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SUMMARY

dsRNA binding proteins (dsRBPs) facilitate Dicer functions in RNAI. C. elegans RDE-4 facilitates
cleavage of long dsRNA to siRNA, while human TRBP functions downstream to pass siRNA to
RISC. We show that these distinct in vivo roles are reflected in in vitro binding properties. RDE-4
preferentially binds long dsRNA, while TRBP binds siRNA with an affinity that is independent of
dsRNA length. These properties are mechanistically based in the fact that RDE-4 binds cooperatively,
via contributions from multiple domains, while TRBP binds non-cooperatively. Our studies offer a
paradigm for how dsRBPs, which are not sequence-specific, discern dsRNA length. Additionally,
analyses of the ability of RDE-4 deletion constructs and RDE-4/TRBP chimeras to reconstitute Dicer
activity suggest RDE-4 promotes activity using its dSRBM2 to bind dsRNA, its linker region to
interact with Dicer, and its C-terminus for Dicer activation.
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INTRODUCTION

The RNase 11l enzyme Dicer is a key enzyme in the RNA interference (RNAI) pathway, and
in all organisms studied thus far, functions in association with double-stranded RNA-binding
proteins (dsRBPs).1 For example, human Dicer associates with TRBP and PACT 24
Drosophila Dicer-2 associates with R2D2,%:6 and Caenorhabditis elegans DCR-1 associates
with RDE-4.7 All of these accessory dsRBPs have very similar domain structures: two N-
terminal dsSRNA-binding motifs (dSRBMs) and a C-terminus that contains a third degenerate
dsRBM.

Despite similarities in domain structure, these dsSRBPs have different roles in RNAI.
Drosophila Dicer-2 does not require R2D2 to cleave dSRNA invitro or in vivo, but downstream
of this step, a complex of Dicer-2 and R2D2 is essential for loading siRNA into the RNA-
induced silencing complex (RISC).5’6*8 Likewise, human Dicer processes dSRNA without
TRBP and PACT in vitro:910 and while there are some conflicting data, 1L the primary roles
for TRBP and PACT appear to be after the production of siRNAs, in facilitating their
incorporation into RISC.2"412 |n contrast, C. elegans RDE-4 is required for DCR-1-mediated
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cleavage of dsSRNA to siRNA, but is not required in subsequent steps.7v13vl4 This is
emphasized by the observation that rde-4 mutant worms are incapable of RNAi when injected
with long dSRNA, but this defect can be bypassed by the injection of siRNAs.14

dsRBPs bind dsRNA indiscriminant of sequence.15 However, the different functions of
dsRBPs in RNAI require that some bind long dsRNA, while others bind short sSiRNA, raising
the possibility that dsRBPs can discriminate dsRNA based on length. Consistent with this idea,
RDE-4 forms stable complexes with long dsRNA in vivo, but does not stably interact with
SiRNA.7 Similarly, with purified components, RDE-4 preferentially binds long dsRNA.13 The
latter study indicated that RDE-4 binds dsRNA cooperatively. This suggests a simple model
to explain how dsRBPs discriminate dsRNA based on length, invoking classic studies of
sequence-independent proteins that bind to nucleic acid lattices.16:17 According to this
paradigm, cooperativity favors binding to long dsRNA, a nucleic acid lattice that has multiple
binding sites and thus maximizes cooperative interactions. Here we report further studies that
support this model, involving studies of RDE-4 as well as a second dsRBP, human TRBP. We
show that human TRBP, whose in vivo function requires binding to siRNA rather than long
dsRNA, binds siRNA with high affinity, but is not cooperative. Using a comprehensive set of
RDE-4 truncations, we dissect the functions of RDE-4’s domains using in vitro binding studies,
and assays for reconstitution of Dicer activity in extracts of rde-4 mutant C. elegans. Our studies
indicate dsSRBM2 of RDE-4 is most important for binding dsRNA, but multiple domains
contribute to cooperativity. While RDE-4’s ability to bind dsRNA is important for facilitating
cleavage of dsRNA by Dicer, the linker region also plays an important role, possibly mediating
direct interactions with Dicer.

To investigate the contribution of the different domains of RDE-4 to cooperativity, we first
overexpressed and purified RDE-4 variant proteins that lacked, or contained mutations in, one
or more domains (Fig. 1a). These variants were named according to their domain content. For
example, the RDE-4 variant that lacks dSRBM1 (R1) and the linker region (L), but has dSRBM2
(Ry) and the C-terminus (C), is called R,C; when a variant contained only the N- or C-terminal
region of a domain, the included region was indicated by a subscript (e.g., LcR>2). In addition,
for comparison, we sought a non-cooperative dsRBP. The cooperativity of RDE-4 is consistent
with its in vivo function, which requires preferential binding to long dsSRNA over short sSiRNA.
We reasoned that dsRBPs that act later in RNAI, after a dSRNA has been cleaved into SiRNAs,
would not need to bind long dsSRNA and thus would lack cooperativity. The human dsRBP
TRBP was a good candidate for a non-cooperative dsRBP, since it acts downstream of siRNA
production, facilitating incorporation of siRNA into RISC.2:3:12

We cloned, overexpressed and purified TRBP as a maltose-binding protein (MBP) fusion for
comparative binding studies. Despite retaining the ability to bind dsRNA, a large fraction of
the full-length recombinant TRBP formed soluble aggregates. As an alternative, a stable, well-
behaved C-terminal deletion variant of TRBP (AC-TRBP) was purified and used in our binding
studies (Fig. 1a). Similar binding affinities were observed for the full-length aggregates and
AC-TRBP (data not shown). This result is consistent with previous studies that demonstrated
the C-terminus of TRBP does not contribute to dSRNA-binding properties.l&19

Comparison of dsRNA binding properties of RDE-4 and TRBP

We used gel-shift assays to compare binding of RDE-4, its variants, and AC-TRBP, to various
lengths of dSRNA. These data are tabulated in Figure 1a, with representative data shown in
Figure 2. Consistent with previous studies, the affinity of RDE-4 for dsSRNA increased
markedly with successive increases in dsSRNA length (Fig. 1a, b). In contrast, AC-TRBP bound
dsRNA with an affinity that was not dependent on length. In fact, differences in the affinity of
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AC-TRBP for the various dsSRNA substrates were not significant (p >0.16, t-test), except for
the slight increase in affinity for the 40 bp dsRNA; possibly there is a feature of this substrate
that increases binding affinity. Notably, AC-TRBP exhibited a significantly higher affinity for
dsRNA, with a Ky that was more than an order of magnitude lower than that of RDE-4 binding
to a 650 bp dsRNA (Fig. 1a). Non-cooperative proteins bind nucleic acids based solely on their
intrinsic binding affinity without contributions from cooperativity (see Fig. 5) and therefore
should exhibit similar affinities regardless of RNA Iength.17 Thus, as predicted, AC-TRBP
bound dsRNAs non-cooperatively.

The differences between the cooperative RDE-4, and the non-cooperative TRBP, were quite
evident in their gel-shift patterns (Fig. 2). Discrete mobility-shift intermediates were observed
for AC-TRBP hinding to dsRNA of all lengths, indicating stable isolated binding events (Figs.
2a, 5). In contrast, the gel-shift patterns for RDE-4 did not show intermediates, consistent with
cooperative protein-protein interactions that preclude isolated binding events. Binding of
RDE-4 showed a sharp transition, with complete binding occurring over a narrow range of
protein concentration (Fig. 2b). This positive cooperativity was evidenced by Hill coefficients
> 2 (Table 1). Cooperativity was not observed with AC-TRBP and binding occurred over a
broad concentration range with Hill coefficients ~ 1 (Table 1).

RDE-4's cooperativity is mediated by multiple domains

Surprisingly, except in two cases, all RDE-4 variants exhibited cooperativity as evidenced by
an increase in affinity with each progression to a longer dsRNA (Fig. 1a, b). While there were
differences in magnitude, we observed that cooperative interactions were possible with RDE-4
variants that lacked, or contained mutations in, dSRBM1 (Mut-R1, LcR,C, R,C), the linker
(LcR2C, RyC), and the C-terminus (R1LR,Cy, R1LR5). The two exceptions were R1L, which
could not bind dsRNA at all, and LcR». LcR, showed a very low affinity for dSRNA of all
lengths, and only showed an increase in affinity when dsRNA length was increased from 40bp
to 104bp (Fig. 1a, b). While LcR, showed minimal cooperativity, its ability to bind dSRNA
emphasizes the importance of dSRBM2 in dsRNA binding. Other variants containing only a
single dsSRBM, such as RqL (Fig. 1), and a variant containing only dsSRBM3 that was assayed
in our previous study,13 were unable to bind dsRNA.

LcRoC and RoC, which differ only in the C-terminal portion of the linker (L¢), show almost

identical properties (Fig. 1) suggesting the linker contributes little to cooperativity. Overall our
analysis of the RDE-4 variants indicates that if dSSRBM2 is present to allow dsRNA binding,

either the N-terminal domain containing dsRBM1, or the C-terminus containing the degenerate
dsRBM3, can confer cooperativity.

While either the N-terminal or C-terminal domain of RDE-4 was sufficient to confer
cooperativity, variants lacking either domain exhibited cooperativity that was less than that of
the full-length RDE-4 (Fig. 1, Table 1). For example, consistent with their increased affinity
for binding to longer dsRNA (Fig. 1), the RDE-4 variants R{LR,Cy and R1LR, showed
positive cooperativity, although less than the wildtype protein (Fig. 2b, Table 1). This suggested
the C-terminus of RDE-4 was not solely responsible for cooperativity, but that it makes
contributions to this property. This was emphasized by subtle differences in the gel-shift
patterns of RDE-4 and the C-terminal deletion variant R1LR, (Fig. 2a). Construct R1LR,Cy,
which is missing two-thirds of the C-terminus, resembled full-length RDE-4 in both affinity
(Figs. 2b, 1a) and gel-shift patterns (Fig. 2a). However, when 42 more amino acids were deleted
from the C-terminus, as in construct R1LR5, the binding affinities appeared near wildtype (Figs.
2b, 1a), but gel-shift patterns showed distinct intermediates as observed with the non-
cooperative TRBP (Fig. 2a). Cooperative proteins bind in clusters along the dsRNA lattice.
17 Perhaps deleting the C-terminus has altered this mode of contiguous binding, allowing the
resolution of discrete intermediates.
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dsRBM2 mediates binding to long dsRNA, while both motifs are required for binding siRNA

The observation of gel-shift intermediates with R;LR, emphasized that the truncations and
mutations in our RDE-4 variants affected cooperativity, but it seemed likely that some variants
also had differences in the RNA-protein interactions important for intrinsic affinity. The latter
should be most apparent in binding to short dSRNA when cooperative interactions are minimal.
Indeed, for most variants studied, affinity was near wildtype with long dsRNA, but decreased
dramatically with very short dSRNA (Fig. 1b). For example, binding of L;R,C and Mut-R
exhibited near wildtype affinities for a 104bp, 300bp and 650bp dsRNA (Figs. 1a, 3b).
However, with both variants, affinity decreased somewhat with a shorter, 40bp dsRNA, and
binding to a 20bp siRNA was undetectable even at concentrations as high as 4 uM (Figs. 1,
3a, ¢). Another variant, R,C, which lacked dsRBM; as well as the entire linker, gave similar
results (Fig. 1). These data suggested that dSRBM1 is particularly important for binding shorter
dsRNA such as siRNA, where cooperative interactions are minimal. However, as mentioned,
we found that the RDE-4 variant, R1L, which consists of dsSRBM1 and the complete linker
region, was unable to bind any dsSRNA at concentrations as high as 10 um (Fig. 1a). Together,
our data indicate that interactions with long dsSRNA are mediated primarily by dsRBM2, but
both dsRBM s are required for binding short dSRNA.

We also observed that, similar to constructs lacking dsSRBM1, RDE-4 variants missing
sequences in the C-terminus (R1LR,Cy and R1LR5) exhibited near wildtype affinities for
longer dsRNA, but a marked decrease in affinity for siRNA (Fig. 1). However, for these variant
proteins the reduction in affinity for sSiRNA was less severe. While binding to siRNA was
undetectable for N-terminal variants (Mut-R; and L;R,C), C-terminal variants (R1LR,Cy and
R;1LR5) showed an approximate 3-fold reduction as compared to RDE-4 (Fig. 1). We also
found that removal of both domains, as in LcR», compromised affinity for dsSRNA of all lengths
(Fig. 1), suggesting that one or both of these domains, in addition to conferring the ability to
bind short dsRNA, also make contributions to the affinity for long dsSRNA. The R1LR>Cy;,
R;1LR, and LcR5 C-terminal deletion constructs differ from RDE-4 in that they exist as stable
monomers in solution (data not shown), whereas RDE-4 is a dimer.13 Possibly dimerization,
in conjunction with dsRBML, is required for binding short dsRNAs.

Transposing dsRNA binding properties using protein chimeras

Our analysis of RDE-4 and TRBP showed that these proteins were quite distinct in their
properties, possibly reflecting their unique in vivo roles. RDE-4 has a relatively low affinity
for dsRNA, but its intrinsic cooperativity allows it to make tight interactions with long dsRNA.
By comparison, TRBP has a high affinity for binding dsRNA, thus allowing it to bind tightly
to dsRNA of any length, without cooperativity (Fig. 1a, Table 1). We found that almost any
part of one protein, when inserted into the other, created a chimeric protein with attributes of
both RDE-4 and TRBP. For example, replacing RDE-4’s dsSRBM2 with that of TRBP, gave a
protein, ChimA, that had the high affinity binding characteristic of TRBP, with an increase in
affinity for longer dsRNAs as observed for RDE-4 (Fig. 1a). Similarly, ChimB and ChimC
exhibited constant high affinity for dSRNAs > 40bp, but lower affinity for SiRNA as observed
with RDE-4 (Fig. 1a). Interestingly, ChimB exhibited high affinity binding despite a previous
report suggesting dsRBM1 of TRBP binds dsSRNA weakly.20 Because we found dsRBM1 of
RDE-4 did not bind dsRNA at all (Fig. 1a), it is likely that its replacement, even with a low
affinity dsRBM such as dsRBM1 of TRBP, affects overall affinity. Finally, our analysis of the
chimeric proteins emphasized that while RDE-4’s N- and C-terminal domains could confer
cooperativity to TRBP sequences (ChimA), its linker and dsSRBM2 were unable to confer this
property to TRBP (ChimB, ChimC).
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The linker region of RDE-4 is essential for reconstitution of Dicer activity

C. elegans Dicer has not been amenable to overexpression and purification, but extracts
Brepared from C. elegans embryos have Dicer activity and can process dsRNA into siRNA.

1 Using this system, we showed that extracts prepared from rde-4 mutant C. elegans lack
detectable Dicer activity, but activity can be restored by the addition of recombinant
RDE-4.13 This “add-back” system is useful for delineating how the various domains of RDE-4
facilitate Dicer’s function in RNAI, and we previously showed that reconstitution is dependent
on the C-terminal 100 amino acids of RDE-4, a domain that also mediates RDE-4
homodimerization.13

To further define which domains of RDE-4 are required for siRNA production, we tested the
ability of our new protein variants to reconstitute Dicer activity in rde-4(ne299) extracts. A
650 bp dsRNA, internally labeled with 32P, was incubated with extract +/- recombinant protein,
and siRNA production was monitored by resolving reaction products on denaturing gels. The
various protein constructs exhibited slightly different affinities for dSRNA (Fig. 1a), so we
tested their ability to reconstitute Dicer activity over a range of concentrations (Fig. 4a, 100
nM; 4b, 500 nM; data not shown). Data from multiple analyses were quantified by determining
the fraction of total RNA that appeared as siRNA, and reported relative to the reconstitution
observed with full-length RDE-4 at 100 nM (Fig. 4e, f).

As shown in Figure 4a and b, siRNAs were readily detected after incubation of 650 bp dsSRNA
in extracts prepared from wildtype worms (N2, lane 1), but were absent after incubation in
extracts prepared from rde-4(ne299) worms (lane 2). Addition of 100 nM recombinant, full-
length RDE-4 to rde-4(ne299) extracts rescued cleavage of 650 bp dsRNA to siRNA (Fig. 4a,
e, lane 3), and a further increase in sSiRNA was observed at 500 nM (Fig. 4b, f, lane 3),
suggesting 100 nM was not saturating. Similarly, the dsSRBM1 mutant, Mut-R1, and the N-
terminal deletion variant, LcR,C, both of which were unable to stably bind siRNA (Fig. 3a,
c), retained the ability to reconstitute Dicer activity (Fig. 4a, b lanes 4 and 5). However, both
proteins showed a marked decrease in siRNA levels when compared to full-length RDE-4 (Fig.
4a, b, e, f, lanes 3, 4 and 5). These data indicate that dSRBM1 of RDE-4 is not essential for
Dicer cleavage of dsRNA in extracts. However, the lower levels of reconstitution suggest that
dsRBM1 may either facilitate this process or aid in siRNA stabilization.

In contrast to the reconstitution observed with LcR,C, variant R,C was unable to support
siRNA production (Fig. 4a-f, lane 6), suggesting that the linker region contained in LcR,C is
critical for Dicer activity. Importantly, both N-terminal variants LcR,C and R,C bound 650
bp dsRNA with near wildtype affinities (Fig. 1) and eluted as stable dimers from a Superdex
200 gel filtration column (data not shown). These data suggest that the linker region deleted
in R,C is required for siRNA production in a manner independent of dSRNA binding and
dimerization, perhaps by mediating protein-protein interactions with Dicer. However, assays
with the deletion variant, L¢R, (Fig. 4a-f, lane 7), combined with previous studies of the C-
terminal deletion variants, R;LR,Cy and R1LR2,13 indicate that the linker region is not
sufficient for reconstitution in the absence of the C-terminus. Taken together, our data suggest
RDE-4 has three regions that are essential for facilitating cleavage of dsSRNA by Dicer: its
dsRBM2 that allows binding to dsSRNA, its linker region that may promote protein-protein
interactions with Dicer, and the C-terminus that is required for homodimerization of RDE-4.

We next tested for C. elegans Dicer reconstitution using human TRBP and our RDE-4/TRBP
chimera constructs. It was previously shown that the C-terminus of TRBP mediates interactions
with human Dicer.3 Therefore, in our reconstitution assays we utilized full-length TRBP,
which in our hands formed soluble aggregates but retained dsSRNA binding ability (data not
shown). While TRBP was unable to restore wildtype levels of Dicer activity (Fig. 4a-f, lane
8), somewhat surprisingly, at 200nM, the human dsRBP was able to reconstitute minimal
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activity in C. elegans rde-4(ne299) extracts (Fig. 4c, lane 8). In contrast, the AC-TRBP
construct, similar to the RDE-4 constructs lacking the C-terminus, showed no reconstitution
(data not shown). Surprisingly, ChimA, which contains the important C-terminal and linker
domains of RDE-4, but replaces dsSRBM2 with the second dsRBM of TRBP, gave moderate
restoration of Dicer activity at 100 nM (Fig. 4a, e, lane 9). Lastly, ChimB and ChimC showed
low but detectable reconstitution activity at 100 nM (Fig. 4c, lanes 10-11), suggesting the high
affinity dsSRBMs of TRBP, in combination with the RDE-4 linker, marginally overcome the
deficiency seen in the absence of the C-terminus.

At 500 nM, however, the activities observed for TRBP and the RDE-4/TRBP chimeras were
either undetectable (TRBP, ChimA, ChimC, Fig. 4b, d, f, lanes 8, 9, 11) or greatly diminished
(ChimB, Fig. 4b, d, f, lane 10). This result is reminiscent of observations made in our previous
study,13 where the addition of high concentrations of full-length RDE-4 was observed to inhibit
reconstitution of rde-4(ne337) extracts, as well as SiRNA production in a wildtype (N2) extract.
Similar to our interpretation in those studies, high concentrations of TRBP and the RDE-4/
TRBP chimeras may titrate a limiting factor, and this may occur at lower concentrations of
these proteins because of their higher binding affinities compared to full-length RDE-4.

DISCUSSION

A general model for how dsRBPs discriminate dsRNA length

Early theoretical work put forth that cooperative nucleic acid-binding proteins exhibit observed
affinities (Kqps) that are products of the intrinsic affinity of an isolated protein-nucleic acid
interaction (Kjn) and the cooperativity parameter, o (Kgps = Kimm).17 The cooperativity
parameter, o, is a unitless factor that specifies the relative affinity of an additional ligand for
acontiguous versus an isolated binding site.17 Therefore, high o values result in protein cluster
formation along a nucleic acid lattice, presumably due to stabilizing interactions between
adjacently bound proteins.17 RDE-4 exhibits an approximate 67-fold increase in affinity in
going from 20 bp (siRNA) to 650 bp dsRNA (Fig. 1). If siRNA is the minimal substrate for
RDE-4, the affinity observed for sSiRNA would represent the Kj,; for RDE-4, and using the
relationship of Kqps = Kjnio, 67 would approximate the cooperativity parameter, . This value
suggests RDE-4 is moderately cooperative, for example, by comparison to the hizghly
cooperative ssDNA-binding protein, T4 gene 32, which has an » value of ~ 1000. 2 However,
67 is likely an underrepresentation of the true value of o for RDE-4, since “end effects” from
the finite-length lattices used in our studies lead to a loss of cooperative interactions. 1623
More detailed analyses are required to dissect the exact values of Kj,; and o for RDE-4.

Cooperative binding represents an important biophysical property of RDE-4 that is directly
related to its biological function — binding to long dsSRNA substrates but dissociating from
SiRNA products. In contrast, the primary function of the human dsRBP, TRBP, is downstream
of sSiRNA production,zvs eliminating the need for preferential binding to long dsRNA. Indeed,
we found that TRBP bound all dsRNA lengths with similar high affinity (Fig. 1a), as predicted
for a non-cooperative protein where o = 1. Thus, the different binding properties of RDE-4
and TRBP likely reflect their in vivo functions. Here it is important to point out that the exact
role of TRBP during RNAi remains a bit unclear. A complex of TRBP, Dicer and Ago2, known
as the RISC-loading complex (RLC), loads siRNA into the mRNA cleaving enzyme,
AgoZ.lZv24 TRBP, which recruits Dicer to Ago2, confers siRNA-binding ability to the RLC.
2 Together with data demonstrating TRBP-independent dsRNA cleavage by Dicer,2:4:910,
25 these data support a role for TRBP downstream of siRNA production. However, two recent
studies report modest stimulation of in vitro Dicer cleavage activity upon the addition of TRBP.
11,25 Importantly, the data suggest this stimulation occurs by a different mechanism compared
to that by which RDE-4 facilitates Dicer function. The stimulatory effect does not appear
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related to binding of the dSRNA substrate, but rather, due to stabilization of an active
conformation of Dicer.

Cooperative dsRNA binding by RDE-4: an act of multiple domains

At least two factors contribute to binding of dsSRNA by RDE-4, dsRNA-protein interactions
and cooperative protein-protein interactions. When the latter are present, an increase in affinity
is observed as dsSRNA length increases, since multiple RDE-4 molecules form long clusters
along the dsRNA (Fig. 5). When cooperative interactions are absent, as with TRBP (Fig. 5),
or unavailable, as with RDE-4 binding a short siRNA substrate, the observed affinity is based
solely on dsRNA-protein interactions.

In hopes of defining the domain responsible for cooperative protein-protein interactions in
RDE-4, we assayed deletion variants of RDE-4 for dsSRNA binding ability (Fig. 1a). Similar
approaches successfully defined the cooperativity domain of T4 Gene 32 protein, where
deletion of the first 21 amino acids abrogated preferential binding to long single-stranded DNA.
26 Surprisingly, most of our RDE-4 variants bound longer dsRNA with higher affinity (Fig.
1), suggesting that cooperativity is not a characteristic conferred by a single domain of RDE-4,
but the combined effect of multiple domains. However, in general, RDE-4 variants showed a
dramatic decrease in affinity for short dsSRNAs, with dsSRBM1 mutants showing no detectable
SiRNA binding (Figs. 1+ 3). Interestingly, similar findings were reported for dssSRBM1 mutants
of the Drosophilia dsRBP, R2D2,6 suggesting that the requirement for multiple dsSRBMs in
binding short dsRNAs is an evolutionarily conserved phenomenon.

Deleting either the N- or C-terminus of RDE-4 not only decreased siRNA affinity, but also
affected Hill coefficients (Table 1), and in the case of R1LR>, gel shift patterns (Fig. 2a).
Possibly, disrupting either of these domains interrupts potential cooperative protein-protein
interactions, thus lowering the probability of saturating the dsSRNA lattice. Alternatively, our
data may indicate that cooperativity arises not from protein-protein interactions, but instead
from the production of highly favorable binding sites adjacent to bound proteins, possibly due
to slight perturbations of the dsRNA structure. If such perturbations made it more favorable
for contiguously bound proteins to propagate, compared to the initiation of a new, isolated
binding event, binding would also be cooperative. 7 In this scenario RDE-4’s cooperativity
would arise solely from dsRNA binding, thus explaining our inability to completely disrupt
cooperativity with the N-terminal and C-terminal truncations. However, the inability of variant
LcR5 to bind cooperatively suggests that at least two dsRBMs (i.e., dSRBM2 + dsRBM1 or
dsRBM2 + dsRBM3) are required for the putative dsSRNA structure perturbations. Future
studies will be required to differentiate between these two possibilities.

Domain requirements in RDE-4 for facilitating Dicer activity

C. elegans has only one Dicer that must process both pre-miRNAs and dsRNAs in the miRNA
and RNAI pathways, respectively.28'29 To date, it is not known whether or how C. elegans
Dicer discriminates between these two types of substrates. Together with previously published
results, our in vitro cleavage data indicate that RDE-4 is essential for processing long dsSRNAs
(Fig. 4),7'13'14 but not miRNAs.30:31 we predict that the interaction between RDE-4 and
Dicer, combined with RDE-4’s cooperativity, provide substrate specificity to Dicer by
directing it to long dsRNAs. These two attributes of RDE-4 are critical for RNAI in C.
elegans.

Our data indicate that the N-terminus, including dsSRBM1, of RDE-4 is dispensable for
reconstituting siRNA production (Fig. 4, lanes 4 and 5). Consistent with our results, RDE-4
variants lacking dsSRBML1 retain interactions with Dicer as monitored by differential
cytolocalization assays (DCLA),32 and are able to rescue RNA. in rde-4 mutant worms to near
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wildtype levels (D. Blanchard and A. Fire, personal communication). Why RDE-4 contains
two dsRBMs when dsRBM1 appears to be dispensable for promoting Dicer cleavage activity
isunclear. However, recent reports demonstrate that the structure of the double-stranded siRNA
or miRNA products of Dicer influences the selection of the appropriate downstream Argonaute
protein, and suggest that RDE-4 is a potential mediator of this selection process.33'36 We find
dsRBM1 of RDE-4 is required for siRNA binding (Fig. 3), and it would be interesting to see
if this motif functions in downstream steps of RNA..

Our reconstitution assays also demonstrated that the linker region of RDE-4 is critical for
siRNA production (Fig. 4, lane 6). Since our experiments indicate the linker does not affect
dsRNA binding or RDE-4 dimerization, we propose that it mediates interactions with Dicer.
This idea is supported by results of DCLA experiments, which indicate that both the linker and
dsRBM2 are required for stable interactions with Dicer (D. Blanchard and A. Fire, personal
communication). We found the protein construct ChimA, which replaces dsSRBM2 of RDE-4
with the second dsRBM of TRBP, supports moderate reconstitution of siRNA production (Fig.
4a, e lane 9). Since it seems unlikely that dsSRBM2 of human TRBP is able to interact directly
with C. elegans Dicer, we propose the requirement of dsSRBM2 is indirect, and mediated by
its ability to bind dsRNA. However, we cannot rule out that the conserved amino acid residues
between the dsRBMs of TRBP and RDE-4 allow for direct ChimA/Dicer interactions.

Most surprisingly, we found that in the absence of RDE-4, TRBP facilitated a low level of
cleavage activity by C. elegans Dicer (Fig. 4c, lane 8). How the human protein is able to
facilitate C. elegans Dicer activity in our studies is unknown. Perhaps TRBP’s ability to
promote an active Dicer conformation is recapitulated in our extracts.2° Similar low-level
reconstitution was seen with ChimB and ChimC (Fig. 4c, lanes 10-11). Based on the published
data,37v38 we predict that these proteins are dimers in solution. Therefore, the low level of
Dicer activity supported by ChimB and ChimC suggests that the presence of the linker region
of RDE-4, high affinity for dSRNA, and possibly homodimerization, enables minimal Dicer
activity in the absence of wildtype RDE-4.

The C-terminus of RDE-4 is important for forming homodimers in solution and for facilitating
SiRNA production by Dicer in extracts.13 Deleting the C-terminus of RDE-4 also abolishes
RNAI in vivo, but not Dicer interactions as monitored by DCLA experiments (D. Blanchard
and A. Fire, personal communication). These data indicate the C-terminus of RDE-4 plays a
key role in RNAI, independent of direct interactions with Dicer. Possibly, the C-terminus
mediates a dimerization event that is necessary for recruiting Dicer in an active form.
Alternatively, the C-terminus of RDE-4 may facilitate Dicer activity independent of
dimerization, as has been demonstrated for other dsSRBP partners. For example, the C-terminus
of the human dsRBP, PACT, is not required for high-affinity associations with protein kinase
R (PKR), but is required for PKR activation.39:40 Similarly, a recent study25 suggests auto-
inhibition of human Dicer is alleviated by interactions with the C-terminus of TRBP.34
Interestingly, both TRBP and PACT form homodimers in solution, 41,42 yet recent evidence
indicates that TRBP exists as a monomer in the active Dicer complex.12 Taken together, the
data for PACT and TRBP set a precedent for stimulatory roles of dsRBP C-terminal domains
and raise the possibility that the C-terminus of RDE-4 acts in a similar manner.

MATERIALS AND METHODS

Construction, expression and purification of RDE-4 variants, TRBP and chimeras

Truncated RDE-4 constructs were PCR amplified from RDE-4-YEpTOP2GAL1 which
encoded wildtype RDE-4.13The sequences of primers (5” to 3’) used to construct these variants
are listed below.
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RDE-4_BamH1_For: CGT CAA GGA GAA AAA ACC CCG GAT CCG TAACC

RDE-4_169_Xhol_Rev: GTC ATT ACT CGA GTC AAT TCT CGG TTG GCG AAA
TAC CAG GTG G

RDE-4_Xhol_Rev: GTC ATT ACT CGA GTC AAT CCG TGAAATC
RDE-4_139_LR: GCATCT GAA GTT GAT CGC TGA AAATACAGGTTTTCG G
RDE-4_139 RF: CCG AAA ACC TGT ATT TTC AGC GAT CAACTT CAG ATGC

RDE-4_163_LR: CCC AAT TCT CGG TTG GCG AAA TAC CCT GAA AAT ACA
GGT TTT CGG

RDE-4_163_RF:CCGAAAACCTGTATTTTCAGGGTATTT CGC CAACCGAGA
ATT GGG

R4_Rev_Xhol: GTC ATT ACT CGA GTC ACATAT CAT ATG ATT CCAGAG ATT
CGATACCG

R4L was constructed using RDE-4 BamH1_For and RDE-4_169 Xhol_Rev primers. For
LcR2C and R,C, overlapping PCR technique (“PCR sewing”) was used. In conjunction with
two terminal primers, RDE-4_BamH1_for and RDE-4_Xho1_Rev, the following overlapping
primers were used to make the truncated constructs: LcR,C, RDE-4 139 LR and
RDE-4 139 RF; R,C, RDE-4 163 LR and RDE-4_163 RF. The construct for LcR, was
made using LcR,C cDNA as the template and RDE-4_BamH1_For and R4_Rev_Xhol as the
forward and reverse primers, respectively. Mut-R1 was made using mutant PCR oligos that
replace two lysines at positions 89 and 90 by two alanines. Sequences of all recombinant RDE-4
constructs were confirmed by DNA sequencing. All proteins were expressed in the S.
cerevisiae BCY123 strain and purified as described.13 For R,C, the N-terminal polyhistidine
tag was not removed as this reduced its stability.

Human cDNA was synthesized by reverse transcription of polyA* RNA using random primers.
TRBP sequence was PCR amplified from the cDNA using forward (5’-GGG CCC TCA TGA
GTG AAG AGG AGC AAG GCT CC - 3”) and reverse (5’- GGG GGG AAG CTTTCACTT
GCT GCC TGC CAT GAT CTT - 3°) primers containing 5’ Bsphl and 3’ HindllI sites,
respectively, allowing ligation into a modified pMAL vector (New England Biolabs) that
inserted a TEV protease cleavage site followed by an Ncol (Bsphl compatible) restriction site
downstream of the MBP ORF. The sequence of the TRBP construct was confirmed by DNA
sequencing. BL21-codon plus (DE3) cells were transformed with TRBP plasmid and plated
on LB media containing 50 pg/ml ampicillin and 34 pg/ml chloramphenicol. 5 ml of LB
containing antibiotics were inoculated with a single transformant and grown overnight at 37 °
C. Overnight cultures were diluted into 1 L of LB and grown approximately 3 h until the OD
reached 0.5. Expression of TRBP was induced by adding IPTG to a final concentration of 0.3
mM. Induction was for 4 hours. Cells were pelleted by centrifugation and stored at -80 °C.

For purification, cells were resuspended in Lysis buffer (20 mM Tris (pH 8.0), 200 mM NacCl,
1 mM EDTA, 1 mM 2-Mercaptoethanol and 5 % v/v Glycerol) and lysed using a French Press
and sonication, and then centrifuged at 30,000 g for 30 min. Supernatant was added to 10 ml
of amylose resin and allowed to bind at 4 °C for 1 h. The resin was washed by 3x10 ml of Lysis
buffer and bound protein was eluted using Buffer B (20 mM Tris (pH 8.0), 100 mM NacCl, 1
mM EDTA, 1 mM 2-Mercaptoethanol and 5 % v/v Glycerol) and 20 mM Maltose. Eluted
protein was loaded onto a 5 ml Hi-Trap Heparin column (Pharmacia) equilibrated with Buffer
B. The column was washed with 50 ml of Buffer B and developed with a 25 ml gradient of
100 mM — 1 M NacCl. Purified protein was dialyzed into storage buffer (30 mM Tris (pH 8.0),
100 mM NaCl, 1 mM 2-Mercaptoethanol and 20 % v/v Glycerol) and stored at -80 °C. Soluble
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AC-TRBP was separated from full-length TRBP aggregates by size exclusion chromatography
using a Superdex 200 column.

To make ChimA, B and C recombinant constructs, the appropriate DNA fragments were
amplified from plasmids containing full-length RDE-4 or TRBP sequences. DNA fragments
were ligated using the overlapping PCR method. The amino acid sequence compositions of
the chimeras are as follows:

ChimA: RDE-4, 1-168; TRBP, 159-245; RDE-4, 245-385
ChimB: TRBP, 1-95; RDE-4, 106-244
ChimC: TRBP, 1-95; RDE-4, 106-168; TRBP, 159-245

All cDNAs were cloned into YEpTOP2GAL1 vector using BamH1 and Xhol restriction
endonuclease sites. Expression and purification of the chimeric proteins were performed as
described for the RDE-4 variants.

RNA preparation

Internally or end 32P-labeled 650, 104, 40 bp dsSRNAs were prepared as described. 13
Internally 32P-labeled 300 bp dsRNA was transcribed with T7 polymerase from a template
encoding sequence from the 6! exon of the C. elegans gene, unc-22. siRNA was generated by
annealing chemically synthesized end 32P-labeled 22 nt ssRNAs, resulting in a 20 bp dsRNA
with 2 nt 3° overhang at both ends.13

Gel mobility shift assay

Gel mobility shift assays were performed as described.13 Either internally or end 32P-labeled
dsRNAs of 20, 40, 104, 300 or 650 bp were used. Reactions were performed in 10 or 20 pl
final vol and mobility shifts were monitored on 5% (650 bp and 300 bp dsRNAs) and 8% (104
bp, 40 bp and 20 bp dsSRNAs) native gels at 4 °C. Dissociation constants were calculated using
the Hill formalism. Briefly, radioactivity corresponding to dSRNA¢ce and dsSRNAqtq Was
detected using a Typhoon Phosphorimager and quantified using ImageQuant software (GE
Healthcare). All RNAs of slower mobility than dsSRNA¢.. were considered as bound. To obtain
Kq values, fraction of RNA bound vs. concentration of recombinant protein (calculated using
monomer molecular weight) was plotted using KaleidaGraph software and fit to the following
equation:

Fraction bound=a ([ protein]" /([ protein|"+K}))+b;

where, a = amplitude of the binding curve (~1), b = base line (~0), n = Hill coefficient.

In vitro Dicer activity and reconstitution assays

In vitro Dicer activity and reconstitution assays were performed essentially as described, 13
with the following modifications. Extract lysis buffer contained 30 mM HEPES (pH 7.4), 100
mM KOACc, 2 mM MgOAc, 5 mM DTT and 20% glycerol. Dicer activity assays consisted of
20 pl reactions containing 50 g of extract, 10 fmol of internally 32P-labeled 650-bp dsRNA
and a final concentration of 100 or 500 nM of recombinant proteins as specified. The cleavage
reactions were performed at 20 °C for 1 h, RNAs were Phenol/CHCI; extracted, resolved on
15% denaturing polyacrylamide gels, visualized using a Typhoon Phosphorimager and
quantified using ImageQuant software. siRNA production was quantified for each recombinant
protein by dividing the radioactivity corresponding to siRNA by the total RNA (total
radioactivity in entire lane). Values were normalized to the value obtained during reconstitution
with full-length RDE-4 (100 nM), which was set to 1 (e.g., Fig. 4e, ). The presence of
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approximately equimolar amounts of Dicer in N2 and rde-4(ne299) extracts was confirmed by
western-blots using an antibody against C. elegans Dicer (data not shown).
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FIGURE 1.

Affinity of dsRBP variants for dSRNA of varying length (a) Domain structures are shown on
the left. Numbers at the top of dotted lines indicate amino acid positions with reference to
RDE-4; for amino acids included in chimeric constructs, see Materials and Methods. Black
lines, RDE-4 domains; gray lines, TRBP domains. As indicated, in Mut-R1, lysines 89 and 90
of dsRBM1 are mutated to alanines. Values for the dissociation constant (Kq) were calculated
from gel-shift experiments using 32P-labeled dsRNAs (see Fig. 2 legend and Materials and
Methods); data represent average values of multiple experiments (3 <n <5) + standard error
of curve fitting, except those in italics, where n = 2. NB, no binding up to 5uM (10 uM for
R1L); ND, not determined. (b) Kq4 values observed for different lengths of dsSRNA as tabulated
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in a are compared for the different RDE-4 variants, colored as indicated; data for dSSRNA > 40
bp are expanded on the right.
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FIGURE 2.

Comparison of RDE-4 binding properties to C-terminal deletion constructs and AC-TRBP.
(a) Increasing amounts of recombinant proteins were added to 0.5-1 fmole 32P-labeled 650 bp
dsRNA (top panel), 104 bp dsRNA (middle panel), and 40 bp dsRNA (bottom panel) and
complex formation was analyzed by native gel electrophoresis. Beginning and ending protein
concentrations are noted above gels with adjacent lanes representing a 2 or 4-fold difference
in protein concentration. As more of the C-terminus is deleted (left to right), the banding pattern
changes to look more like the non-cooperative binding pattern of AC-TRBP. (b) Multiple gel-
shift assays as in a were performed to derive binding isotherms. o = 650 bp dsRNA, o = 104
bp dsRNA, & = 40 bp dsRNA. Radioactivity in gels was quantified to determine fraction
bound = (1-[dSRNAJce)/[dSRNA]ota1- Data points with error bars (standard deviation)
represent average values (3 <n <5, except for R1LR,Cn/104bp where n = 2) and were fit using
the Hill formalism (see Materials and Methods). Note that all three RDE-4 constructs show a
marked increase in affinity for longer dSRNA, whereas AC-TRBP exhibits a relatively constant
affinity for all dSRNAs tested (see Fig. 1). The wells of each gel are marked by a dash at the
top right. In some assays, but not all, radioactive material remained in the well; Kd values
derived from either situation were identical.
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FIGURE 3.

Comparison of RDE-4 binding properties to variants lacking, or with mutations in, dSSRBM1.
(a) Increasing concentrations of recombinant proteins were added to 0.5-1 fmole 32P-labeled
300 bp dsRNA (top panel) or 20 bp siRNA (bottom panel) and complex formation was analyzed
by native gel electrophoresis. Beginning and ending protein concentrations (nM) are noted
above gels with adjacent lanes representing a 2 or 4-fold difference in protein concentration.
The wells of each gel are marked by a dash at the top right. (b,c) Multiple gel-shift assays as
in a were performed to derive binding isotherms for RDE-4 and variants (symbols as indicated)
for binding to 300bp dsRNA (b) and siRNA (c). Data points with error bars (standard deviation)
represent average values (2 < n < 4) and were fit as in Figure 2b.
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FIGURE 4.

In vitro reconstitution of sSiRNA production using C. elegans extracts and recombinant RDE-4
variants. (a) Extracts prepared from wildtype (N2) or rde-4 (ne299) embryos were incubated
for 1 h + 100 nM recombinant proteins as indicated. The autoradiogram shows reaction
products separated by electrophoresis on a 15% denaturing polyacrylamide gel. As indicated,
23 nt siRNAs migrate slightly slower than the 25 nt DNA marker. (b) As in a, but with the
addition of 500 nM recombinant proteins. (c,d) Same as a and b, but with increased contrast
to illustrate small amount of SiRNA production for AC-TRBP, ChimB and ChimC. (e,f)
Multiple reconstitution assays as in a and b were quantified; bar height represents siRNA levels
upon reconstitution with the various recombinant proteins (1-11, as in a-d) at 100 (e) and 500
(f) nM. From a western blot analysis using an antibody to RDE-4, we estimate N2 reactions
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contained 25-50 nM RDE-4, consistent with the complete reconstitution obtained with addition
of 100 nM recombinant RDE-4. Data represent average values from 3-6 independent
experiments. sSiRNA levels are reported relative to full-length RDE-4 at 100 nM, which was
setto 1.
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Cooperative binding

Formation of clusters

Linker ,;, | A S > . |
C-terminus_> w —> "”i“%“}%’?ﬁ“

RDE-4 monomer RDE-4 dimer

Non-cooperative binding Isolated binding

TREBF Dimer TREBF monomer

FIGURE 5.

Schematics illustrating cooperative binding versus isolated binding. RDE-4 is shown with
dsRBM1 and dsRBM2 (ovals) followed by a C-terminus that mediates dimerization. Our data
indicate RDE-4 binds cooperatively, thus forming protein clusters along the dsRNA (top
panel). TRBP is represented similarly, with spheres representing dsSRBM1 and dsSRBM2.
Consistent with our data, TRBP is shown binding non-cooperatively at isolated sites (bottom
panel). Note that while in vitro studies show that TRBP is a dimer in 50Iuti0n,41v42 itisa
monomer in the active Dicer complex.12 We have illustrated RDE-4 interacting with dSRNA
as a dimer, but it is possible that it is a monomer while facilitating Dicer function.
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