A).

To clarify whether this discrepancy was due to technical
differences (depletion of factors via RNAI in cell culture vs.
mutant alleles in vivo) we generated r2d2 as well as logs mu-
tant cell lines via CRISPR-cas9 mediated genome editing.
Absence of the proteins was verified by sequencing of the
mutated loci (data not shown) and western blotting (Sup-
plementary Figure S1B and data not shown). We analyzed
the small RNA content via deep sequencing, exploiting
the fact that the 2’-O-methyl modified, Ago2-loaded siR-
NAs are resistant to oxidation by periodate (54,55) to de-
termine their loading state. A comparison of the predomi-
nantly Agol-loaded miRNAs (sensitive to oxidation and 3-
elimination) with Ago2-loaded transposon-targeting endo-
siRNAs allows to assess the functionality of RISC loading
complex. Strikingly, we found that both endogenous and ex-
ogenous siRNAs can be loaded normally in the complete
absence of r2d2. When logs was inactivated, however, the en-
dogenous siRNAs were partially sensitive to B-elimination
(Figure 1A). This effect was consistently observed in three
independent experiments involving two distinct /logs and
r2d2 mutant cell clones (Supplementary Figure S2). Based
on the axis intercept of trendlines through the TE-matching
endo-siRNA data points, we estimate that the amount of
Ago2-loaded siRNAs was 3.5 4+ 1.2 fold lower in logs mu-
tant cells (average = SD, three biological replicates, Sup-
plementary Figure S2A—C). The same was true for siRNAs
derived from exogenously added dsRNA but not for Ago2-
tropic miRNAs such as miR-276-5p or miR-277-3p (Sup-
plementary Figure S2D). R2D?2 is nonetheless required for
full efficiency of experimental RNAIi in S2-cells (52), indi-
cating that the two paralogs can function redundantly in
siRNA loading. The remaining transposon-targeting siR-
NAs in either mutant showed no difference in the aver-
age AAG (around 1 kcal/mol in all cases, range was from
0.90 to 1.05 kcal/mol). Furthermore, the 5’-nucleotide bias
was essentially the same (~38% U, ~29%A, ~13%G and
~20%C) for all genotypes. We conclude that the remain-
ing transposon-targeting endo-siRNAs are bona fide Ago2
loaded, consistent with our 2’-O-methylation state analysis.

While logs is required to silence a transgene-derived
endo-siRNA reporter, 72d?2 is required for silencing by the
preferentially Ago2-loaded miR-277 (Supplementary Fig-
ure S1C). Thus, S2-cells apparently have two partially re-
duntant RISC loading complexes: Dcr-2/R2D2 and Dcr-
2/Logs-PD.

Logs dsRBDs bind dsRNA independently

It has been difficult to study the biochemical and struc-
tural properties of the dsSRBD-containing RLC component
in the past because recombinant production of R2D?2 is
challenging in the absence of Dcr-2. Fortunately, we could
express Logs-PD as well as its individual dsRNA bind-
ing domains. Fluorescence anisotropy measurements were
performed to determine the binding affinity of the Logs
dsRBDs to various RNA substrates (Figure 1B, Supple-
mentary Figure S3A). The sequence of our model substrates
is derived from the Drosophila miRNA bantam, which was
modified to mimic an siRNA duplex (21-nt siRNA duplex
with 2 nt 3’ overhangs, 23 nt strand length, which will be
termed ban-siRNA in the following) and a longer dsRNA
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Figure 1. The PD isoform of Logs is of central importance for siRNA biogenesis in S2-cells. (A) Small RNA sequencing libraries were created from
genomically engineered S2 cell lines lacking either r2d2 (lines 1-19-3 and 2-7-13, black or grey) or logs (lines 3-19-35 and 3-7-25, red or pink). For both
cell lines, libraries were generated directly from total RNA and after oxidation/beta-elimination to assess Ago2 loading state. Small RNAs were summed
up for each transposon consensus sequence (open circles, transposon sequences can be several kb long) or miRNA (filled circles). Transposon-targeting
endo-siRNAs and siRNAs derived from exogenously added siRNAs remained preferentially Ago2-loaded ( = separated from miRNAs) in the absence of
r2d2 whereas the absence of logs reduced their association with Ago2. The logs mutation leads to a mild reduction in mature miRNA and siRNA levels
because of its role during the nucleolytic processing steps (Dcr-1/Logs-PB and Decr-2/Logs-PD complexes). These effects affect miRNAs and siRNAs
comparably, though (see also Supplementary Figure S2) and are thus compensated in the miRNA-normalized data shown here. (B) Binding affinities
for recombinant Logs-PDanc (dark gray) and full-length Logs-PD (light gray) determined by fluorescence anisotropy measurements for different RNA
substrates; see Table 1 for the binding affinities and Supplementary Figure S3A for titration curves.

(35 nt strand length). The individual dsRBDs bind their
substrates with comparable affinities (Supplementary Fig-
ure S3B and Tables 1 and 4). There is no pronounced dif-
ference in binding affinity between the different RNA con-
structs, which represent both the substrates and the prod-
ucts of dicing reactions (see supplement for further infor-
mation).

The RNA binding region of Logs proteins comprises the
tandem dsR BDs, which are connected by a 45-residue linker
(Logsanc). When comparing the binding of single and tan-
dem dsRBDs only a moderate increase in binding affin-
ity is observed. The gain in affinity is ~3-fold for the con-
struct containing only the two domains connected via the

linker and ~5-fold for full-length Logs-PD (Table 1). The
increase in affinity for the two dsRBDs together is clearly
less than expected for additive binding, which should have
led to a sub-picomolar affinity based on our measurements
for the single dsRBDs (56). We thus conclude that RNA
binding does not involve concomitant engagement of the
two dsRBDs, which rather appear to bind independently to
the RNA.
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Table 1. Binding affinities determined by fluorescence anisotropy [nM]

RNA Logs dsRBD1 Logs dsRBD2 Logsanc Logs-PD
siRNA 228 + 27 278 + 24 82 + 21 50+ 6
dsRNA 191 + 29 229 + 48 86 + 18 62 +5
miRNA 233 + 17 241 £ 75 97 + 21 118 + 17
pre-miRNA 221 £ 43 218 + 61 121 £ 38 100 £ 12
14 ntRNA 365 £ 62 334 + 8 128 + 41 118 £ 15

Logs dsRBDs adopt a dsRBD fold with a canonical RNA
binding interface

To analyze molecular details of the LogsPD-dsRNA inter-
action we determined the structures of the first and sec-
ond dsRBD, which are common to all Logs isoforms (Sup-
plementary Figure S1A). NMR 'H,'>N-correlation spectra
of the single domains superimpose very well with those of
Logs-PDanc (Supplementary Figure S4A). This demon-
strates that the individual dsRBDs do not strongly interact
in solution in the absence of RNA, and is consistent with
NMR BN relaxation data (Supplementary Figure S4B).
{'H}-"*N heteronuclear NOE data (Figure 2B) indicate
that the two domains are connected by a flexible linker
(residues 206-251) that allows the domains to tumble inde-
pendently in solution. The structures of the two dsRBDs
were determined using ROSETTA and the NOE-based
RASREC-ROSETTA protocol (57). Structural statistics
are shown in Table 2. Both dsRBDs exhibit the canonical
aBBPRa-topology (15,16) with two helices packed from one
side onto a triple-stranded B-sheet connected by short flex-
ible loops (Figure 2A and C).

To map the RNA binding interface on the dsSRBDs we
performed NMR titrations with unlabeled RNA to ’N-
labeled single dsRBD1 and dsRBD2 domains as well as
the tandem domain construct Logs-PDanc. Significant
changes in NMR chemical shifts are observed upon addi-
tion of a ban-siRNA (Figure 3A and B). Mapping of the
NMR chemical shift perturbations (CSPs) onto the struc-
tures shows that three regions are involved in dsRNA bind-
ing: the two helices (a1, ap and a3, oy in dsSRBDI and
dsRBD2, respectively), and the loops connecting strands
B>—PB3 and Bs—Bg, respectively, in each domain (Figure 3C).
Similar CSPs are observed upon titration of single do-
mains or the tandem domain (Figure 3B), confirming that
both domains interact individually with the RNA with the
canonical binding surface. Importantly, the NMR titra-
tions demonstrate that the linker connecting dSRBD1 and
dsRBD?2 remains flexible and does not mediate contacts to
the RNA.

Logs-PD slides along the siRNA duplex with preferential
binding at the siRNNA termini

Based on our analysis of S2-cell RNA (Figure 1A) we ex-
pected that the Dcr-2/Logs-PD complex can perform a
similar function as the Dcr-2/R2D2 complex, which inter-
prets the difference in base-pairing stability at either end
of the siRNA (32). To test this hypothesis, we employed
4-thio-uridine labeled synthetic RNA substrates to allow
site-specific protein—-RNA cross-links. We created a series
of substrates that report protein binding along the entire
siRNA molecule (Supplementary Figure S5A). For both

Logs-PDanc and full-length Logs-PD, we found that the
cross-linking efficiency is higher at either end of the RNA
duplex than in the center; this was true even when the corre-
sponding mismatch-containing miRNA/miRNA* duplex
was used (data not shown). In this assay, a clear preference
for the more stably base-paired end of the duplex was not
detected at any of the interrogated positions (Figure 4A),
perhaps due to the fact that the thermodynamic asymme-
try of this model duplex is moderate as A—U versus G-C
base pair differences occur only at the fifth position. The
same cross-linking profile was observed for the individual
dsRBDs (Supplementary Figure S5B).

The current model for the Der-2/R2D2 RLC postulates
that R2D2 initiates strand selection by binding to the more
stably base-paired end, although the molecular mechanism
for this is unknown. To explore whether the Logs-PD sub-
unit of the alternative RLC may have an intrinsic prefer-
ence for the more stably base-paired siRNA we analyzed in-
termolecular NMR paramagnetic relaxation enhancements
(PREs). PREs were measured by the attachment of a para-
magnetic TEMPO spin label separately to either 5 end of
the RNA duplex (58,59). The spin label causes distance-
dependent line-broadening of NMR signals within a range
of up to ~20 A distance and the resulting PREs thus re-
port on spatial proximity between protein and the RNA-
attached spin label. PRE measurements are more sensi-
tive to detect weak differences (60,61) than the biochemi-
cal approaches using site-specific cross-linking. PREs were
measured by comparing 'H,'>N correlation NMR exper-
iments of the Logs-PDanc protein bound to ban-siRNA
with terminally attached TEMPO spin labels in the para-
magnetic and diamagnetic state (58). Moderate intermolec-
ular PREs are observed for several protein residues (R187,
K299, H310) when the spin label is attached to the more
stably base-paired end of the RNA (G1 in Figure 4B, Sup-
plementary Figure S6A), indicating a stronger interaction
with this region of the RNA duplex. In contrast, only very
weak PRE effects are detectable in similar regions when
a spin label is attached to the less stably base-paired end
(G24 in Figure 4B, Supplementary Figure S6A). To fur-
ther support this conclusion, we designed an siRNA duplex
with a very pronounced thermodynamic asymmetry (Fig-
ure 4C, Supplementary Figure S6B). Compared to the ban-
siRNA this highly asymmetric duplex shows substantially
increased PRE effects to the more stable end of the RNA
duplex, thus supporting the notion that the dSRBDs sense
the thermodynamically more stable regions of a RNA helix.
These data demonstrate that Logs-PD is not bound with
comparably affinity to the two termini of the RNA duplex
but has a small, but notable intrinsic preference to bind to
the more stably base-paired end.
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Figure 2. NMR analysis and structures of Logs dsRBD1 and dsRBD2. (A) NMR !3C secondary chemical shifts (A8'3Cy-A8'3Cg) of the single domains
(dsRBDI in blue, dsRBD?2 in green) indicate that both Loqs dsRBDs exhibit the conserved aBBa topology. Secondary structure elements are depicted as
cartoons on top. (B) Low { ' H}~""N heteronuclear NOE data show that the linker connecting dsSRBD1 and dsRBD2 is highly flexible in solution. Specific
loops that contribute to RNA binding in the two dsRBDs also exhibit some flexibility. Data for single domains are shown in black, data for the tandem
construct are colored in blue (dsRBD1) and green (d&sRBD2). (C) The NMR-derived structures show that the Logs dsRBDs adopt a canonical dsSRBD
fold. Ensembles of the 10 lowest energy structures are shown in Supplementary Figure S4C.

Table 2. Structural statistics for the NMR structures of dSRBD1 and dsRBD2

dsRBDI (aa 137-205) dsRBD2 (aa 215-318)
Rosetta structural statistics
NOEs
With unique assignment 887
With intra-residue assignment 559
With sequential assignment li —jl = 1 180
With medium-range assignment 1< li —j1 < 5 52
With long-range assignment li —jl > 5 96
Eliminated due to distance violations 89
Eliminated due to network, minimal peak 81
volume and maximal assignments
Coordinate precision r.m.s.d. [A]*
Backbone 2.12 1.04
Heavy atom 8.46 5.79
Ramachandran statistics [%]°
Favored regions 99.3 96.8
Allowed regions 0.6 3.1
Outlier regions 0.1 0.2
4From SuperPose (77)

bCalculated with RAMPAGE, de Bakker et al. (78)
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Table 3. SAXS data of Logs-PDanc, linker mutants and protein-RNA complexes

Sample Ry [A] Dmax [A] Porod [A3]
Logs-PDanc 2.5 mg/ml 26.94 £+ 0.46 91.9 34156.2
Logs-PDaNca21 2.4 mg/ml 22.65 £+ 1.03 78.7 26153.6
Logs-PDanNca41 9.3 mg/ml 21.20 £+ 0.20 72.6 25538.6
Logs-PDanc 2.0 mg/ml + ban-siRNA 32.69 + 0.48 114.4 56691.6
Logs-PDanca21 1.8 mg/ml + ban-siRNA 24.17 £+ 0.40 84.29 38595.9
Logs-PDanca3i 1.3 mg/ml + ban-siRNA 21.61 + 0.30 75.34 23990.9
Table 4. Hill coefficients obtained from fitting the fluorescence anisotropy data

RNA Logs dsRBD1 Logs dsRBD2 Logsanc Logs-PD
siRNA 79 £+ 3.0 34 + 2.1 33+ 09 1.3+£02
dsRNA 39+ 1.0 3.0+ 1.2 32+ 0.8 25+02
miRNA 51+ 1.6 38 £ 1.6 51 +£29 33+0.8
pre-miRNA 45+ 038 2.6 £ 0.7 46 £ 09 24 +£07

14 ntRNA 77 + 24 20 £1.7 39 + 1.0 29 £ 0.7

We compared imino NOESY and 'H,">N imino correla-
tion spectra of the free and protein-bound RNA to map the
Logs-PD binding on to the siRNA duplex. Upon addition
of unlabeled Logs-PDanc protein all NMR signals from
the observed isotope-labeled RNA show severe line broad-
ening (Figure 5A). Imino NMR signals of several guanine
and uracil bases could still be traced, while all uracil imino
signals in the U-rich central region (U33, U34) are broad-
ened beyond detection (Figure 5A). This likely is an indica-
tion of sliding of the protein along the double-helical RNA
duplex, where varying chemical environments in the dif-
ferent dynamically exchanging binding modes cause line-
broadening. The NMR chemical shift perturbations thus
demonstrate that Loqs exhibits a highly dynamic binding
to the dsRNA that involves sliding along the RNA duplex.

Dynamic siRNA recognition by the Logs-PD tandem
dsRBDs

To explore whether the linker plays a role for the dy-
namic siRNA recognition, we prepared Logs-PDanc mu-
tants with varying linker lengths (A11, A21, A31, A41) con-
necting the two dsRBDs (Supplementary Figure S7A). Po-
tential interactions of the dsSRBDs where analyzed by com-
paring NMR chemical shifts in 'H,'N correlation spec-
tra (Figure 5B, Supplementary Figure S7B). Analysis of
the linker deletion tandem domains in the absence of RNA
shows only negligible changes in the chemical shifts of the
individual domains. However, an almost complete deletion
of the linker (A41) leads to more pronounced effects on
the NMR spectra indicating that the relative domain ar-
rangement is affected, presumably by steric strain. A sig-
nificant compaction with decreasing linker length is also
indicated by SAXS analysis (Supplementary Figure S7D).
When bound to siRNA, the protein—-RNA binding interface
is not much affected by shortening of the linker as similar
chemical shift perturbations are observed upon RNA bind-
ing independent of the linker length. Nevertheless, a grad-
ual shortening of the linker leads to increased line broad-
ening, which suggests more pronounced sliding of the pro-
tein on the dsRNA ligand (Figure 5B and C, Supplementary
Figure S7B and C). Most likely, the protein with a short-
ened linker cannot adopt a domain arrangement required

for optimal RNA contacts of both domains and switches
thus to a dynamic binding mode where sometimes only
one of the dsSRBDs may be bound to the RNA. Consistent
with this fluorescence anisotropy experiments show that the
binding affinity of the A41 linker deletion with our dSRNA
model substrates exhibits a two-fold reduction compared to
the wild type linker, and is thus comparable with a single
dsRBD (Table 1; Supplementary Figure S7F).

To characterize the overall shape of the protein—-RNA
complex we compared SAXS experiments for the free tan-
dem dsRBD protein Logs-PDanc, the free ban-siRNA and
a complex of the two (Figure SD; Table 3). The SAXS data
for the unbound Logs-PD anc indicate a maximum dimen-
sion of 100 A (Figure 5D). This distance is consistent with
the presence of an unstructured linker, where the two do-
mains are flexibly connected. The dynamic arrangement of
the two dsRBDs in the free protein is further confirmed
by SAXS data for the Logs linker mutants (Supplemen-
tary Figure S7D; Table 3), where the maximum distance de-
creases proportional with shortening of the linker.

SAXS data of the protein-RNA complex indicate a max-
imum distance of ~115 A. This is consistent with the pref-
erential binding of the two dsRBDs to the termini of the
siRNA duplex, for which a pairwise distance of ~110 A is
expected (Figure SE). Interestingly, upon truncation of the
linker connecting the tandem dsRBDs in the protein-RNA
complexes the dimension of the complex as indicated by
SAXS decreases accordingly (Supplementary Figure S7E).
This is consistent with a dynamic binding and sliding of the
two dsRBDs on the dsRNA helix, where shortening of the
linker will restrict the spatial separation of the two domains.
The combined analysis of the NMR and SAXS data shows
that both dsRBDs exhibit a dynamic binding mode that in-
volves sliding along the dsRNA helix, and preferentially re-
side at the sSiRNA termini.

We also analyzed whether the linker is important for
the interaction of Logs-PD with Dcr-2. For this, we trans-
fected a myc-tagged version of Loqs-PD A4 into an S2-cell
clone harboring a genomically integrated Flag,-tag at the
C-terminus of Dcr-2 (62). Then, we immunoprecipitated the
endogenous Dcr-2 protein and confirmed by Western blot
that myc-Logs-PDag4; was still associated with Dcr-2 (Sup-
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plementary Figure S7G). In summary, we conclude that the
inter-domain linker enables simultaneous tandem-dsRBD
binding of Logs-PD. Interaction with Dcr-2, on the other
hand, is independent of the linker.

Logs-PD and Decr-2 together can interpret the thermody-
namic asymmetry of an siRNA

The NMR data indicate only a very small binding prefer-
ence towards the thermodynamically more stable end of the
siRNA. We therefore investigated the role of Dcr-2 for guide
strand selection. First, we used recombinant Dcr-2 and
cross-linked it to our siRNA model substrates. Unlike previ-
ous publications (32,33) we were able to observe crosslink-
ing of Dcr-2 alone to our oligonucleotide substrates. Like
Logs-PD, Dcr-2 showed more efficient crosslinking to the
ends of the siRNA duplex and we did not detect a prefer-
ence for the less stably base paired end of our moderately
asymmetric sSiRNA (Figure 6A). In contrast, upon addition
of a 1.5-2-fold excess of full-length Logs-PD over Dcr-2 to
the binding reaction, asymmetric binding of Dcr-2 with a
preference for the less stably base-paired end was induced
(Figure 6A). This capacity does not reflect competitive dis-
placement from the more stably base-paired end as it re-
quires protein—protein interaction between Dcr-2 and Logs-
PD: The double-domain construct Logs-PDsnc that lacks
the C-terminal 37 amino acids involved in the association
with Dcr-2 (47,52) was unable to induce preferential bind-
ing of Dcr-2 to the less stably base paired end of the siRNA
(Figure 6A). Thus, the alternative RISC loading complex
has properties that differ from each of its subunits alone.

Why can the hetero-duplex of Dcr-2 and a dsRBD pro-
tein sense the differential base pairing stability at the siRNA
ends so efficiently? Since the two proteins must engage in a
protein—protein interaction for this purpose, it may be that
RLC induces bending or torsion of the RNA double he-
lix, and that this is more easily accommodated with Dcr-2
bound to the less stably base-paired end. A similar commu-
nication via double-stranded nucleic acids has recently been
described for proteins bound to DNA (63,64). An siRNA
with a nick between positions 11 and 12 of the passenger
strand should reduce the transmission of bending or tor-
sion from one siRNA end to the other. Yet, this molecule
was bound with identical affinity as the normal siRNA by
the Logs dsRBDs (Supplementary Figure S5C) and asym-
metric binding of the Dcr2-LoqsPD complex to the nicked
siRNA duplex was retained (Figure 6B). Thus, propagation
of RNA conformational changes along the RNA duplex is
not essential for guide strand selection.

DISCUSSION

The siRNA duplexes used to trigger RNA interference are
structurally symmetric but one of the two strands can be-
come preferentially incorporated into RISC. This func-
tional asymmetry is determined by the relative base-pairing
stability at either end of the siRNA duplex (27,28). In-
corporation of this concept into siRNA design rules is
now essential for every knock-down experiment, yet we do
not fully understand the molecular mechanisms behind it.
Functional characterization of the Drosophila Dcr-2/R2D2



12544 Nucleic Acids Research, 2017, Vol. 45, No. 21

1 5 10 15 20 1 5 10 15 20
A 5’ ~UCAGCUUUCAAAAUGAUCUCACU-3" passenger 1 5’*?%GCUIEUC??Z?Z‘%L‘J?WCUCACU*3'
[RRRRRRRRRRRN |

\GUUUUACUAGAGU-5" guide 1 37 -UUAGL UUUUAC
10 5 1 20 10
more stable less stable more stable less stable
end end
B -
0.6 0.6
z Logs-PD,, Logs-PD full length
c
0
Q2
=
o 0.4
i~
£
=
n
[%2]
o
c 0.2
)
=
=
©
)
g
0.0
~ D © N (] © o -~ — (@] © N [e)] © )] ~
= T = T 0 o0 v o = T - T 0 o0 v o
O o © oo T T & T O o 9 oo T T & T
c = < = )] c 5 c© 5 )]
¢ S @ S O O 2 O & 5 o =5 o o 2 O
7] (S R} (=2} @ 17} [S2R 1 o )
[%2] (2] [} (2] %) 7))
© ® 17 ®© ®© 1)
a a ® a a ®
a a

AG° = -6.8 kcal mol! AG® = -5.7 kcal. mol!
M295, _ M295 j M295
~119.4 — 119.0 @
£ = K299 K299 \ /\ £ K299 K299 /\
21198 o H310 H310 I \, J & 1o H310 i N
z z
2 1204 2 120.0
3 @ 3 R187 @ R187
1204 R187 +5xaa || K1 M295 K299 120.5 \© + Bx AA M295 K299
9.00 895 890 885 900 895 890 885 500 895 890 885 9.00 895 890 885
w,~"H (ppm) w,~"H (ppm) w,~"H (ppm) w,~"H (ppm)
AG® = -2.6 kcal mol! AG® = -8.3 keal mol!

M295 A\ | | M295 M295 g @) [M295

£ 199 W ©)) K299 ,\ £ "9 @ K299 /’\
S \ S -
2 1194 © H310 H310 / \\// & 1195 QH310 H310 / \
z [
g o Z 4 R
%_120 2 1200
3 R187 R187 3 R187 R187

120.4 + 5x AA M295 K299 120.9 +5xAA M295 K299

9.00 895 890 885 9.00 895 8.90 885 900 895 890 885 9.00 895 8.90 885
w,~'H (ppm) w,~'H (ppm) w,~'H (ppm) w,~'H (ppm)
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A

Figure 6. Dcr-2 and Logs-PD can interpret the thermodynamic siRNA asymmetry. (A) Site-specific cross-linking of Dcr-2 to 4-thio-uridine containing,
radioactively labeled siRNAs revealed preferential association of Der-2 with the ends of a han-siRNA; however, only the complex of full-length Logs-PD
with Dcr-2 can interpret the differential base-pairing stability at either end. The autoradiographs show cross-linked Dcr-2 protein, the bars below are
a quantification of three independent experiments (mean £ SD). (B) To test whether the asymmetry sensing is communicated via distortions along the
dsRNA helix, we created nicked siRNA duplexes (depicted on top) and cross-linked the Dcr-2 / Logs-PD complex to either end. We could not detect any
difference between the normal and the nicked siRNA duplex. (C) The dsRBD protein moiety of RLC (either Logs-PD or R2D2) contributes to strand
selection by identifying the more stably base-paired end. This may be facilitated by a prolonged sampling period, during which the dsRBD protein steps
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RISC loading complex (35,65) provided the first protein
entity capable of interpreting the differential base pair-
ing stability at the ends of an siRNA (32). Since Dcr-2
alone cannot fulfill this task, R2D2 was proposed to con-
fer asymmetric binding of RLC on the siRNA (32). How-
ever, the individual contribution of R2D2 has been diffi-
cult to assess because it is degraded in the absence of Dcr-2
and recombinant production is challenging. Here, we em-
ployed genome engineering to demonstrate that the PD-
isoform of Logs, a homolog of human TRBP, forms an al-
ternative RLC (aRLC) with Dcr-2 that is required to load
transposon-targeting endo-siRNAs into Ago?2 in cultured
cells. We could recombinantly express Logs-PD, enabling
us to examine its function with structural and biochemi-
cal approaches. Our results indicate that the two double-
stranded RNA binding domains associate independently
of each other with RNA. This is possible as the tandem
dsRBDs are connected via a long, unstructured linker re-
gion that uncouples their behavior in solution. Analysis of
imino NMR signals in the RNA indicates a highly dynamic
binding mode, which may be required to search and scan
the RNA double helix. Truncation or deletion of the flexi-
ble linker perturbs the tandem dsRBD binding mode. Site-
specific crosslinking confirms that the two proteins form an
alternative RISC loading complex, which is able to interpret
the asymmetry of the base-pairing stability at the termini of
an siRNA. Importantly, our NMR data indicate that Loqs-
PD has a moderate but notable intrinsic ability to recog-
nize the more stably base-paired end of an siRNA duplex.
This likely reflects that a more stable RNA helical confirma-
tion provides an optimal binding surface for dsSRBD bind-
ing. Our results therefore indicate a molecular mechanism
for initiation of the strand selection process via asymmetry
sensing by the dsRBD subunit of the RLC. Nevertheless,
this preference is greatly enhanced in the protein complex
with Dcr-2.

Does the alternative RLC exist only in S2-cells?

Previous reports that define RLC for loading of Ago2 in
Drosophila relied thus far exclusively on genetic and bio-
chemical experiments with r2d2 mutant flies. Yet, a genome-
wide RNAI screen with three different reporter constructs
in cell culture recovered neither logs nor r2d2 (53). Our
genome editing and deep sequencing experiments in this
manuscript clearly demonstrate that a redundant RLC ac-
tivity linked to Logs exists in S2-cells. This is consistent
with data from a genome-wide screen of DNA-damage in-
duced siRNA generation where only logs, but not r2d2, was
recovered as a candidate (66). Is the alternative RLC that
we describe in S2-cells a particular idiosyncrasy of this cell
line? Transposon-targeting endo-siRNAs were slightly sen-
sitive to oxidation and beta-elimination (an indication of
reduced 2'-O-methyl modification and thus reduced Ago2
loading) in logs-PD mutants and some Ago2-loaded siR-
NAs remain even in r2d2 null mutant flies (42,52), suggest-
ing that alternative RLC also acts in flies at a low level. Pos-
sibly, the action of alternative RLC is influenced by the rel-
ative expression levels of Loqs-PD and R2D2; in this case,
the importance of RLC and alternative RLC (aRLC) may
vary between tissues and cell lines. An important question

Nucleic Acids Research, 2017, Vol. 45, No. 21 12547

is whether the two forms of RLC, which clearly co-exist
in S2 cells (Supplementary Figure S1C), display specificity
for certain small RNA substrates. Both complexes can load
endogenous and exogenous siRNAs into Ago2, indicating
that the contribution of each RLC may be dictated by their
relative abundance. Unfortunately, we were unable to de-
rive double-mutant clones to test the extent of redundancy
between Loqs-PD and R2D2 directly. Previously, we had
found that exogenous siRNAs were partially dependent on
R2D2 and that isoform-specific knock-down of Logs-PD
only increased the efficiency of experimental RNAi (52).
Our knock-out cells do not recapitulate this difference. One
cause for this may be the fact that we deleted all isoforms
of Logs, while the knock-downs were specifically targeting
Logs-PD. It is conceivable that in the absence of co-factors
for Dcr-1 (i.e. Logs-PB or Logs-PA), some R2D2 is be-
ing sequestered. Alternatively, the growth time required in
our genome editing procedure may select for cells that have
undergone compensatory changes which are absent in the
knock-down approach. In any case, however, the fact that
exogenous RNAI is not completely abrogated upon loss of
R2D2 is consistent in both approaches and clearly indicates
that a redundant activity must exist.

RNA binding by the tandem dsRBDs of Logqs-PD

The assembly of multiple ligand binding sites on a single
protein can lead to improved binding due to avidity ef-
fects and/or even cooperativity. This is exploited in both
natural (e.g. oxygen transport by hemoglobin or bivalent
binding by vertebrate antibodies) and synthetic (e.g. multi-
merization of epitope tags on proteins or transcription fac-
tor binding sites in promoters) biomolecular interactions.
In multi-domain RNA binding proteins, various modes of
RNA binding have been observed ranging from indepen-
dent to preformed domain-domain arrangements (67-72).
A flexible linker connecting two RBDs may thereby func-
tionally uncouple the RNA binding contributions of in-
dividual domains (56). Here, we observed only a moder-
ate increase in binding affinity when comparing the indi-
vidual versus tandem Logs-PD dsRBDs. Similar observa-
tions were made for the human homolog TRBP and several
other, multiple dsSRBD containing proteins (26). Accord-
ing to our deletion analysis, a minimal linker length is re-
quired in order for the two dsRBDs to functionally interact.
Presumably, this is to accommodate the restraints imposed
by the rigid, helical structure of dsRNA. Single molecule
studies suggested that longer linkers, e.g. the 61 amino acid
linker in TRBP, favor a binding mode that allows the pro-
tein to ‘slide’ along dsSRNA whereas shorter linkers, e.g.
the 25 amino acids in Staufenl, lead to a rather stationary
binding (26). The task of Logs-PD in aRLC is to provide
a structure-specific recognition of short siRNA helices in a
reversible manner to allow subsequent hand-over to the ef-
fector protein Ago2. Single-molecule experiments have re-
vealed that the Loqs-PB isoform and its human homolog
TRBP can slide along immobilized dsSRNA (73). Our NMR
data support these observations and show that binding of
Logs to dsRNA is dynamic in solution and involves sliding
along the dsRNA helix. The native 45-residue interdomain
linker length may thus constitute an optimal compromise
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for sufficiently strong, yet mobile and reversible interaction
with the duplex RNA.

Discrimination of the siRNA guide strand by dsRBD proteins

One of the most intriguing aspects of siRINA biogenesis is
the identification of the guide strand based on the differen-
tial base pairing stability at either end (27,28). In the case
of Drosophila, the RISC loading complex (RLC) composed
of Dcr-2 and the dsRBD cofactor R2D2 can interpret the
thermodynamic asymmetry (32). While it is a matter of de-
bate whether loading of mammalian RISC with siRNAs re-
quires the Dicer/TRBP complex for strand discrimination
(34,38,39,74,75), it is clear that during human RISC assem-
bly thermodynamic asymmetry is considered independent
of other features, such as structural imperfections or termi-
nal nucleotide identity (27). Noland and colleagues demon-
strated that the human Dicer/TRBP complex or a fusion
of human Dicer with the tandem dsRBDs from the sper-
matid perinuclear RNA binding protein (SPNR) can bind
asymmetrically to siRNA duplexes. Further studies sug-
gested TRBP to sense thermodynamic asymmetry on its
own (36). Here, we could demonstrate that the complex of
Drosophila Dcr-2 and Logs-PD can also serve as a sensor
for siRNA asymmetry and represents an alternative RLC.
As for the human complex (33) efficient sensing depends
on a protein—protein interaction between Dcr-2 and Loqgs-
PD. Evolution has thus produced distinct approaches for
loading Drosophila Ago2. Nevertheless, the presence of a
dsRBD partner protein for Der-2 is an essential and con-
served requirement. Due to imperfect base-pairing in the
precursors of microRNAs, their loading into Ago proteins
may potentially be distinct from siRNA loading. Intrigu-
ingly, though, the dsSRBD domains present in Logs-PD are
also present in the Loqs-PB isoform that partners with Dcr-
1 for miRNA biogenesis.

Cross-linking of R2D2 to siRNA ends is influenced by
the phosphorylation state of the 5'-end (32), indicating that
recognition of siRNA ends may be possible for dsSRBD pro-
teins. A likely scenario is thus initial binding at a random
position, followed by sliding (Figure 6C). Considering that
an individual dsRBD covers a stretch of ~12 bp on duplex
RNA, this ‘sliding’ along an siRNA may rather represent
a sequential engagement of either of the two dsRBDs and
could also be envisaged as an oscillation between alternative
binding states. Our NMR PRE data indicate that Loqs-PD
has a weak preference to bind the more stably base-paired
end, which is expected to be more rigid and represent a more
canonical double-stranded RNA conformation. However,
this preference appears too weak to explain the observed
loading bias. Thus, an amplification mechanism exists upon
formation of RLC together with Dcr-2. The NMR PRE
data did not indicate a preference for a particular dsSRBD in
Logs-PD to bind to the more stable base-paired end, argu-
ing that the flexible linker indeed connects two functionally
equivalent domains.

Taken together, we propose that after initial binding, a
dynamic ‘scanning’ mode of RNA-protein association is
established. In this mode, RLC slides or oscillates along
the RNA duplex towards either end with the help of its
tandem dsRBD subunit in a state that is not yet loading

competent. Transition from the scanning mode to loading-
competent RLC probably involves conformational changes
in Dcr-2, perhaps equivalent to the state transitions de-
scribed by Sinha and colleagues for the dicing reaction (76).
Binding of the siRNA in the thermodynamically ‘correct’
orientation may prolong the RLC residence time, favor con-
formational transitions and thereby amplify the strand dis-
crimination capability. In addition, a potential dimerization
of aRLC as described for the TAF11/Dcr-2/R2D2 complex
(37) may contribute to the selectivity. Finally, we cannot ex-
clude that the Dcr-2 protein on its own also displays a weak
preference for the less stably paired end, which was - like
the binding preference of Logs-PD - not detectable by our
cross-link approach. Dynamic, solution-based assays may
reveal if a weak preference also exists for Dcr-2 and, impor-
tantly, reveal how the strand discrimination ability is ampli-
fied during the RLC conformational transitions.
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