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Abstract

In eukaryotes, small RNAs (sSRNAS) play critical roles in multiple biological processes. Dicer
endonucleases are central to SRNA biogenesis. In plants, DICER-LIKE PROTEIN 3 (DCL3)
produces 24-nt small interfering RNAs (siRNAs) that determine the specificity of the RNA-
directed DNA methylation (RdDM) pathway. Here, we determined structure of a DCL3-pre-
SiRNA complex in an active dicing-competent state. The 5’-phosphorylated-Al of the guide strand
and the 1-nt 3’-overhang of the complementary strand are specifically recognized by a positively
charged pocket and an aromatic cap, respectively. The 24-nt siRNA length dependence relies

on the separation between the 5’-phosphorylated-end of the guide RNA and dual cleavage sites
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formed by the paired RNaselll domains. These structural studies, complemented by functional
data, reveal insights into the dicing principle for Dicers in general.

One Sentence Summary:

Mechanistic understanding of the terminus-specific, length-dependent, and strand-biased 24-nt
siRNA production by Arabidopsis DCL3.

Dicer family RNaselll enzymes cleave hairpin-shaped pre-microRNA (pre-miRNA) or
double-stranded pre-small interfering RNA (pre-siRNA) to generate small RNAs (SRNAS)
of defined length (1). After dicing, one SRNA strand is loaded into Argonaute (AGO)
proteins, forming the active RNA-induced silencing complex (RISC), which silences target
loci (2). Structural and biochemical analysis of Giardia intestinalis, human, and Drosophila
Dicers in RNA-free or pre-dicing states have defined overall Dicer topology and function
(3-7). However, the structure of Dicer in a cleavage-competent conformation has yet to be
determined, limiting current understanding of the dicing mechanism.

In Arabidopsis, there are four DICER LIKE PROTEINS (DCLs). While DCL1 produces
21-nt miRNA (8), DCL2, DCL3, and DCL4 produce 22-nt, 24-nt, and 21-nt SiRNAs,
respectively (9-12), in which DCL3 functions specifically in the plant-specific RNA-
directed DNA methylation (RIDM) pathway. In RADM, plant-specific RNA polymerase
IV (Pol 1V) transcribes precursor RNAs, which are converted into dsSRNA by RNA
DEPENDENT RNA POLYMERASE 2 (RDR2) and diced by DCL3 (13-17). The 24-nt
siRNA strand is loaded into AGO4, which interacts with Pol V-transcribed long non-coding
RNAs and recruits DOMAINS REARRANGED METHYLASE 2 (DRM2), facilitating
DNA methylation (18-21). DCL3 possesses ATP-independent dicing activity and has a
substrate preference for pre-siRNAs with a 5’-phosphorylated-Al on the Pol IV-produced
guide strand and a 1-nt 3’-overhangs on the RDR2-produced complementary strand (22-25).

To analyze 24-nt siRNA production by DCL3, we determined the 3.1 A resolution cryo-EM
structure of full length DCL3 in complex with a 40-bp TAS1a derived pre-siRNA with

a 5’-phosphorylated-Al in the guide strand, mimicking the Pol IV strand, and a 1-nt
3’-overhang in the complementary strand, mimicking the RDR2 strand, together with Ca2*
ions mimicking Mg2* but preventing dicing (Fig. LA-B and S1 and Tables S1-S2). The
helicase domain of DCL3 showed faint density and could not be built into the model (Fig.
1B and S1E). Unlike the several reported Dicer structures in the inactive states (3, 6, 7),

our DCL3-RNA structure captured Dicer in a dicing-competent state for the first time.

The platform, PAZ, and connector domains form a combined cassette to bind to the RNA
duplex end towards the 5” of the guide strand, and aligns on one side of the RNA with the
RNasellla/b domains, forming a continuous positively charged surface to accommodate the
RNA (Fig. 1B-D). On the other side, two dsRNA-binding domains (dsRBDs) interact with
the RNA backbone and form an enclosed pre-siRNA binding channel, enveloping the bound
pre-siRNA (Fig. 1C-D).

35-bp of the pre-siRNA can be traced in the structure and ~33-bp are nearly fully
enclosed by DCL3 (Fig. 2A and S2A). The platform, PAZ, and connector domain together
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accommodate one end of the pre-siRNA (Fig. 2B and S2B), resembling the reported

human Dicer platform-PAZ-connector-RNA structure (Fig. S2C) (4). A PAZ domain loop
penetrates the RNA duplex, splitting the first base-pair and flipping out the guide strand 5’-
phosphorylated-Al into a platform-PAZ-connector pocket, with the orphaned U1’ retaining
its original conformation (Fig. 2B). The 5’-phosphate group inserts into a positively charged
pocket formed by surrounding basic residues, including Lys695, Lys903, His906, Arg953,
and Lys957, to form extensive electrostatic and hydrogen bonding interactions (Fig. 2C).

A sulfate binding pocket observed in the human Dicer platform-PAZ-connector cassette
was proposed to be the 5’-phosphate binding site (4, 5). Here, our DCL3-RNA complex
structure located the 5’-phosphate binding pocket to similar position (Fig. S2C) and revealed
the recognition mechanism, suggesting that Dicer proteins may share the same pocket to
recognize the 5’-phosphate group of guide strand RNA.

The flipped-out Al base is stabilized through stacking interactions with the PAZ domain
residues His909 (Fig. 2D), allowing the A1 base to form hydrogen bonds with both the
phosphate group of U9’ on the complementary strand and PAZ domain Arg931 (Fig. 2D),
explaining the preference of DCL3 for Al-containing substrate guide strand (22-24, 26).
Replacement of Al with other bases revealed that pyrimidines, such as U and C, are too
small to form similar hydrogen-bonding interaction as adenine (Fig. S2D). Although the G
base has the potential to form similar hydrogen-bonding interactions (Fig. S2D), the three
hydrogen bonds of the G-C pair require more energy to disrupt than the two hydrogen bonds
of the A-U pair, making base flipping by DCL3 energetically more favorable for A-U than
for G-C. Consistent with this reasoning, U is the second most preferred base at guide strand
position 1, with C and G not being preferred (22). In contrast, DCL4 was reported to possess
no preference for the 5’-end base of guide strand (22), suggesting that different Dicers may
employ different 5’-end base recognition mechanism.

The 3’-end of the complementary strand is recognized by a PAZ domain aromatic cap
formed by His849, Phe869, Tyr880, Tyr883, Phe884 and Tyr888, which both encloses and
provides stacking opportunities with the 3’-end C-1" base (Fig. 2E and S2B). Additionally,
His849, Tyr883, Lys887, and Tyr888 form salt bridge and hydrogen-bonding interactions
with the phosphate groups (Fig. 2E). Thus, recognition of both the 5’-phosphorylated-Al
and 1-nt 3’-overhang of the bound pre-siRNA duplex by the platform-PAZ-connector
cassette supports the previous model that Dicer combines the 5’- and 3’-end recognitions as
a start to measure the SRNA length (3-5).

DCL3 possesses low but significant activity towards substrates with 5’-phosphorylated-U
and/or longer 3’-overhangs (22). To understand this binding tolerance, we determined the
cryo-EM structure, at the 3.73 A resolution, of DCL3 in complex with a 30-bp pre-siRNA
having a guide strand 5’-phosphorylated-U1 and a complementary strand 2-nt 3’-overhang
(Fig. S3-S4 and Tables S1-2). The structure closely resembles the DCL3-40-bp RNA
complex, with an RMSD of 1.9 A (Fig. S4D), but the faint density corresponding to helicase
domain was much weaker and was not built, either (Fig. S3B). The termini of the RNA

can be clearly traced with both bases of the U1-A1’ pair flipped-out from the RNA duplex,
in contrast to the DCL3-40-bp pre-siRNA complex with only the Al of guide strand flipped-
out (Fig. 2F-H). Recognition of the 5’-phosphorylated-U1 is similar to 5’-phosphorylated-
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AL, with the major difference being the lack of a hydrogen bond between the U1 base and
the complementary strand (Fig. S5A). Superimposition of the dsSRNA molecules in the two
complexes indicates that the guide strands adopt very similar conformations, while the flip
out of the complementary strand A1’ of the 2-nt-overhang RNA distorts the backbone of the
RNA (Fig. 2H and S5B). The overhanging G-1" and A-2" turn back, superimposing with the
U1’ and C-1’ of the 1-nt-overhang RNA in the DCL3-40-bp RNA complex, and are captured
by the PAZ domain aromatic cap in a manner similar to the 1-nt-overhang RNA (Fig. 2H

and S5C). Because A2-U2’ are paired in both structures, the longer 3’-overhang can loop out
from the 1’-position with the last 2-nt of the overhang folding back and being captured by
the PAZ aromatic cap, explaining the tolerance mechanism for the longer 3’-overhang.

Similar as previously reported bacterial or yeast RNaselll homodimer structures (27, 28),
the two DCL3 RNaselll domains adopt a conserved side-by-side arrangement with the

two corresponding active sites, marked by Ca2* ions, located at adjacent positions along

the two RNA strands, flanking the minor groove (Fig. 3A). The RNasellla residues
Glu1015, Asp1019, Asp1133 and Glu1136 coordinate one Ca2* ion, mimicking the Mg2*
ion, to participate in the phosphodiester bond cleavage between G23’ and A22’ of the
complementary strand (Fig. 3B and S2B), producing a 23-nt-RNA (C-1’-A22"). Similarly,
the RNaselllb residues Glu1224, Asp1228, Asp1316 and Glu1319 coordinate a second
Ca?* ion to participate in cleavage between C24 and U25 of the guide strand to produce

a 24-nt-RNA (A1-C24) (Fig. 3C and S2B). Thus, simultaneous cutting at both strands will
produce a dsRNA with newly generated 2-nt 3’-overhang on the guide strand and 1-nt
3’-overhang on the complementary strand (Fig. 2A), consistent with previous biochemical
data (22). Consequently, DCL3 mainly produces siRNAs with a 24-nt 5’-phophylated guide
strand (Pol IV strand) and a 23-nt 1-nt-overhang complementary strand (RDR2 strand). /n
planta, AGO4 prefers 24-nt siRNAs possessing 5°-Al as the guide strand (29, 30), perfectly
matching the DCL3 Pol IV strand product, which is thus predominately selected by AGO4
to guide RADM (23), resulting in strand-biased 24-nt siRNA production (23, 24).

The two dsRBDs cover the opposite side of pre-siRNA relative to the positions of
RNasellla/b (Fig. 1C). The two dsRBDs adopt very similar conformations and their highly
positively charged surfaces bind the RNA backbone (Fig. S6A-B). Although both the 5’-half
(A2-U18) and 3’-half (C23-C33) of the pre-siRNA adopt A-form conformations, the two
segments do not align, because of a conformational distortion in the central region (U19-
U22) (Fig. S6C), which can be observed in the DCL3-30-bp RNA complex, too (Fig S6D).
This conformational change displaces the 3’-half of the RNA towards the DCL3 active

sites (Fig. S6E). In the substrate-loaded complex of yeast RNaselll Rnt1p-RNA complex
structure, while the Rntlp RNaselll homodimer is well superimposed with the RNasellla/b
of DCLZ3, the two RNA molecules bounded by Rntlp homodimer mimic the 5’-half and 3’-
half of the DCL3-bounded RNA, respectively, shifting at the same position corresponding to
U19 to U22 of DCL3-complexed RNA (Fig. S6E) (27). In contrast, the two dsRBDs of the
Rntlp homodimer occupy different positions other than the dsRBDa/b of DCL3 (Fig. S6E)
(27). Together, the similar RNA conformational change upon binding by RNasellls and the
different dsRBD binding positions along the RNA suggest a plausible dynamic active dicing
model that the RNasellls capture and twist the RNA, while the dsRBDs dynamically bind

at different positions during the dicing process. Due to the limited available structures, more
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Dicer-RNA complex structures in different states are required to shape the precise overall
working model for Dicer. .

We performed structure-based mutagenesis studies both in vitroand in vivo. Wild-type
(WT) DCL3 cuts a 30-bp pre-siRNA with a 5’-phosphorylated-Al and a 1-nt 3’-overhang
into 24-nt and 23-nt bands efficiently (Fig. 4A-B). Mutations in the 5-phosphate binding
pocket (K695A/K957A/K903A), Al recognition (H909A), and 3’-binding PAZ domain
aromatic cap (A865-895) all showed decreased activity compared with WT (Fig. 4A and
S7A), indicating the role of both the 5’- and 3’-counting in dicing. Both the dsSRDBb
deletion (A1450-1570) and the dsRBDa/b deletion construct (A1356-1570) decreased DCL3
activity, suggesting that the dsRBDs contribute to enzymatic processing (Fig. 4A and S7A).
An RNasellla active site mutant (E1015A/D1019A/D1133A/E1136A) generated only 24-nt
sRNAs and no 23-nt sSRNAs (Fig. 4B), whereas, an RNaselllb mutant (E1224A/E1228A/
D1316/E1319A) generated only 23-nt SRNAs and no 24-nt SRNAs (Fig. 4A), confirming
that RNasellla and RNaselllb are responsible for complementary strand and guide strand
cleavage, respectively.

To further understand the influence of 3’-overhang, we tested RNA substrates with the
same 5’-phosphorylated-Al in the guide strand but with various 3’-overhangs in the
complementary strand. Consistent with our structural observations, longer 3’-overhang
decreased activity (Fig. 4C and S7B). Moreover, these dsRNAs were cut into one consensus
24-nt band and the other bands ranged from 23-26-nt, depending on overhang lengths

(Fig. S7B), suggesting that the 5’-counting predominates over 3’-counting. Thus, the SRNA
counting mechanism of DCL3 appears to rely more on measurement of the guide strand
RNA length through the recognition of the 5’-phosphate and flipped-out base by the
platform-PAZ-connector cassette, and Mg2* mediated RNA cleavage by the RNaselllb
domain. In contrast, the Giardia Dicer was reported to strictly obey the 3’-counting rule (3,
5), suggesting that different Dicers possess different counting-end preference.

To assess the 7n vivo functions of DCL3, wild type pDCL3::DCL3-3xFLAG (hereafter
DCL3 WT) or various mutants were transformed into the Arabidopsis dc/2 dcl3 dcl4
(dcl234) triple mutant background, to avoid potential complications caused by the partial
functional redundancy with DCL2/4 (9, 16) (Fig. S8). The abundance of 24-nt SRNAs over
Pol 1V regions (23) was examined in two independent T1 plants of each genotype. DCL3
WT restored the biogenesis of 24-nt SRNAs to near WT levels when transformed into dc/234
(Fig. 4D-E). Consistent with the /n vitro studies, the 5’-binding mutants, K695A/K957A/
K903A reducing 5’-phosphate binding and H909A reducing 5’-Al base recognition, and
the 3’-binding mutant, A865-895 to delete the aromatic cap, all led to significant losses of
24-nt sSRNA (Fig. 4D-E). Deletions of dsRBDa/b (A1356-1570) or dsRBDb (A1450-1570)
both failed to restore 24-nt SRNA generation (Fig. 4D-E). The D1316A/E1319A/E1224A/
D1228A mutant, which disrupts RNaselllb and guide strand processing, led to a significant
loss of 24-nt sSiRNA /n vivo (Fig. 4D-E). The D1133A/E1136A/E1015A/D1019A, which
affects RNasellla and complementary strand processing, led to a strong loss of 23-nt
SiRNA /n vivo (Fig. 4F-G). Interestingly, we observed a moderate loss of 23-nt SRNAs in
RNaselllb mutant and a mild loss of 24-nt SRNAs in RNasellla mutant (Fig. 4D-G). These
observations likely indicate that the stability of 23- and 24-nt SRNA is dependent on each
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other. This stability inter-dependence may take place before the 24-nt SRNAs are loaded
onto AGO4, or alternatively, the 23-nt passenger strand may facilitate the loading of the
24-nt sSRNA onto AGO4 and thus leads to its stabilization. An equally plausible explanation
is that cleavage of the two strands are coupled /n vivo. Further experimental evidences are
required to shed light on the hypotheses.

We further compared DCL3 with human and Giardia Dicers. While the RNasellla/b active
sites are conserved, the platform-PAZ-connector cassette of human Dicer is positioned
closer to the RNA termini (Fig. S9A), while in Giardia Dicer the platform-PAZ-connector
cassette is positioned further away from the RNA termini, allowing the binding of longer
RNAs (Fig. S9B), consistent with the human and Giardia Dicers producing slightly shorter
(22-nt) or longer (25-nt) SRNAs, respectively, than DCL3 (3, 6). Thus, the SRNA product
length of different Dicers likely depends on the relative orientation/positioning between the
RNasellla/b active sites and platform-PAZ-connector cassettes. Considering the human and
Giardia Dicers structures are not in the dicing-competent conformation, it is also possible
that they may take conformational change in active dicing. The future works on more
cleavage-competent conformation Dicer structures are required to fully reveal the product
length determination mechanism of Dicer proteins.

In conclusion, the DCL3-RNA complex structures in dicing-competent states reveal the
molecular basis for the terminus-specificity, accurate length measurement, and the strand-
biased 24-nt siRNA production by DCL3. Given the overall shared length measurement and
dicing mechanism of Dicers, our structure also provides insight into the general principle of
length measurement and asymmetric cutting by Dicers from other species, which may allow
us to design engineered Dicers to producing SRNAs with defined terminus preferences and
lengths.
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Fig. 1. Structure of Arabidopsis DCL 3-pre-siRNA complex.
A. Domain architecture of Arabidopsis DCL3 and the sequence of pre-siRNA used

for structure determination. B. Overall structure of DCL3-RNA complex in ribbon
representation. C. Structure of DCL3 in surface view and RNA in cartoon view, showing
that the multiple domains of DCL3 wrapping around the RNA. D. Electrostatic surface
view of DLC3 showing the RNA is bound in a positively charged channel. Blue, positively
charged region; red, negatively charged region.
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Fig. 2. The terminus-specific recognition of pre-siRNA.
A. Schematic representation of the overall interactions between DCL3 and the pre-siRNA.

Key residues are highlighted. The RNA-interacting DCL3 domains are indicated by boxes.
B. Overall recognition of the RNA termini by the DCL3 platform-PAZ-connector cassette.
The guide strand (RNAgige) and complementary strand (RNA¢omple) are highlighted in red
and blue, respectively. C. Recognition of the guide strand 5’-phophate group by a positively
charged pocket in the platform-PAZ-connector cassette. Interacting residues and hydrogen
bonds are highlighted in sticks and dashed-lines, respectively. D. Specific recognition of the
Al base by stacking with DCL3 H909 and hydrogen bonding interactions with DCL3 R931
and the complementary strand. E. An aromatic cap covers and interacts with the last base of
the 3’-end of the complementary strand. In addition, the phosphate backbone is recognized
by hydrogen bonds. F. Termini of the pre-siRNA with 5’-phosphorylated-U1 on the guide
strand and 3’-2-nt overhang on the complementary strand. The cryo-EM map is shown

in mesh, showing that both the bases of the U1-A1’ pair were flipped-out. G. Capturing

of the RNA termini with 5’-phosphorylated-U1 and 2-nt 3’-overhang by the platform-PAZ-
connector cassette. H. Superimposition of the 1-nt 3’-overhang containing RNA duplex (in
red and blue) and 2-nt 3’-overhang containing RNA (in silver). The conformational change

Science. Author manuscript; available in PMC 2022 May 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wang et al.

Page 11

of RNA is highlighted by the arrow. The flipped out A1’ base allows the G-1’ and A-2’ to
fold back and overlap with positions of U1’ and C-1" of 1-nt-overhang RNA, occupying the
same 3’-end position.
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RNasellla A RNaselllb

Fig. 3. The active site confor mation.
A. Overall structure of the active sites of RNasellla and RNaselllb. B-C. Active sites

conformation of RNasellla (B) and RNaselllb (C).
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A. In vitrodicing of DCL3 and its mutants. Aromatic cap deletion, A865-895; dsSRDBb
deletion, A1450-1570; dsRBDa/b deletion, A1356-1570. B. /n vitro dicing of DCL3 WT,
RNasellla mutant (D1133A/E1136A/E1015A/D1019A), and RNaselllb mutants (D1316A/
E1319A/E1224A/D1228A). C. DCL3 dicing activity against different RNAs with the same
guide strand possessing 5’-phophorylated-A1 and different complementary strands with 3’-
overhang ranging from 1-nt to 4-nt. The /n vitro assays were performed in a 50 pl reaction
system containing 0.003 nmol (A and C) or 0.024 nmol (B) DCL3 or its mutants and 0.01
nmol substrate RNA at 37 °C. The reaction time were set to 5 min (A), 40 min (B), and

2 min (C), respectively. In panels A and C, percentages of the product siRNA were shown
as means + SD (n = 3), two-tailed Student’s t-test was applied, and the conventions used to
report the statistical significances of p<0.05, p<0.01, p<0.001, and p<0.0001 were denoted
by *, **, *** and **** respectively. D and F. Violin plot showing the abundance of 24-nt
(D) and 23-nt (F) sRNAs respectively over Pol IV dependent SRNA regions normalized to
total miRNAs, 7=7,632. Data represent the average of two biological replicates from two
independent T1 plants. Two tailed Student’s t-test was used to determine the significance
of difference of each indicated genotype compared to the DCL3 WT complementing line.
* indicates p-value < 0.01. AS, active site mutant. E and G. Screen shots showing the
abundance of 24-nt (E) and 23-nt (G) sSRNAs respectively over two example regions.
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