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Inorganic phosphate blocks binding of pre-miRNA
to Dicer-2 via its PAZ domain

Ryuya Fukunaga®®*", Cansu Colpan®? Bo W Han? & Phillip D Zamore>*"

Abstract

In Drosophila, Dicer-1 produces microRNAs (miRNAs) from pre-miRNAs,
whereas Dicer-2 generates small interfering RNAs from long
double-stranded RNA (dsRNA), a process that requires ATP hydro-
lysis. We previously showed that inorganic phosphate inhibits
Dicer-2 cleavage of pre-miRNAs, but not long dsRNAs. Here, we
report that phosphate-dependent substrate discrimination by
Dicer-2 reflects dsRNA substrate length. Efficient processing by
Dicer-2 of short dsRNA requires a 5’ terminal phosphate and a
two-nucleotide, 3’ overhang, but does not require ATP. Phos-
phate inhibits cleavage of such short substrates. In contrast,
cleavage of longer dsRNA requires ATP but no specific end struc-
ture: phosphate does not inhibit cleavage of these substrates.
Mutation of a pair of conserved arginine residues in the Dicer-2
PAZ domain blocked cleavage of short, but not long, dsRNA. We
propose that inorganic phosphate occupies a PAZ domain pocket
required to bind the 5’ terminal phosphate of short substrates,
blocking their use and restricting pre-miRNA processing in flies
to Dicer-1. Our study helps explain how a small molecule can
alter the substrate specificity of a nucleic acid processing
enzyme.
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Introduction

Unlike mammals, flies and other arthropods divide the tasks of
making microRNAs (miRNAs) and small interfering RNAs (siRNAs)
between Dicer-1 and Dicer-2 (Lee et al, 2004). These two paralogs
likely descend from an ancestral enzyme that produced both
miRNAs to regulate protein-coding genes and siRNAs to initiate
an anti-viral RNAi response. The evolution of different dicer
enzymes devoted to distinct small RNA pathways presumably

allowed selection for adaptations that enhance each enzyme’s
specialized function, at the expense of the general ability to convert
any double-stranded RNA (dsRNA) substrate into small silencing
RNAs.

Both Dicer-1 and Dicer-2 contain an amino-terminal “helicase”
domain, but only Dicer-2 hydrolyzes ATP, an activity stimulated by
dsRNA (Zamore et al, 2000; Hutvagner et al, 2001; Bernstein et al,
2003; Jiang et al, 2005). Dicer-2 hydrolyzes approximately 21 ATP
molecules for each siRNA duplex produced from long dsRNA,
suggesting that ATP fuels the translocation of Dicer-2 along dsRNA
with a one base-pair step size (Zamore et al, 2000; Nykanen et al,
2001; Liu et al, 2003; Cenik et al, 2011; Welker et al, 2011). The
Dicer-2 helicase domain comprises DExDc and Helicase C domains.
In contrast, Dicer-1 contains only a Helicase C domain. Consistent
with the lack of a DExDc domain, Dicer-1 liberates a miRNA/
miRNA* duplex from pre-miRNA without ATP (Jiang et al, 2005;
Tsutsumi et al, 2011). Like all RNase III enzymes, the active sites of
Dicer-1 and Dicer-2 are formed by the dimerization of two RNase III
domains, which pair intramolecularly for these multi-domain
proteins (Zhang et al, 2004; MacRae et al, 2006; Ye et al, 2007).
The dimer interface creates two ribonuclease active sites, allowing
the enzyme to make staggered breaks in the two arms of a
pre-miRNA or in the two strands of dsRNA (Zhang et al, 2004;
MacRae et al, 2006; Ye et al, 2007). Dicer-1 and Dicer-2 also contain
a central dsRNA-binding domain (dsRBD, previously known as
DUF283) and a PAZ domain. PAZ domains, which are also found in
Argonaute proteins, bind the two-nucleotide, 3’ overhanging ends
created when Drosha or Dicer cleave dsRNA (Cerutti et al, 2000;
Lingel et al, 2003, 2004; Song et al, 2003; Yan et al, 2003; Ma et al,
2004; MacRae et al, 2006, 2007; Park et al, 2011). The PAZ domain
of human Dicer has also been shown to recognize the 5" monophos-
phate present on pre-miRNAs (Park et al, 2011). Finally, Dicer-1
and Dicer-2 contain a carboxy-terminal, canonical dsRBD, which is
thought to enhance affinity for substrate (Provost et al, 2002; Zhang
et al, 2004).

Despite the in vivo specialization of Dicer-1 and Dicer-2, purified
Dicer-2 can process pre-miRNAs into miRNAs. Notably, Dicer-2
makes miRNA products that are shorter than the authentic products
produced by Dicer-1 (Cenik et al, 2011). Such a difference in the
length of miRNA/miRNA* duplexes could cause their inappropriate

1 Howard Hughes Medical Institute, RNA Therapeutics Institute, University of Massachusetts Medical School, Worcester, MA, USA

N

Department of Biochemistry and Molecular Pharmacology, University of Massachusetts Medical School, Worcester, MA, USA

3 Department of Biological Chemistry, Johns Hopkins University School of Medicine, Baltimore, MD, USA
*Corresponding author. Tel: +1 410 955 3790; Fax: +1 410 955 5759; E-mail: fukunaga@jhmi.edu
**Corresponding author. Tel: +1 508 856 2191; Fax: +1 508 856 6696; E-mail: phillip.zamore@umassmed.edu

© 2014 The Authors

The EMBO Journal Vol 33 | No 4 | 2014

371



372

The EMBO Journal

loading into Argonaute2, which favors 21-nt RNAs, rather than
Argonautel, which prefers 22-nt RNAs (Ameres et al, 2011). More-
over, for the approximately 60% of D. melanogaster miRNAs
derived from the 3’ arm of their pre-miRNA, the seed sequence
(positions 2-8 of a miRNA) of the Dicer-2 product would differ from
that of the canonical miRNA produced by Dicer-1. Since the target
specificity of a miRNA is determined mainly by its seed, the shorter
miRNA products produced by Dicer-2 would regulate mRNAs different
from those controlled by authentic miRNAs. Therefore, cleavage of
pre-miRNA by Dicer-2 would likely have adverse consequences that
need to be suppressed in vivo.

Pre-miRNA processing by Dicer-2 is inhibited both by the Dicer-2
partner protein R2D2 and by physiological concentrations of inor-
ganic phosphate. Phosphate inhibition of Dicer-2 is dose-dependent
and specific; inorganic phosphate affects neither the rate of produc-
tion by Dicer-2 of siRNAs from long dsRNA nor the cleavage by
Dicer-1 of pre-miRNA into authentic miRNAs, and other anions do
not inhibit Dicer-2 from processing pre-miRNA (Cenik et al, 2011).
What features of pre-miRNA and long dsRNA underlie the specific
inhibition by inorganic phosphate of pre-miRNA processing by
Dicer-2? What differences between Dicer-2 and Dicer-1 allow inor-
ganic phosphate to inhibit pre-miRNA processing by one dicer but
not the other? Why does Dicer-2 process long dsRNA efficiently, but
Dicer-1 does not?

To begin to answer these questions, we measured the kinetics of
substrate cleavage using purified recombinant Dicer-1 and Dicer-2,
examining substrate RNAs encompassing different lengths and
terminal structures, in the presence and absence of inorganic phos-
phate and ATP. We find that inorganic phosphate prevents Dicer-2
from cleaving short, but not long, dsRNA by inhibiting both binding
and catalysis. Cleavage of short dsRNA by Dicer-2 requires an end
with a 5 monophosphate and a two-nucleotide, 3’ overhang,
whereas cleavage of long dsRNA does not require a specific terminal
structure. Mutation of a pair of evolutionarily conserved arginine
residues in the Dicer-2 PAZ domain blocked cleavage of short
dsRNA without affecting the ATP-dependent conversion of long
dsRNA into siRNAs. Thus, Dicer-2 uses distinct mechanisms to
recognize and process long and short RNA substrates. We propose
that inorganic phosphate prevents the use of pre-miRNA substrates
by occupying a binding pocket in the Dicer-2 PAZ domain that
would otherwise recognize the 5’ terminal phosphate of short
dsRNA substrates.

Results

Dicer-2 cleaves pre-miR-8 and pre-miR-79 into aberrant miRNAs
with altered seed sequences

We previously reported that purified recombinant Dicer-2 cleaves
pre-let-7 into 5" and 3’ products that were 1 nt shorter than the
authentic let-7 and let-7* species made by Dicer-1 (Cenik et al,
2011). Because mature let-7 resides on the 5" arm of pre-let-7, the
shorter RNA product generated by Dicer-2 contains the same seed
sequence as let-7 produced by Dicer-1. miR-8 and miR-79 reside on
the pre-miRNA 3’ arm. For these miRNAs, purified Dicer-2 generated
products 1-2 nt shorter than those made by Dicer-1 (Supplementary
Fig S1). Consequently, the seed sequences of miR-8 and miR-79
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produced by Dicer-2 were shifted relative to those made by Dicer-1;
such aberrant seeds are predicted to target a set of mRNAs different
from those regulated by the authentic miR-8 and miR-79 produced
by Dicer-1 (Lewis et al, 2003, 2005; Stark et al, 2003; Brennecke
et al, 2005).

Dicer-2 does not produce aberrant miRNAs in vivo

To test if Dicer-2 produces aberrant miRNAs in vivo, we sequenced
18-29-nt RNA from the ovaries of control (w''!®) and dicer-2 hetero-
zygous (dicer-2-51%*/Cy0) and homozygous (dicer-2"%''**) mutant
flies (Supplementary Tables S1-S3). The most abundant isoforms of
miR-8 (23 nt) and miR-79 (22 nt) in the dicer-2"!** homozygous
and heterozygous mutants and control ovaries (Fig 1A) corre-
sponded to the products made by purified Dicer-1, but not Dicer-2
(Supplementary Fig S1). In fact, no miRNA changed significantly
(Bonferroni-corrected P-value < 0.05) in its abundance or length in
dicer-2X511* homozygous and heterozygous mutants compared with
the control, except miR-7 whose mean length changed from 23.5 to
23.4 nt in the dicer-2"51' homozygous mutant (Bonferroni-
corrected P-value = 0.004; Fig 1B and C). We conclude that there is
no biologically meaningful change in miRNA abundance or length
in the absence of Dicer-2. As expected (Kawamura et al, 2008;
Okamura et al, 2008a,b), the abundance of endo-siRNAs was
significantly decreased in the dicer-2“*'"** homozygous mutant flies
(Supplementary Table S3).

The Dicer-2 G31R mutation blocks siRNA production in vivo (Lee
et al, 2004; Pham et al, 2004) and is predicted to inhibit the binding
of ATP to the helicase domain. Dicer-2°*'® does not efficiently
hydrolyze ATP or process long dsRNA, but retains the ability to
cleave pre-miRNA (Cenik et al, 2011) and collaborate with its
partner, R2D2, in loading small RNA duplexes into Ago2 (Pham
et al, 2004; Forstemann et al, 2007). As in dicer-2"'"%* both the
abundance and mean length of each miRNA were essentially
unchanged in the dicer-2%*'® heterozygous and homozygous mutant
flies (Fig 1B and C). In contrast, the dicer-2°>'® mutation reduced
endo-siRNAs compared with the controls (P-value = 0.003, 0.03,
0.0008 for esi-1.1, esi-1.2, and esi-2.1, respectively; Supplementary
Table S3). We conclude that in vivo Dicer-2 produces siRNAs from
long dsRNA, but not miRNAs from pre-miRNAs.

Inorganic phosphate and ATP act on Dicer-2 independently

Physiological concentrations of inorganic phosphate (25 mM) inhi-
bit Dicer-2, but not Dicer-1, from cleaving pre-let-7, whereas ATP
is required for the production of siRNAs from long dsRNA but not
for the cleavage of pre-let-7 by Dicer-2 in the absence of inorganic
phosphate (Fig 2A; Cenik et al, 2011). To test whether phosphate
binds to the ATP-binding site of Dicer-2, we measured the effect
of inorganic phosphate on pre-let-7 processing by Dicer-2 in the
absence and presence of 1 mM ATP, a concentration greater than
the approximately 14 pM Ku*™" of Dicer-2 (Cenik et al, 2011).
ATP had no measurable effect on the ability of phosphate to inhi-
bit Dicer-2 cleavage of pre-let-7, pre-miR-8 or pre-miR-79 (Fig 2A).
Moreover, phosphate inhibited cleavage of pre-miR-8 by Dicer-
2631R in both the presence and absence of ATP (Fig 2B). Phos-
phate did not significantly (P-value >> 0.05) change the rate of
wild-type Dicer-1 cleavage for any of these pre-miRNAs (Fig 2A).

© 2014 The Authors
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Figure 1.
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In flies, dicer-2 mutations do not alter miRNA abundance or length.

A Isoform distribution of miR-8 and miR-79 in wild-type, heterozygous, and dicer-2 mutant fly ovaries.

B, C Normalized number of reads (ppm) (B) or mean length (C) for miRNA (red) and miRNA* (blue) compared among control w™¥, heterozygous or homozygous

dicer-2"1 or dicer-2°*® mutant fly ovaries. Only miRNAs and miRNA* strands whose abundance was >100 ppm were analyzed in (B) and (C). Data are
mean =+ s.d. for three biologically independent replicates.

Thus, for Dicer-2, the inhibition of pre-miRNA cleavage by
phosphate is independent from the stimulation of long-dsRNA

processing by ATP.

© 2014 The Authors

Long dsRNA, but not pre-miRNA, stimulates ATP hydrolysis by
Dicer-2 (Cenik et al, 2011). Perhaps ATP allows Dicer-2 to overcome
the inhibitory effect of phosphate for cleavage of long dsRNA? In the
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Figure 2. Inorganic phosphate and ATP act independently on Dicer-2.
A Pre-miRNAs (100 nM, 5' *’P-radiolabeled) or a 104-bp dsRNA with a two-nucleotide, 3' overhanging end (100 nM, uniformly 3’P-radiolabeled) were incubated with

Dicer-1 (2 nM) or Dicer-2 (8 nM) with (red) or without (black) 25 mM inorganic phosphate. For 104-bp dsRNA —ATP, 12 nM Dicer-2 was used.

Pre-miR-8 (100 nM, 5’ *?P-radiolabeled) or a 104-bp dsRNA with a two-nucleotide, 3’ overhanging end (100 nM, uniformly *2P-radiolabeled) was incubated with

Dicer-29%*% (8 nM for +ATP and 12 nM for —ATP) with (red) or without (black) 25 mM inorganic phosphate. Data are mean =+ s.d. for three independent trials.

presence of ATP, inorganic phosphate did not inhibit cleavage of 5’
monophosphorylated 106- or 104-bp dsRNAs bearing either a blunt
or 3’ overhanging end (Fig 2A; Cenik et al, 2011). To test whether
the stimulation of long-dsRNA processing by ATP enables Dicer-2 to
escape inhibition by inorganic phosphate, we measured the effect of
phosphate on processing of long dsRNA in the absence of ATP.
Without ATP, the rate of siRNA production from long dsRNA was
reduced, but remained unaffected by phosphate (Fig 2A). We
obtained similar results using the Dicer-2“*'® mutant (Fig 2B),
which does not hydrolyze ATP in the presence of long dsRNA
(Cenik et al, 2011). We conclude that stimulation by ATP of dsRNA
cleavage cannot explain why inorganic phosphate does not inhibit
the conversion of long dsRNA into siRNAs by Dicer-2.

The EMBO jJournal Vol 33| No 4 | 2014

Phosphate inhibits Dicer-2 binding to pre-miRNA

To understand how inorganic phosphate inhibits processing of short
dsRNAs by Dicer-2, we tested whether phosphate impedes binding
of such substrates to the enzyme. We used 302-nm UV cross-linking
to examine the binding of Dicer-2 to pre-let-7 and 30- and 104-bp
dsRNA bearing a 5" monophosphate and two-nucleotide, 3’ overhang
(Fig 3; Supplementary Fig S2). All substrates contained a 5'-iodouri-
dine at the penultimate position. Pre-let-7 and the 30-bp dsRNA were
5’ 32p-radiolabeled; one of the strands of the 104-bp-long dsRNA was
32p.radiolabeled at the phosphodiester bond linking nucleotides 36
and 37. Inorganic phosphate inhibited binding of Dicer-2 to pre-let-7
and 30-bp dsRNA. In contrast, inorganic phosphate did not affect

© 2014 The Authors
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Figure 3. Inorganic phosphate inhibits binding to Dicer-2 of pre-miRNA and short dsRNA, but not long dsRNA.
A For Dicer-1, *P-radiolabeled pre-let-7 (30 pM) was incubated with Dicer with or without 25 mM phosphate for 20 min at 4°C, then irradiated with 254-nm light to

cross link bound substrate to enzyme. For Dicer-2, *2P-radiolabeled RNA (30 pM) containing 5-iodouridine as the penultimate nucleotide was incubated with Dicer
with or without 25 mM phosphate for 20 min at 4°C, then irradiated with 302-nm light. Samples were resolved by SDS-PAGE. Mean signal intensity for 10 nM Dicer

proteins without inorganic phosphate was arbitrarily set to one.

B The ratio of substrate cross-linked to 10 nM Dicer-1 or Dicer-2 with and without inorganic phosphate is shown. Data are mean + s.d. for three independent trials.

binding of Dicer-2 to the long dsRNA. Dicer-1 cross linked ineffi-
ciently to the RNAs bearing a 5'-iodouridine at the penultimate
position, so we used 254-nm UV non-site-specific cross-linking to
monitor the binding of Dicer-1 to unmodified pre-let-7. Inorganic
phosphate had no detectable effect on the binding of Dicer-1 to
pre-let-7. We conclude that inorganic phosphate inhibits Dicer-2
binding to pre-miRNAs and short 30-bp dsRNA.

Dicer-2 prefers short 5' monophosphorylated dsRNAs with
two-nucleotide, 3’ overhangs

Our data suggest that Dicer-2 binds pre-miRNA and long dsRNA by
distinct mechanisms. Considering the similar chemical structures of
a 5" monophosphate and inorganic phosphate, we sought to test
whether a 5" monophosphate was required for Dicer-1 or Dicer-2 to
process short substrates such as pre-let-7 (Fig 4). We prepared
pre-let-7 bearing either a 5" monophosphate or a 5’ hydroxyl group.
Dicer-1 cleaved both forms of pre-let-7 with similar efficiencies.
Inorganic phosphate had no detectable effect on the rate of cleavage
by Dicer-1 of either 5" monophosphorylated or 5’ hydroxy pre-let-7.
In contrast, Dicer-2 efficiently cleaved 5" monophosphorylated, but
not 5" hydroxy, pre-let-7. Similarly, the rate of cleavage by Dicer-2 of
5’ monophosphorylated pre-miR-87 was 2.7-fold faster than that for
5" hydroxy pre-miR-87, whereas Dicer-1 processed the two
substrates with similar efficiency. Inorganic phosphate inhibited

© 2014 The Authors

processing by Dicer-2, but not by Dicer-1, of both types of pre-miR-87
substrates. The rate of cleavage by Dicer-2 of 5" monophosphorylated
pre-miR-307a was 43-fold faster than that for 5’ hydroxy pre-miR-307a;
cleavage was inhibited by inorganic phosphate for both terminal
structures (Supplementary Fig S3).

Terminal structure had no detectable effect on the processing of
long dsRNA by Dicer-2. We compared uniformly **P-radiolabeled
104- or 106-bp dsRNAs bearing (i) 5" monophosphate, blunt ends,
(ii) 5" monophosphate, two-nucleotide, 3’ overhanging ends, (iii) 5’
hydroxyl, blunt ends, and (iv) 5’ hydroxyl, two-nucleotide, 3’ over-
hanging ends (Fig 4). Dicer-2 cleaved all four long dsRNAs with
similar rates.

Even in the presence of ATP, production of the first siRNA from
the end of a long dsRNA is rate-determining for Dicer-2 (Cenik et al,
2011). Thus, subsequent production of siRNAs from the interior of a
long dsRNA appears to proceed at the same rate as production of
the first, terminal siRNA. All the long dsRNA substrates used here
were diced at the similar rates (Fig 4), supporting the idea that
production of the first siRNA limits the rate of producing internal
siRNAs from substrates with all possible termini (Cenik et al, 2011).
Consistent with this observation, we were unable to detect interme-
diates for any long dsRNA, irrespective of its terminal structure.

Although Dicer-1 favored RNAs with 5’ monophosphate ends
over 5’ hydroxyl ends, the cleavage activity was low for all four long
dsRNAs, consistent with previous observations that Dicer-1 does
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Figure 4. Dicer-2, but not Dicer-1, requires a 5 monophosphate to efficiently cleave pre-miRNA.

A Uniformly **P-radiolabeled pre-miRNAs (100 nM) bearing a 5" monophosphate or hydroxyl group were incubated with Dicer-1 (2 nM) or Dicer-2 (8 nM) with (red) or

without (black) 25 mM inorganic phosphate.

B Uniformly *’P-radiolabeled 104- or 106-bp dsRNA (100 nM) bearing a 5" monophosphate or hydroxyl group and either a blunt or two-nucleotide, 3’ overhang end
were incubated with Dicer-1 or Dicer-2 (8 nM) with (red) or without (black) 25 mM inorganic phosphate. Data are mean =+ s.d. for three independent trials.

not appreciably cleave long dsRNA (Cenik et al, 2011). Inorganic
phosphate had no significant inhibitory effect on the rate of cleavage
of any of the four long dsRNAs by Dicer-1 or Dicer-2.

In addition to a 5’ monophosphate, pre-miRNAs bear two-nucleotide,
3’ overhangs, contain mismatches in the stem, and include a long
terminal loop. What pre-miRNA feature(s) does Dicer-2 recognize?
To begin to answer this question, we compared pre-let-7 to six
pre-let-7 variants: (i) pre-let-7 with a blunt end; (ii) pre-let-7 with a
perfectly base-paired stem; (iii) pre-let-7 with a tetraloop in place of
the wild-type 14-nt terminal loop; (iv) pre-let-7 with both a perfectly

The EMBO Journal Vol 33 | No 4 | 2014

base-paired stem and a tetraloop; (v) a fully paired 25-bp dsRNA
with a two-nucleotide, 3’ overhang; and (vi) a fully paired 27-bp
dsRNA with a blunt end (Fig 5).

Pre-let-7 with a blunt end was cleaved approximately 12-fold
more slowly than the wild-type pre-let-7, indicating that Dicer-2
prefers a two-nucleotide, 3’ overhang to a blunt end. Pre-let-7 with a
perfectly base paired stem was cleaved by Dicer-2 more efficiently
than wild-type pre-let-7, indicating that Dicer-2 prefers a perfectly
base-paired stem to a stem containing mismatches. In contrast,
pre-let-7 with a tetraloop was cleaved less efficiently than the

© 2014 The Authors
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Figure 5. Inorganic phosphate inhibits Dicer-2 processing of short RNA substrates.

A 5 3?p-radiolabeled pre-let-7 variants or short dsRNAs (100 nM) were incubated with Dicer-2 (7 nM) with (red) or without (black) 25 mM inorganic phosphate.
B Initial rates determined from the data in (A). Gray denotes deoxynucleotides in short dsRNAs. Data are mean =+ s.d. for three independent trials.

wild-type pre-let-7, revealing that Dicer-2 prefers the natural termi-
nal loop to the compact tetraloop. Consistent with these findings,
pre-let-7 with both a perfectly base-paired stem and a tetraloop was
cleaved at a rate intermediate to the two pre-let-7 variants, like that
observed for wild-type pre-let-7.

Similarly, a fully paired 25-bp dsRNA bearing a two-nucleotide,
3’ overhang was processed more efficiently than the corresponding
27-bp dsRNA with a blunt end [For each of the two dsRNAs, one
end contained two deoxy-nucleotides to block access to Dicer-2
(Rose et al, 2005; Cenik et al, 2011)]. We conclude that in processing

© 2014 The Authors

short dsRNAs, Dicer-2 prefers a two-nucleotide, 3’ overhang, while it
exhibits no preference for end structure when cleaving long dsRNA
in the presence of ATP (Fig 4).

A Short Length is the signature feature of dsRNAs whose
processing by Dicer-2 is inhibited by phosphate

What pre-miRNA feature(s) are required for inorganic phosphate to

inhibit Dicer-2 cleavage? We tested the effect of phosphate on
Dicer-2 cleavage for each of the pre-let-7 variants (Fig 5). Inorganic
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phosphate inhibited cleavage of all substrates tested (cleavage of the
blunt, fully paired 27-bp dsRNA was too slow to permit comparison
of rates with and without phosphate). Together with our finding that
cleavage of long dsRNAs by Dicer-2 was unaffected by phosphate
(Figs 2A and 4B), these data suggest that substrate length determines
whether phosphate inhibits its cleavage by Dicer-2: cleavage of
short, but not long, dsRNAs is inhibited by phosphate. Using UV
cross-linking, we tested the effect of inorganic phosphate on the
binding of Dicer-2 to short, 30-bp dsRNA bearing a 5’ monophosphate
and a two-nucleotide, 3’ overhang end (Fig 3; Supplementary Fig 2).
Inorganic phosphate inhibited binding, supporting our hypothesis
that substrate length determines whether phosphate inhibits its
cleavage by Dicer-2.

Next, we explored the relationship between substrate length
and the requirement for specific terminal features, enhancement
by ATP, or inhibition by inorganic phosphate. We assayed Dicer-2
processing—with and without ATP and in the presence or absence
of phosphate—for sixteen different RNAs (Fig 6; Supplementary Fig
S4): 30-, 38-, 52-, and 73-bp dsRNAs bearing (i) a 5’ monophos-
phate and two-nucleotide, 3’ overhang; (ii) a 5’ hydroxyl group
and two-nucleotide, 3’ overhang; (iii) a 5" monophosphate with a
blunt end; or (iv) a 5" hydroxyl group with a blunt end. For each,
the access of Dicer-2 to one end of the dsRNA was blocked by
including two deoxynucleotides (Rose et al, 2005; Cenik et al,
2011). Our data show that the shorter the substrate, the more
Dicer-2 prefers a 5’ monophosphate to a 5’ hydroxyl group and a
two-nucleotide, 3’ overhang to a blunt end. Conversely, the longer
the substrate, the greater the requirement for ATP for efficient
cleavage by Dicer-2 and the less the susceptibility to inhibition by
phosphate. The transition between “long” substrates—whose pro-
cessing required ATP but whose end structure mattered little if at
all—and “short” substrates—for which a 5’ phosphate and two-
nucleotide, 3’ overhang was essential but ATP was dispensable—
occurred around 38 bp. We note that the median length of the
pre-miRNA stem of the 60 most abundant miRNAs in flies is
26 bp.

Inorganic phosphate increases Ky, and decreases k., of Dicer-2
for short, but not long, dsRNA

To better understand how inorganic phosphate inhibits cleavage by
Dicer-2 of short but not long dsRNA, we analyzed the kinetics of
cleavage by Dicer-2 using three substrates bearing a 5’ monophos-
phorylated, two-nucleotide, 3’ overhanging end: pre-let-7 and 30-
and 104-bp dsRNAs (Table 1; Supplementary Fig SS). For pre-let-7,
phosphate increased Ky (1.5 + 0.5 uM versus 3.2 + 1.0 uM;
P-value = 0.04) and reduced k., (2.0 &= 0.5 min versus 0.6 & 0.2 min;
P-value = 0.03). Similarly, phosphate increased Ky, for the 30-bp
dsRNA from 1.1 + 0.3 uM to 2.7 + 0.6 uM (P-value = 0.04) and
decreased k¢4 from 2.7 + 0.3 uM to 2.0 + 0.2 min (P-value = 0.03).
Thus, for these two short RNA substrates inorganic phosphate
increased the substrate concentration at which Dicer-2 was half-
maximally active and decreased the rate of enzyme turnover. Over-
all, inorganic phosphate decreased enzyme efficiency (kcat/Km)
>7-fold for pre-let-7 and >3-fold for the 30-bp dsRNA. Because
Kum = (Kear + koff) /Kon» an increase in Ky accompanied by a decrease
in k.q requires either that phosphate increases kg or decreases k,,
or both, consistent with our result that inorganic phosphate inhibited
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binding of Dicer-2 to pre-let-7 and 30-bp dsRNA (Fig 3; Supplemen-
tary Fig S2). In contrast, inorganic phosphate had no measurable
affect on K,; or k. for the 104-bp dsRNA: Ky values were
42 4+ 10 nM and 41 + 5 nM (P-value >> 0.05) and k., values were
0.086 + 0.008 min and 0.090 + 0.008 min (P-value >> 0.05), with-
out and with phosphate, respectively.

Mutation of the Dicer-2 PAZ domain disrupts cleavage of short
but not long dsRNA

The Platform and PAZ domains of human Dicer form a pocket that
binds the 5’ phosphate of a pre-miRNA (Park et al, 2011). Interest-
ingly, in the three-dimensional structure of this region of human
Dicer contains a phosphate molecule chelated by the side chains
of three evolutionarily conserved arginine residues (Park et al,
2011). The corresponding region of Dicer-2 in flies and other
arthropods has diverged considerably from Dicer-1 and lacks these
three conserved arginine residues, leading to the suggestion that
Dicer-2 does not recognize 5' phosphates on its substrates (Park
et al, 2011).

Our data suggest that Dicer-2 does, in fact, bind 5'-terminally
phosphorylated ends and raises the possibility that an alternative
set of positively charged residues in the Dicer-2 PAZ domain inter-
acts with phosphate. Supporting this idea, a pair of PAZ domain
arginine residues, R943 and R965, are evolutionarily conserved
among arthropod Dicer-2 orthologs (Fig 7A). Mutation of these
conserved arginines to alanine (Dicer-2R****R9564) plocked cleavage
of a 30-bp dsRNA bearing 5" monophosphorylated, two-nucleotide,
3’ overhanging end, but not processing of a 104-bp dsRNA (Fig 7B).
In contrast, mutation of the helicase domain (Dicer-2¢*'®) reduced
the rate of processing of the 104-bp dsRNA, but had no effect on
cleavage of the 30-bp dsRNA. Cleavage of this short, 5’ phosphory-
lated substrate by mutant Dicer-2%*'® was inhibited by inorganic
phosphate.

We also measured dsRNA processing by a Dicer-2 mutant in
which the C-terminal dsRNA-binding domain was truncated
(Dicer_2A1653—1722’ Flg 7) lee Dicer-2R943A‘R956A, Dicer_2A1653-1722
efficiently cleaved long dsRNA, but not short. We were unable to
detect intermediate cleavage products of the long dsRNAs in the
presence or absence of inorganic phosphate. Together, these
three mutants identify distinct domains of Dicer-2 that are differen-
tially required for processing long and short dsRNA. Our data sug-
gest that processing of long dsRNA requires ATP binding and
hydrolysis by the helicase domain, whereas processing of short
dsRNA requires recognition of a 5’ phosphate by the PAZ domain
and binding of dsRNA by the carboxy-terminal dsRNA-binding
domain.

Discussion

Drosophila Dicer-2 uses distinct mechanisms to recognize short and
long dsRNA (Fig 6). Our data suggest that the boundary between
short and long dsRNAs is >30 bp but <38 bp, although more exten-
sive work will be required to know if the transition between “short”
and “long” occurs sharply or gradually over dsRNA length. To effi-
ciently cleave short dsRNA, Dicer-2 requires a 5" monophosphory-
lated, two-nucleotide 3’ overhanging end, but does not require ATP.

© 2014 The Authors
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panel), between the presence or absence of ATP (lower left panel), and between the presence or absence of inorganic phosphate (lower right panel). Data are
mean =+ s.d. for three independent trials.
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Table 1. Kinetic analysis of Dicer-2 processing in the presence and absence of 25 mM phosphate. Data are mean + standard deviation for three

independent trials

Substrate Enzyme Ky (nM) Change in Ky, Reqr (Min) Change in k., Reae/ K (NM/min) Iil:,j/r;(g: "
pre-let-7 Dicer-2 1500 + 500 1.0 20 £ 05 1.0 0.0014 + 0.0001 1.0
Dicer-2 + Phosphate 3200 + 1000 21 06 £ 02 031 0.00020 + 0.00003 014
30-bp dsRNA Dicer-2 1100 + 300 1.0 27 +£03 10 0.0026 + 0.0003 1.0
Dicer-2 + Phosphate 2700 + 600 25 20 £ 02 0.73 0.00077 + 0.00012 0.29
104-bp dsRNA Dicer-2 42 + 10 1.0 0.086 + 0.008 1.0 0.0021 + 0.0003 10
Dicer-2 + Phosphate 41 £ 5 0.98 0.090 + 0.008 1.0 0.0022 + 0.0001 1.0

In contrast, to efficiently cleave long dsRNA, Dicer-2 requires ATP,
but not a specific terminal RNA structure.

We propose a model in which the PAZ domain of Dicer-2 forms
binding pockets for the 5" monophosphate and the two-nucleotide,
3’ overhang end of the dsRNA substrate, as suggested for human
Dicer (Park et al, 2011). For short dsRNA substrates to be effi-
ciently bound and cleaved by Dicer-2, the RNA needs to have a 5’
monophosphate and a two-nucleotide, 3’ overhang, each recog-
nized by binding pockets. The substrate also needs to be bound
by the C-terminal dsRNA binding domain. In contrast, long dsRNA
does not need to have a specific terminal structure to be efficiently
recognized. Nor does long dsRNA need the C-terminal dsRNA
binding domain, likely because long dsRNA can interact with the
helicase domain and/or the central dsRNA binding domain (Lau
et al, 2012).

In our model, an inorganic phosphate molecule occupies the
same binding pocket as the 5’ monophosphorylated end of the
dsRNA substrate (Fig 8). The bound inorganic phosphate serves to
block binding of the 5" monophosphorylated end of a short dsRNA
or pre-miRNA (Fig 3 and Table 1). In the presence of inorganic
phosphate, binding of short dsRNA or pre-miRNA to Dicer-2 may
require distorting the substrate or the enzyme, explaining the
decreased k., we observed for such substrates in the presence of
inorganic phosphate. Our data suggest that the bound inorganic
phosphate also blocks binding of a short dSRNA with a 5" hydroxyl
end, perhaps because a phosphate oxygen and the terminal
hydroxyl group occupy the same portion of the phosphate binding
pocket (Figs 4 and 7B).

Because long dsRNA can be recognized by the helicase domain
and/or the central dsRNA binding domain, its binding is not inhib-
ited by inorganic phosphate occupying the PAZ domain. Alterna-
tively, the initial high affinity recognition by the helicase domain or
the central dsRNA binding domain might allow the long dsRNA to
displace a bound inorganic phosphate from its binding pocket.

Point mutations in a pair of highly conserved arginine residues in
the PAZ domain impair processing of short, but not long, dsRNA
(Fig 7). Such mutations likely disrupt the binding pocket for a 5’
terminal monophosphate. The finding that Dicer-2 recognizes the 5’
phosphate on short dsRNA substrates such as pre-miRNAs is consis-
tent with such phosphate recognition being present in the ancestral
dicer from which Dicer-1 and Dicer-2 descend. Specialization of the
two arthropod dicers has allowed phosphate recognition to become
dispensable for long dsRNA processing by Dicer-2. Mutation of the
Dicer-2 helicase domain converts Dicer-2 from an enzyme optimized

The EMBO jJournal Vol 33| No 4 | 2014

for the processive production of siRNAs from long dsRNA into a
Dicer-1-like protein that generates miRNAs from pre-miRNAs. Our
data help explain the different evolutionary trajectories of these
paralogous dsRNA-endonucleases, whose PAZ and helicase
domains have diverged, restricting them to produce distinct classes
of small silencing RNAs. Our study also helps explain how a small
molecule can alter the substrate specificity of a nucleic acid processing
enzyme.

Why does Dicer-2 retain a binding pocket for a 5' monophospho-
rylated dsRNA end although it is dispensable for processing long
dsRNA? Dicer-2 acts not only to cleave long dsRNA into siRNAs, but
also to load siRNA duplexes into Argonaute2 (Liu et al, 2003; Tom-
ari et al, 2004). We speculate that the 5’ phosphate-binding pocket
functions during the loading of an siRNA duplex into Argonaute2.

We previously found that the Dicer-2 partner protein R2D2, but
not the alternative partner Loquacious-PD, inhibits Dicer-2 from
processing pre-miRNA (Cenik et al, 2011). Dicer-2 binds R2D2 via
its helicase domain (Hartig and Forstemann, 2011 and Nishida et al,
2013). The inhibitory effects of R2D2 and inorganic phosphate are
additive, suggesting that they act independently and consistent with
the idea that inorganic phosphate binds to the Dicer-2 PAZ domain
rather than the helicase domain. Dicer-2 achieves the highest
substrate specificity in the presence of both R2D2 and inorganic phos-
phate (Cenik et al, 2011), which we propose is the in vivo situation.

Our finding that a small molecule—phosphate—can alter the
function of Dicer-2 is encouraging for developing a small molecule
drug targeting mammalian Dicer. Such drugs might inhibit or
enhance production of miRNA, thereby promoting or inhibiting
oncogenesis (Bernstein et al, 2003; Srikantan et al, 2011). Destruc-
tion of toxic Alu RNA by mammalian Dicer helps prevent
age-related macular degeneration (Kaneko et al, 2011; Tarallo et al,
2012); drugs that enhance this activity might prove useful in
managing this disease.

Materials and Methods
Small RNA libraries

Small RNA libraries were prepared as described (Fukunaga et al,
2012). Ovaries were dissected from 3-5-day-old females. Total RNA
was isolated using the mirVana kit (Ambion, Life Technologies,
Grand Island, NY, USA). Supplementary Tables S1 and S2 summa-
rize sequencing statistics.

© 2014 The Authors
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Figure 7. Mutation of the Dicer-2 PAZ domain specifically disrupts its processing of short dsRNA.
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A The domains of Drosophila melanogaster Dicer-2 and alignment of the PAZ domain sequence from Dicers from various arthropods, C. elegans, and human. In the
alignment, the bottom three Dicer-1-related enzymes cleave pre-miRNA to produce miRNA in vivo. The residues that compose the 5" monophosphate-binding
pocket in human Dicer are highlighted. Legend: DExD/H, DExD/DExH box helicase domain; HELICc, Helicase conserved C-terminal domain; PAZ, PAZ domain; Rllla

and RIllb, Ribonuclease 11l domain; dsRBD, dsRNA-binding domain.

5" 32p-radiolabeled 30-bp dsRNA (100 nM) or 104-bp dsRNA (100 nM uniformly *’P-radiolabeled), with a 5" monophosphate or hydroxyl end with a two-nucleotide,

3’ overhanging end, was incubated with the wild-type and mutant Dicer-2 (6 nM) and 1 mM ATP in the presence (red) or absence (black) of 25 mM inorganic

phosphate. Data are mean =+ s.d. for three independent trials.
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Figure 8. A model for the inhibition by inorganic phosphate of Dicer-2 processing of short, but not long dsRNA.

We hypothesize that inorganic phosphate occupies the same binding pocket in the PAZ domain of Dicer-2 as the 5’ monophosphorylated end of a dsRNA substrate and blocks
binding of the 5’-monophosphorylated end of a short dsRNA or pre-miRNA. Because long dsRNA can be recognized by the helicase domain and/or the central dsRNA-binding
domain, binding of long dsRNA is not inhibited when inorganic phosphate occupies the PAZ domain. Alternatively, the initial high affinity recognition of long dsRNA by the
helicase or central dsRNA binding-domain might allow the end of a long dsRNA to displace the inorganic phosphate from its binding pocket. The model aligns well with the

previous structural model of Dicer-2 (Lau et al, 2012).

RNA substrates

RNA substrates for dicing were prepared by chemical synthesis or
transcription with T7 RNA polymerase. The sequences of 104- and
106-bp dsRNA were as described (Cenik et al, 2011). Supplementary
Table S4 lists the sequences of other RNAs. The 5' triphosphate was
converted to a hydroxyl group with alkaline phosphatase (NEB,
Ipswich, MA, USA) and then to a 5 monophosphate using T4
polynucleotide kinase (NEB). RNA was 5' >?P-radiolabeled RNA
using y—32P ATP (6, 000 Ci/mmol; PerkinElmer, Waltham, MA,
USA) and T4 polynucleotide kinase. Site-specifically >*P-radiola-
beled RNA was prepared by DNA-splinted ligation (Moore & Sharp,
1993; Moore & Query, 2000). Uniformly **P-radiolabeled RNA was
prepared by T7 RNA polymerase transcription in the presence of
o->*P UTP (800 Ci/mmol; PerkinElmer). All RNAs were gel-purified.

Dicing assays

Recombinant Dicer-1 and Dicer-2 were expressed and purified, and
dicing reactions were performed at 25°C and analyzed as described
(Cenik et al, 2011; Fukunaga et al, 2012). Two different prepara-
tions of recombinant wild-type Dicer-2 were used in this study:
preparation 1 was used in Fig 5, and preparation 2 was used for all
other experiments. Mutations in Dicer-2 were introduced by PCR.
Membranes or dried gels were exposed to image plates and analyzed

The EMBO jJournal Vol 33| No 4 | 2014

with an FLA-9000 and ImageGauge 3.0 software (Fujifilm, Tokyo,
Japan).

To determine rates of reaction, substrate processed versus time
was fit to y = y, + A(1 — e ), where dy/dt = Ake ™. When t = 0,
dy/dt = Ak and k gives the initial rate of reaction (Lu & Fei, 2003).
In Supplementary Fig S5, data were fit to the Michaelis-Menten
scheme using Visual Enzymics 2008 (Softzymics, Princeton, NJ,
USA) for Igor Pro 6.31 (WaveMetrics, Lake Oswego, OR, USA).

Binding assays

To measure Dicer-2 binding, 30 pM 3?P-radiolabeled substrate
RNA was incubated with Dicer-2, then cross linked for 2 min on
ice with 302-nm light (UVM-57, UVP, Upland, CA, USA) through
the lid of a polystyrene microtiter plate. The light source was
placed upside-down directly on the lid. For Dicer-1 binding, 30 pM
32p.radiolabeled substrate RNA was incubated with Dicer-1, then
the samples, in a polystyrene microtiter plate without the lid, were
cross linked for 2 min on ice with 254-nm light (Spectroline ENF-
240C). The light source was placed directly on top of the microtiter
plate. Binding was for 20 min at 4°C with 5 mM EDTA to prevent
substrate cleavage. After cross linking, the samples were resolved
by SDS-PAGE. Gels were dried and exposed to image plates and
analyzed with an FLA-9000 and ImageGauge 3.0 software
(Fujifilm).

© 2014 The Authors
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Statistical analyses
The two-tailed Student’s t-test was used for all statistical analyses.
Accession numbers

The SRA accession number for the small RNA libraries reported in
this paper is SRX337129.

Supplementary information for this article is available online:
http://emboj.embopress.org
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