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Phosphate-binding pocket in Dicer-2 PAZ domain for
high-fidelity siRNA production
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The enzyme Dicer produces small silencing RNAs such as micro-
RNAs (miRNAs) and small interfering RNAs (siRNAs). In Drosophila,
Dicer-1 produces ~22-24-nt miRNAs from pre-miRNAs, whereas
Dicer-2 makes 21-nt siRNAs from long double-stranded RNAs (dsRNA:s).
How Dicer-2 precisely makes 21-nt siRNAs with a remarkably high
fidelity is unknown. Here we report that recognition of the
5’-monophosphate of a long dsRNA substrate by a phosphate-bind-
ing pocket in the Dicer-2 PAZ (Piwi, Argonaute, and Zwille/Pinhead)
domain is crucial for the length fidelity, but not the efficiency, in 21-nt
siRNA production. Loss of the length fidelity, meaning increased
length heterogeneity of siRNAs, caused by point mutations in the
phosphate-binding pocket of the Dicer-2 PAZ domain decreased
RNA silencing activity in vivo, showing the importance of the high
fidelity to make 21-nt siRNAs. We propose that the 5'-monophos-
phate of a long dsRNA substrate is anchored by the phosphate-
binding pocket in the Dicer-2 PAZ domain and the distance between
the pocket and the RNA cleavage active site in the RNaselll domain
corresponds to the 21-nt pitch in the A-form duplex of a long dsRNA
substrate, resulting in high-fidelity 21-nt siRNA production. This
study sheds light on the molecular mechanism by which Dicer-2
produces 21-nt siRNAs with a remarkably high fidelity for efficient
RNA silencing.

Dicer | siRNA | dsRNA | phosphate | RNA silencing

he enzyme Dicer produces small silencing RNAs such as
micro-RNAs (miRNAs) and small interfering RNAs (siRNAs).
The single human Dicer (also called Dicerl based on its sequence
similarity to Drosophila Dicer-1) produces both miRNAs and
siRNAs. In contrast, Drosophila has two Dicers: Dicer-1, dedicated
to the production of miRNAs, and Dicer-2, for siRNAs. Drosophila
Dicer-1 makes ~22-24-nt miRNAs from pre-miRNAs, whereas
Dicer-2 precisely produces 21-nt siRNAs from long dsRNAs (1).
SiRNA-dedicated Dicer-2 is found in arthropods including in-
sects that transmit vector-borne diseases. Endogenous sources of
long dsRNA for siRNA production include viral RNA genomes
or replication intermediates, transposon transcripts, partially self-
complementary hairpin RNAs, and convergent mRNA transcrip-
tion (2-5). Long dsRNA can be introduced experimentally to
trigger RNA interference (RNAI). After their production, miRNAs
and siRNAs are loaded into Argonaute proteins, for which they act
as sequence-specific guides. The difference in the length between
miRNAs and siRNAs in arthropods is important because the
miRNA effector protein Argonautel and the siRNA effector
Argonaute? preferentially bind ~22-24-nt RNAs and 21-nt RNAs,
respectively (6). The miRNA-Argonautel complexes repress
mRNA translation and promote mRNA turnover, whereas the
siRNA-Argonaute2 complexes cleave their RNA targets.
Drosophila Dicer-1 and Dicer-2 and human Dicer share a
common domain architecture (Fig. 14): an N-terminal “helicase”
domain; a central, atypical dsRNA-binding domain (dsRBD,
previously known as DUF283); a PAZ (Piwi, Argonaute, and
Zwille/Pinhead) domain; two RNaselll domains; and a C-ter-
minal dsRBD. Only the helicase domain of Drosophila Dicer-2,
but not that of Drosophila Dicer-1 or human Dicer, binds and
hydrolyzes ATP. Dicer-2 is thought to use ATP to translocate
along long dsRNA substrates, allowing it to produce siRNAs

WWww.pnas.org/cgi/doi/10.1073/pnas. 1612393113

processively from an end (7-9). The PAZ domain, which is
named after three of the proteins containing it—Piwi, Argo-
naute, and Zwille/Pinhead (10)—is found in both Dicer and
Argonaute proteins and recognizes the characteristic 2-nt,
3’-overhang of RNA left by Drosha and Dicer cleavage (11, 12).

How Dicer-2 precisely produces siRNAs of exactly 21 nt
length with a remarkably high fidelity is unknown. Previous
studies suggested several possible mechanisms by which Dicer
enzymes define small RNA length (13); these include the 3’
counting rule (14, 15), the 5’ counting rule (16), and the loop
counting rule (17). The crystal structure of Giardia Dicer, which
lacks the N-terminal helicase domain and the C-terminal dsSRBD
found in animal Dicers, suggested that it uses the 3’ counting
rule to define the product RNA length. In the 3’ counting rule,
the 3’ 2-nt overhang of a dsRNA substrate is anchored to the
PAZ domain and the specified distance between the anchored
helical end of the dsRNA and the RNase active site in the
RNaselll domains serves as a molecular ruler (14, 15). In con-
trast, recent studies suggested the 5’ counting rule, in which
anchoring the 5" monophosphate, not the 3’ overhang, of some
pre-miRNAs in the PAZ domain of human Dicer determines the
length of miRNAs (16, 18). Other studies suggested the loop-
counting rule, in which human Dicer cleaves the stem of an RNA
substrate at a position 2 nt away from the terminal loop (17).
However, none of these studies can explain how Drosophila
Dicer-2 precisely produces small RNAs from long dsRNA sub-
strates, which lack a terminal loop compared with the miRNA-
producing Dicers including Drosophila Dicer-1 and human Dicer
that cleave pre-miRNAs containing a terminal loop.

The crystal structures of the human Dicer fragment containing
the PAZ domain showed that it has a phosphate-binding pocket
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Fig. 1. A phosphate-binding pocket in Dicer PAZ domains. (A) Domain
structures of Drosophila melanogaster Dicer-2. The residues mutated in this
study are indicated. (B) Alignment of the PAZ domain sequences from Dicers
from arthropods, Caenorhabditis elegans, and human. Agam, Anopheles
gambiae; Bmor, Bombyx mori; Cele, C. elegans; Dere, Drosophila erecta;
Dmel, Drosophila melanogaster; Dwil, Drosophila willistoni; Hsap, Homo
sapiens; Mjap, Marsupenaeus japonicus; Tcas, Tribolium castaneum. (C) A
crystal structure of a human Dicer fragment containing the PAZ domain
bound with 10-bp dsRNA (light pink and orange) with 5'-mono-
phosphorylated frayed ends [Protein Data Bank (PDB) ID code 4NH5]. The
dsRNA 5’-monophosphate (shown as a ball and stick model in yellow and
red) is bound in the phosphate-binding pocket, where it is recognized by the
side chains of Arg788, Arg790, Arg821, and His992 (shown as a ball and stick
model in magenta). (Right) The electrostatic potential map.

that recognizes the 5’ monophosphate of pre-miRNAs (16, 18).
The recognition of the 5" monophosphate of pre-miRNAs by the
phosphate-binding pocket in the human Dicer PAZ domain is
important for both the efficiency and fidelity in miRNA pro-
duction (16). These studies suggested that basic residues that
comprise the phosphate-binding pocket in human Dicer are
conserved in miRNA-producing Dicers (Dicer-1) but not in
siRNA-producing Dicers (Dicer-2). Therefore, they proposed
that only miRNA-producing Dicers, but not siRNA-producing
Dicers, have a phosphate-binding pocket. However, by multiple
sequence alignment, we identified several basic amino acid res-
idues that are conserved among Dicer-2 proteins and are located
near the positions where human Dicer has the conserved basic
residues comprising the phosphate-binding pocket (Fig. 1 B and
C). We previously found that both the 5’ monophosphate of
RNA substrates and two arginine residues (Arg943 and Arg956)
in the Drosophila Dicer-2 PAZ domain are required for
cleavage of short dsRNAs, but not long dsRNAs, in vitro (7,
19). Based on these findings, we proposed that Dicer-2 has a
unique phosphate-binding pocket in its PAZ domain, which is
composed of the arginine residues, and that it is required to
bind the 5" monophosphate of short dsRNA substrates but not
long dsRNAs (7, 19). However, the role of the phosphate-
binding pocket in the Dicer-2 PAZ domain, which is not re-
quired for the long dsRNA processing but causes the risk to
process short dsRNA substrates such as pre-miRNAs, remained
unknown.

In this study, we report that recognition of the 5 mono-
phosphate on long dsRNA substrates by the unique phosphate-
binding pocket of Drosophila Dicer-2 is crucial for the length
fidelity, but not the efficiency, in 21-nt siRNA production. We
also report that high-fidelity production of 21-nt siRNAs is im-
portant for efficient RNA silencing activity.

14032 | www.phas.org/cgi/doi/10.1073/pnas. 1612393113

Results and Discussion

5 Monophosphate of Long dsRNA Substrates Is Important for Length
Fidelity in SiRNA Production in Vitro. To probe the role of a ter-
minal phosphate of long dsRNA in siRNA production, we first
asked whether the length fidelity in siRNA production is affected
if a long dsRNA substrate lacks a 5" monophosphate. We ana-
lyzed the length of the first, second, and third siRNAs (counting
from the dsRNA end) produced by recombinant wild-type Dicer-2
protein in vitro from 5’ monophosphate (Fig. 2 A-C) or 5’
hydroxyl (Fig. 2 D-F) 73-bp dsRNAs *?P-radiolabaled at a spe-
cific internal position. The other end of the dsSRNAs was blocked
by two deoxynucleotides (7). The length fidelity in the first
siRNA production from the 73-bp dsRNA with a 5 mono-
phosphate end was high; the ratios of 20-, 21-, and 22-nt siRNAs
were 6 + 1%, 85 + 1%, and 9 + 1%, respectively (Fig. 2). In
contrast, that from the 73-bp dsRNA with a 5’ hydroxyl was sig-
nificantly lower; the ratios of 20-, 21-, and 22-nt siRNAs were 11 +
0%, 52 + 1%, and 37 + 2%, respectively (P value < 0.000001).
Dicer-2 cleavage leaves a 5" monophosphate on both the produced
siRNA duplex and the remaining long dsSRNA. Therefore, for the
second and third siRNAs produced during processive siRNA
generation, the intermediate long dsSRNA substrates have a 5’
monophosphate even if the original unprocessed long dsRNA had
a 5’ hydroxyl in the first siRNA production. We found that the
fidelity in the second and third siRNA production was high in both
the initial 5’ monophosphate 73-bp dsRNA substrate and the
initial 5 hydroxyl 73-bp dsRNA substrate. The ratios of 21-nt
siRNA in the second and third siRNA production were 96 + 2%
and 91 + 1%, respectively, from the 5’ monophosphate 73-bp
dRNA and 96 + 1% and 91 + 2%, respectively, from the 5’ hy-
droxyl 73-bp dRNA. Together, we concluded that if a long dSRNA
substrate lacks a 5" monophosphate, the length fidelity in only the
first siRNA production is lowered, meaning that the length

73 bp dsRNAs with 5" phosphate 73 bp dsRNAs with 5" hydroxyl

1st 2nd 3rd 1st 2nd 3rd
siRNA SsiRNA  siRNA SiRNA SsiRNA  siRNA
15 bp -} 58 bp | A—15 bp -} 58 bp |
A Crmmmermmrmmrrrmere D) HO e
L) L L
j—32bp——f—— 41bp —— }—32bp——f—— 41bp ——
B P\\H\\\\\\\\\H\\\\\\\\H\\\M\\\H\\\HHHHHHHHHHHHHH E H T T T T A TT T T T T TTTTTTTTTITTTTTTTTTTTTT
L) L
f——— 49bp————— 24 bp —| j——— 49bp————— 24 bp —|
LY L L
A B ® D E F
(nt)
22 2 22 22 22 22
21 21 21 21 21 21
2 20 20 20 20 20
100 96% 1% 100, 96% 91%

85%
202122
nt long
siRNAs
9%
6%] 2% 2%  4%{6%
mllm TH. _Hm

1st siRNA 2nd siRNA  3rd siRNA

-3
S

@
S

60 52%

I37%

20 I

11%) 0,
% l3% 3%[6%

0 | | 1.& - | =l

1st siRNA 2nd siRNA ~ 3rd siRNA

N
S

Percent among siRNAs
N
o

Percent among siRNAs

o

Wild-type Dicer-2 Wild-type Dicer-2

Fig. 2. 5 monophosphate of long dsRNA is crucial for fidelity in the first
siRNA production. Shown are the lengths of the first, second, and third
siRNAs produced from 100 nM of the site-specifically 32P-radiolabeled (in-
dicated in orange) 73-bp dsRNAs with 2-nt 3’ overhang and either 5’
monophosphate (dsRNAs, A-C) or 5" hydroxyl (dsRNAs, D-F) by 8 nM of the
recombinant wild-type Dicer-2. The other end of the 73-bp dsRNAs was blocked
by two deoxynucleotides (blue). Representative gel images and quantification
are shown. Data are mean + SD for three or four independent trials.
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heterogeneity of the first siRNA is increased, while the fidelity is
recovered in the subsequent processive siRNA production.

Design of Phosphate-Binding Pocket Mutant Dicer-2. To probe the
role of the unique phosphate-binding pocket in the Dicer-2 PAZ
domain in vivo, we created transgenic flies expressing point
mutants of Dicer-2 in which the phosphate-binding pocket is
disrupted. We replaced Arg943 and Arg956 with alanine (Phos-
mutl: R943A, R956A). The amino acid residue corresponding to
Arg943 is highly conserved as a basic residue (arginine or lysine)
among arthropod Dicer-2, whereas Arg956 is conserved among
Drosophila species (Fig. 1B). We previously showed in vitro that
the recombinant protein of Phos-mutl Dicer-2 processes long
dsRNAs as efficiently as wild-type Dicer-2 but cannot process
short dsRNAs, unlike wild-type Dicer-2 (19). Because we were
unsure whether the point mutation introduced in Phos-mutl
completely disrupted the phosphate-binding ability of the pocket,
we designed two more point mutants. In Phos-mut2 (H743A,
R752A, R759A R943A, R956A), three additional basic residues
conserved in Drosophila near the basic residues comprising the
phosphate-binding pocket in the human Dicer PAZ domain were
mutated to alanine residues (Fig. 1 B and C). In Phos-mut3
(R943E, R956E), the basic Arg943 and Arg956 residues were
replaced with the acidic glutamic acid residues. In addition to
Phos-mut Dicer-2, we also created the transgenic fly strains
expressing wild-type Dicer-2 as a positive control and ATP-mut
(G31R) and RNaselll-mut (D1217A, D1476A) as negative con-
trols. ATP-mut Dicer-2 cannot bind ATP in the helicase domain,
and RNaselll-mut Dicer-2 cannot catalyze RNA cleavage in the
RNasellI active sites (1, 7, 19).

Phosphate-Binding Pocket in Dicer-2 PAZ Domain Is Important for
Efficient RNA Silencing. We expressed the transgenic Dicer-2
constructs in flies under a UAST promoter using the ubiquitous
Act5C-Gal4 driver in the background of the endogenous dicer-2
null [dicer-2"3""5 = dicer-2" (1)] to test their rescuing ability.
We used the GMR-wIR (white inverted repeat) transgene re-
porter system (20) to test the RNA silencing activity and siRNA
production in vivo. GMR-wIR produces an inverted repeat
hairpin RNA corresponding to white exon 3 during eye devel-
opment. Dicer-2 processes the wIR hairpin into siRNAs, which
in turn cleaves and thereby reduces the levels of endogenous
white mRNAs.

To measure RNA silencing activity quantitatively, we mea-
sured the levels of white mRNA in hand-dissected fly heads by
quantitative (qQ)RT-PCR using a primer pair to amplify a region
in its exon 6 that is not present in the wIR transgene. As
expected, the levels of white mRNA in dicer-2"" flies were sig-
nificantly higher compared with the control flies that have en-
dogenous wild-type dicer-2, showing that the RNA silencing
activity is lost in dicer-2"" flies (Fig. 34). The levels of white
mRNA were low in the dicer-2"" flies rescued by the wild-type
Dicer-2 transgene, similar to the control flies, showing that the
wild-type Dicer-2 transgene fully rescued the RNA silencing
activity. In contrast, as expected, the levels of white mRNA were
high in the negative control ATP-mut and RNasellI-mut Dicer-2
flies, showing that these transgenes failed to rescue the RNA
silencing activity. The levels of white mRNA in all three Phos-
mut flies were significantly higher compared with the control and
wild-type Dicer-2 rescue flies but lower compared with dicer-2",
ATP-mut, and RNaselll-mut flies, showing that the RNA si-
lencing activity is only partially rescued by these Phos-mut
transgenes. We concluded that the phosphate-binding pocket in
the Dicer-2 PAZ domain is important for efficient RNA si-
lencing in vivo.

Besides siRNA production from long dsRNAs, Dicer-2 also
transfers siRNAs to Argonaute2 (21, 22). ATP-mut Dicer
(Dicer-29%'R) retains the activity to transfer siRNAs to
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Dicer-2 rescue transgenic genes

in the backi d of dicer-2m" Dicer-2 rescue transgenic genes
in the background of dicer-2"

in the background of dicer-25°'%
Fig. 3. A phosphate-binding pocket of Dicer-2 is important for efficient
RNA silencing. The levels of white mRNA in the heads of the female flies in
the background of endogenous (A) dicer-2"" and (B) dicer-2¢3"® in the pres-
ence of WIR, normalized by rp49 relative to the mean of the control flies,
determined by gRT-PCR. Data are mean + SD (n = 3). *P < 0.05; n.s., non-
significant. dicer-2"" background: wiR; dicer-2""  Act5C-Gald/dicer-2"""
UAST-HA-Dicer-2 (wild-type or mutant)/+. dicer-2°>'% background: wiR; dicer-
27 Act5C-Galdldicer-29°™%; UAST-HA-Dicer-2 (wild-type or mutant)/+. Con-

trol flies are wiR; dicer-2"", Act5C-Gal4/CyO;+. Phos-mut1, -2, and -3 are
Dicer-2RM3ARIS6A | [yiar JH7A3ARTSIA, RTSIARIATARISEA oo [i-o HRIAIERISEE

respectively. ATP-mut and RNaselll-mut are Dicer-253'R and Dicer-2P1217AD1476A,
respectively.

Argonaute2, whereas it cannot generate siRNAs from long
dsRNAs (1, 7, 19, 23). To test whether the observed partial loss
of RNA silencing activity in Phos-mut flies was due to a loss of
the activity to transfer siRNAs rather than a deficiency to pro-
duce siRNAs, this time we quantitated the levels of white mRNA
in the background of endogenous ATP-mut dicer-2 (dicer-2°7'R)
(1), instead of dicer-2"". If the partial loss of the RNA silencing
activity was due to deficiency to transfer siRNAs, then coex-
pression of endogenous ATP-mut Dicer-2 and transgenic Phos-
mut Dicer-2 would rescue the RNA silencing activity. We found
that this was not the case. The levels of white mRNA in the Phos-
mut flies were still higher compared with the control and wild-type
Dicer-2 rescue flies but lower compared with the nonrescue, ATP-
mut, and RNaselll-mut flies (Fig. 3B). These results suggest that
the partial loss of the RNA silencing activity in Phos-mut Dicer-2
transgenic flies is likely due to a reduction in quantity and/or
quality of the siRNAs produced by Phos-mut Dicer-2.

Phosphate-Binding Pocket in Dicer-2 PAZ Domain Is Important for
Length Fidelity but Not Efficiency in siRNA Production in Vive. To
test the hypothesis that the quantity and/or quality of the siRNAs
produced in the Phos-mut Dicer-2-rescued flies are reduced, we
high-throughput-sequenced small RNA libraries prepared from
heads hand-dissected from the female flies with or without the
Dicer-2 transgenes in the background of GMR-wIR and endoge-
nous dicer-2"" (Table S1). First, we analyzed the quantity of the
wIR-derived siRNAs. The wIR-derived 19-23-nt siRNAs were ob-
served in the control flies, and their abundance (normalized by the
total non-rRNA mapping reads, a majority of which are miRNA
reads) was reduced in dicer-2™" flies, as expected (Fig. 44). The
abundance was rescued in the flies containing the wild-type Dicer-2
transgene but not in ATP-mut or RNaselll-mut Dicer-2 transgenic
flies. The abundance was rescued in the flies with Phos-mut
Dicer-2 transgenes, revealing that the quantity of wIR-derived
siRNAs produced by Phos-mut Dicer-2 was not largely changed.

Next, to examine the quality of the wIR-derived siRNAs, we
analyzed their length heterogeneity. In both the control and
the wild-type Dicer-2 transgene-rescued flies, most of the
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Fig. 4. A phosphate-binding pocket of Dicer-2 is important for high-fidelity 21-nt siRNA production in vivo. Sequencing results of small RNAs prepared from
female fly heads are shown. The reads were normalized by the sequencing depth. (A) Normalized number of reads of 19-23-nt wiR-derived siRNAs. (B) Length
distribution of wiR-derived siRNAs. (C) Abundance and 5’ position of 21- and 22-nt wiR-derived siRNAs. Antisense siRNAs are shown in red, sense in blue.
(D) Normalized number of reads of 19-23-nt transposon-derived siRNAs. (E) Length distribution of transposon-derived siRNAs.

wIR-derived siRNAs were 21 nt, composing 78% of all of the
wIR-derived reads, whereas only 10% and 7% were 20 nt and 22 nt,
respectively (Fig. 4B), showing high fidelity and precision in 21-nt
siRNA production by wild-type Dicer-2. Strikingly, in all three
Phos-mut Dicer-2 transgene-rescued flies, the ratio of the 21-nt
wIR-derived siRNAs was reduced (58%, 58%, and 51% for
Phos-mutl, -2, and -3, respectively), whereas those of 20 nt and
22 nt were increased (20 nt was 12%, 12%, and 14% and 22 nt
was 21%, 23%, and 25% for Phos-mutl, -2, and -3, respectively),
increasing the length heterogeneity of siRNAs. Also, the abun-
dance of the wIR-derived siRNAs with each specific length was
altered in all three Phos-mut Dicer-2 transgene-rescued flies.
The abundance of the 21-nt wIR-derived siRNAs was decreased
in Phos-mut flies, whereas those of the 20- and 22-nt siRNAs
were increased (Fig. 4B). In Phos-mut flies, the siRNAs with
altered length were produced across the whole length of the wIR
hairpin rather than from a specific position or strand (Fig. 4C).
The reduction in the length fidelity and the resultant increase in
the length heterogeneity of siRNAs likely caused the partial loss
of the RNA silencing activity in Phos-mut flies observed in vivo
(Fig. 3), demonstrating the importance of high length fidelity in
21-nt siRNA production for efficient RNA silencing.

We also observed an increased length heterogeneity in trans-
poson-derived siRNAs (Fig. 4 D and E)) and endogenous structural
loci-derived siRNAs (Fig. S1) in Phos-mut flies. We concluded that
the phosphate-binding pocket in the Dicer-2 PAZ domain is
important for the length fidelity, but not the efficiency, in sSiRNA
production in vivo.

Phosphate-Binding Pocket in Dicer-2 PAZ Domain Is Important for
Length Fidelity in siRNA Production in Vitro. To test directly
whether Phos-mut Dicer-2 lost the high fidelity required to pro-
duce 21-nt siRNAs, we performed an in vitro RNA processing
assay using recombinant Dicer-2 protein. Wild-type Dicer-2 effi-
ciently processed both the 5’ monophosphate- and 5’ hydroxyl-
long (104-bp) dsRNAs (Fig. 54) (19). In contrast, it efficiently
cleaved the short (30-bp) dsRNA with a 5’ monophosphate end
but not the short (30-bp) dsRNA with a 5* hydroxyl end (Fig. 54)
(19). Thus, the 5 monophosphate is required for efficient cleavage

14034 | www.phas.org/cgi/doi/10.1073/pnas. 1612393113

of short dsRNAs, but it is dispensable for cleavage of long
dsRNAs. ATP-mut Dicer-2 exhibited reduced cleavage activities
for the long dsRNAs but retained the wild-type activities to
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cleave the short dsRNAs. These results support a previously
proposed model that ATP binding and hydrolysis by the Dicer-2
helicase domain is necessary for Dicer-2 to translocate on a long
dsRNA substrate to processively produce siRNAs (7-9).
Mutations in the Dicer-2 phosphate-binding pocket did not
largely affect the long dsRNA processing rates by Dicer-2.
Consistent with our in vivo results (Fig. 4 4 and D), Phos-mut2
and 3 Dicer-2 exhibited similar long dsRNA cleavage rates to
wild-type Dicer-2 (Fig. 54), revealing that the phosphate-binding
pocket is not required for the efficiency to process long dsSRNAs.
Phos-mut1 exhibited slightly but statistically significant lowered
activities to cleave the long dsRNAs compared with wild-type
Dicer-2 (Fig. 5A4), contradicting with our in vivo results that did
not show changes (Fig. 4 4 and D), even though the same R943A
and R956A mutations introduced in Phos-mutl are included in
the Phos-mut2 (H743A, R752A, R759A, R943A, and R956A).
Currently, we do not know the cause for the lowered activity of
Phos-mutl in vitro. In contrast, all three phosphate-binding
pocket mutants lost the activity to cleave the short dsRNAs,
revealing that the phosphate-binding pocket is required to cleave
short dsRNAs (Fig. 54) (19). Together, these results suggest that
a longer duplex associates with Dicer-2 in a manner that is less
dependent on the terminal phosphate recognition by the Dicer-2
phosphate-binding pocket, probably relying more on stabilizing
interactions between the proximal duplex region of the long
dsRNA and the helicase domain and/or dsRBD of Dicer-2.
Because short dsSRNAs lack the proximal region that can interact
with Dicer-2, their cleavage depends on the recognition of the
terminal phosphate by the Dicer-2 phosphate-binding pocket.
To examine the length fidelity in siRNA production in vitro,
we prepared and sequenced libraries of the small RNAs pro-
duced from 104-bp dsRNA with 5" monophosphate ends by the
recombinant Dicer-2 proteins (Table S2). Similar to our in vivo
findings (Fig. 4), we found that Phos-mut Dicer-2 produced
fewer 21-nt siRNAs and higher amounts of 20- and 22-nt siRNAs
compared with wild-type Dicer-2 in vitro (Fig. 5B). Seventy-six
percent of siRNAs produced by wild-type Dicer-2 were 21 nt
long. However, only 63%, 55%, and 58% of siRNAs produced by
Phos-mutl, -2, and -3, respectively, were 21 nt long. The ratios of
20 nt and 22 nt produced by Phos-mutl (13% and 7%), Phos-
mut2 (19% and 7%), and Phos-mut3 (12% and 11%) were
higher compared with wild-type Dicer-2 (7% and 6%). We
concluded that Phos-mut Dicer-2 lost the length fidelity to pro-
duce 21-nt siRNAs without a major loss in the efficiency to
produce siRNAs in vitro. Thus, even with an RNA substrate with
a terminal monophosphate, the mutations in the Dicer-2 phos-
phate-binding pocket mimic the fidelity-lowering effect caused
by the lack of the terminal monophosphate on long dsRNA
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observed in the first siRNA production by the wild-type Dicer-2
(Fig. 2).

Model for the Role of the Dicer-2 Phosphate-Binding Pocket in High-
Fidelity 21-nt siRNA Production. We found that the 5° mono-
phosphate of long dsRNA is crucial for high-fidelity 21-nt siRNA
production from the terminus in vitro. Moreover, our in vivo and
in vitro studies revealed that the phosphate-binding pocket in the
Dicer-2 PAZ domain plays an important and direct role in high-
fidelity 21-nt siRNA production. High-fidelity 21-nt siRNA
production was crucial for efficient RNA silencing activity
in vivo, showing the importance of high-fidelity production of 21-nt
siRNAs. This in vivo finding is consistent with the previous
in vitro studies that revealed that synthetic 21-nt siRNA duplexes
are significantly more potent than synthetic 20-nt or 22-nt siRNA
duplexes to silence a synthetic target mRNA in Drosophila em-
bryo extract in vitro (24). Based on these findings, we propose the
following model by which the Dicer-2 phosphate-binding pocket
ensures high-length fidelity in 21-nt siRNA production (Fig. 6). The
phosphate-binding pocket binds the 5’ monophosphate of a long
dsRNA substrate, thereby anchoring the end of the RNA substrate.
The N-terminal helicase domain and/or the C-terminal dsRBD bind
the body of the long dsRNA substrate and align it along the
RNaselll active sites in the RNaselll domains. The distance be-
tween the phosphate-binding pocket and the RNaselll active sites
corresponds to that of the 21-nt pitch in the A-form dsRNA duplex
and thus functions as a molecular ruler. Therefore, anchoring the 5’
monophosphate of an RNA substrate at the phosphate-binding
pocket and aligning the rest of the RNA toward the RNaselll active
site allows precise measurement of 21-nt length and thus ensures
high-fidelity production of 21-nt siRNAs. During the processive
production of multiple siRNAs from a single long dsRNA substrate,
Dicer-2 repeatedly uses the 5" monophosphate-anchoring mechanism
to precisely produce 21-nt siRNAs with high fidelity as it translocates
along the length of the dSRNA. When a long dsRNA substrate lacks
a 5’ monophosphate, a siRNA with a wrong length is produced
from the RNA terminus. Although the end of the substrate RNA
cannot be properly anchored due to the lack of a 5 mono-
phosphate, the N-terminal helicase domain and/or the C-termi-
nal dsRBD can still bind and align the long dsRNA to the
RNaselll active sites, resulting in the production of siRNAs with
altered length without a major loss in the production efficiency.
Although the length heterogeneity is increased, the siRNAs
produced are still close to the correct 21-nt length, suggesting
other interactions between the dsSRNA end and the Dicer-2 PAZ
domain such as the 3’ binding pocket. High fidelity is recovered
in the subsequent processive siRNA production, as Dicer-2 can
start to use the 5’ monophosphate-anchoring mechanism after
the first siRNA production. When the phosphate-binding pocket
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of the Dicer-2 PAZ domain is mutated, the 5" monophosphate of
neither the original dsSRNA substrate nor its intermediate during
the processive siRNA production can be anchored. However, the
N-terminal helicase domain and/or the C-terminal dsRBD can
still bind and align the long dsRNA to the RNaselll active sites.
In addition, the dsSRNA end may still interact with the 3’ binding
pocket in the PAZ domain. Thus, the phosphate-binding pocket
mutant Dicer-2 produces siRNAs with altered length across the
whole length of the RNA substrates without a major loss in
siRNA production efficiency. This model aligns well with the
previous structural model of Dicer-2 (25). Our studies shed light
on the mechanism by which Dicer-2 produces 21-nt siRNAs with
a remarkably high fidelity.

The recognition of the 5" monophosphate of pre-miRNAs by
the phosphate-binding pocket in the human Dicer PAZ domain
was shown to be important for both the efficiency and length
fidelity in miRNA production (16, 18). Almost all of the pre-
miRNAs have a 5 monophosphate. Therefore, human Dicer
may use the 5" monophosphate on pre-miRNAs to select against
incorrect RNA substrates that lack a 5 monophosphate. In
contrast, our studies demonstrated that recognition of the 5’
monophosphate of a long dsRNA substrate by the unique
phosphate-binding pocket of Drosophila Dicer-2 PAZ domain is
important for the length fidelity, but not the efficiency, during
siRNA production. Unlike human Dicer, why does Drosophila
Dicer-2 efficiently process RNAs lacking a 5 monophosphate
into siRNAs with altered length rather than not to produce any
siRNAs? We speculate that with this strategy Drosophila Dicer-2
can cleave the terminal end of diverse long dsSRNA substrates such
as viral RNAs and transposon RNAs that lack a 5" monophosphate
and instead have a 5’ hydroxyl, 5’ triphosphate, or 5’ cap end (26,
27). Initial terminal cleavage by Dicer-2 of such long dsRNA
substrates lacking a 5’ monophosphate can produce a 5 mono-
phosphate on the remaining intermediate long dsSRNA substrates.
Therefore, although the initial terminal siRNAs produced may
have a lower length fidelity due to the lack of a 5" monophosphate,
Dicer-2 can use the 5’ monophosphate-anchoring mechanism to
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produce high-fidelity 21-nt siRNAs during subsequent processive
siRNA production (as in Fig. 2). Thus, the unique phosphate-
binding pocket of Drosophila Dicer-2 can achieve both the high
fidelity in siRNA production and the relaxed end structure re-
quirement in the initial long dsSRNA substrate cleavage, maxi-
mizing its overall antivirus and antitransposon activities. This
antiviral and antitransposon defense system mediated by the
unique Dicer-2 enzyme is crucial in arthropods, as they lack
acquired immunity (28, 29).

Materials and Methods

Fly Strains. P[HA-Dicer-2] rescuing transgenes containing an N-terminal HA
tag were generated by subcloning the coding sequence of dicer-2 into a
pUASTattB plasmid vector. Point mutations were introduced using PCR. The
transgenes were integrated at position 68E1 on the third chromosome using
the BDRC fly strain 24485. The mini-white gene (w™™°) derived from the
integrated plasmids and the RFP gene originally present in the fly strain to
mark the landing site were removed by using Cre-Lox. qRT-PCR was per-
formed as described previously (30). Detailed information is provided in S/
Materials and Methods.

In Vitro Dicing Assay. In vitro Dicing assay was performed as previously de-
scribed (19). Detailed information is provided in SI Materials and Methods.

Small RNA Sequencing. Small RNA libraries were prepared, sequenced on
Hiseq4000 (lllumina), and analyzed as previously described (19, 30-32). The
sequencing statistics of the small RNAs are summarized in Tables S1 and S2.
The Gene Expression Omnibus (GEO) accession number for the small RNA
libraries reported in this paper is GSE84532.
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