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The enzyme Dicer is central to the
production of small silencing RNAs
such as microRNAs (miRNAs) and small
interfering RNAs (siRNAs). Like other
insects, Drosophila melanogaster uses dif-
ferent Dicers to make siRNAs and miR-
NAs: Dicer-1 produces miRNAs from
pre-miRNAs, whereas Dicer-2 gener-
ates siRNAs from long double-stranded
RNA (dsRNA). How do the 2 Dicers
achieve their substrate specificity? Here,
we review recent findings that inorganic
phosphate restricts the substrate specific-
ity of Dicer-2 to long dsRNA. Inorganic
phosphate inhibits Dicer-2 from binding
and cleaving pre-miRNAs, without affect-
ing the processing of long dsRNA. Crystal
structures of a fragment of human Dicer
in complex with an RNA duplex identify a
phosphate-binding pocket that recognizes
both the 5-monophosphate of a substrate
RNA and inorganic phosphate. We pro-
pose that inorganic phosphate occupies
the phosphate-binding pocket in the fly
Dicer-2, blocking binding of pre-miRNA
and restricting pre-miRNA processing to
Dicer-1. Thus, a small molecule can alter
the substrate specificity of a nucleic acid-
processing enzyme.

Introduction

Drosha cleaves primary miRNA tran-
scripts (pri-miRNAs) into precursor miR-
NAs (pre-miRNAs), and Dicer cleaves
pre-miRNAs miRNA  duplexes
(reviewed in ref. 1). Dicer also produces
small interfering RNAs (siRNAs) from
long dsRNA. Endogenous sources of

into
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long dsRNA include viral RNA genomes
or replication intermediates, convergent
mRNA  transcription, transposon tran-
scripts, and partially self-complementary
hairpin RNAs. Long dsRNA can, of
course, be introduced experimentally to
trigger RNA interference (RNAI).? After
their production, miRNAs and siRNAs
are loaded into members of the Argonaute
family of proteins, for which they act
as sequence-specific guides. miRNA-
Argonaute complexes can repress mRNA
translation and promote mRNA turnover,
siRNA-Argonaute
generally cleave their RNA targets.

whereas complexes

In mammals, a single Dicer produces
both miRNAs and siRNAs. In contrast,
in  Drosophila and other arthropods,
Dicer-1 makes miRNAs (22-24 nt), while
Dicer-2 produces siRNAs (-21 nt).> What
restricts each Dicer to its specific sub-
strate? Here, we discuss the recent find-
ings that inorganic phosphate (PO,), a
small molecule found in all cells, restricts
the substrate specificity of fly Dicer-2 to
long dsRNA. We also discuss the recently
reported crystal structures of a fragment
of human Dicer, which contains a pocket
that binds the 5'-monophosphate (PO,) of
substrate RNA; inorganic phosphate can
also bind this pocket. We propose that
PO, binds the phosphate-binding pocket
of fly Dicer-2, blocking binding of inap-
propriate substrates such as pre-miRNAs.

Dicer Domain Architecture
Drosophila Dicer-1 and Dicer-2 and

human Dicer all share a common domain
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architecture (Fig. 1): an N-terminal “heli-
case” domain; a central, atypical dsRNA-
binding domain (dsRBD, previously
known as DUF283); a platform domain; a
PAZ domain; a connector helix; 2 RNase
III domains; and a C-terminal dsRBD.
PAZ domains are found in both Dicer
and Argonaute proteins and recognize
the characteristic 2-nucleotide, 3’-over-
hang left by Drosha and Dicer cleavage.*’
In addition, the PAZ domain of human
Dicer recognizes the 5" monophosphate of
pre-miRNAs.

Both Drosophila Dicer-1 and Dicer-2
contain an N-terminal “helicase” domain,
but only the Dicer-2 helicase domain binds
and hydrolyzes ATP.>”"! Dicer-2 is thought
to use ATDP to translocate along its dsSRNA
substrate, allowing it to produce siRNA
duplexes processively from an end.'>"
In contrast, fly Dicer-1 as well as human

Dicer need no ATP to produce miRNA/
miRNA* duplexes from pre-miRNAs.*%1

Fly Dicer-2 produces shorter miRNAs
with an altered seed sequence

Dicer-1 does not cleave long dsRNA,
making it specific for pre-miRNAs.'*! In
contrast, purified, recombinant Dicer-2
efficiently cleaves pre-miRNAs, producing
miRNA products that are 1-2 nt shorter
than the authentic miRNA products pro-
duced by Dicer-1 (Fig. 2).">'° For example,
purified Dicer-1 cleaves pre-miR-8 mainly
into 23-nt-long miR-8, which is the pre-
dominant isoform in vivo (Fig. 2).° In
contrast, Dicer-2 cleaves pre-miR-8 into
21- and 22-nt-long products. The target
specificity of an miRNA is determined
mainly by its seed sequence: positions 2—8
of the small RNA guide.””*® Like ~60% of
fly miRNAs, miR-8 resides on the 3-arm
of its pre-miRNA, so the shorter miR-8

isoforms produced by Dicer-2 have a seed
sequence, AUACUGU or UACUGUC,
that differs from that of the authentic
miR-8 produced by Dicer-1, AAUACUG.
Similarly, Dicer-2 cleaves pre-miR-79 into
a 2l-nt-long miR-79 isoform whose seed
sequence, AAGCUAG, differs from that
of the authentic 22-nt long miR-79 pro-
duced by Dicer-1 (AAAGCUA)."® The
shorter miRNA products produced by
Dicer-2 would bind and silence mRNAs
different from those controlled by the
canonical miRNAs and are therefore
likely to have detrimental consequences.

Inorganic Phosphate Inhibits
Dicer-2 from Cleaving Pre-miRNA

Although purified Dicer-2 can process
pre-miRNAs, high-throughputsequencing
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Figure 1. Dicer domain architecture. (A) Domain structures of fly and human Dicers. DExD/H, DExD/DExH box helicase domain; HELICc, helicase con-
served C-terminal domain; dsRBD, dsRNA-binding domain; PAZ, PAZ domain; Rllla and Rlllb, Ribonuclease Il domain. The fragment of human Dicer
containing the platform domain, the PAZ domain, and the connector helix, whose crystal structure was determined in complex with dsRNA (Fig. 5)'° is
also shown. (B) Alignment of the platform and PAZ domain sequences from Dicers from various arthropods, Arabidopsis, C. elegans, and humans. Dmel,
Drosophila melanogaster; Dere, Drosophila erecta; Dwil, Drosophila willistoni; Agam, Anopheles gambiae; Bmor, Bombyx mori; Tcas, Tribolium castaneum;
Mjap, Marsupenaeus japonicus; Atha, Arabidopsis thaliana; Cele, Caenorhabditis elegans; Hsap, Homo sapiens. In this review, we number human Dicer
amino acid residues based on its 1922-aa full-length sequence, whereas in the Park et al. and Tian et al. papers®'® and the PDB files therein, the amino
acid residues are numbered based on 1,912 aa sequence, which is lacking the first 10 aa compared with the 1922 aa sequence.
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analyses of the control and dicer-2 mutant
flies show that pre-miRNAs are not pro-
16 suggesting that
some inhibitor exists in vivo to suppress
pre-miRNA cleavage by Dicer-2.
Surprisingly, we found that inorganic

cessed by Dicer-2 in vivo,

phosphate, a small molecule found in all
cells, restricts the substrate specificity
of Dicer2 to long dsRNA'>'¢ (Fig. 3).
Dicer-2 cleavage of pre-miRNAs is sup-
pressed by physiological concentrations
(8-25 mM) of inorganic phosphate in a
dose-dependent manner. Phosphate inhi-
bition of Dicer-2 is specific: inorganic
phosphate affects neither the cleavage by
Dicer-2 of long dsRNA into siRNAs, nor
the cleavage by Dicer-1 of pre-miRNA into
miRNAs. Other anions do not inhibit the
cleavage of pre-miRNA by Dicer-2.

Inorganic Phosphate Inhibits
Dicer-2 from Cleaving Short RNA

What features of pre-miRNA and long
dsRNA underlie the specific inhibition
by inorganic phosphate of pre-miRNA
cleavage by fly Dicer-2? To test if (1) mis-
matches in the stem, (2) a terminal loop,
and/or (3) short length is the determinant,
various substrate RNAs were designed and
tested.’® The results revealed that short
length is the determinant: inorganic phos-
phate inhibits Dicer-2 cleavage of short
dsRNA (<38 bp) but notlong dsRNA (>38
bp; Fig. 4). Binding and kinetics assays
revealed that inorganic phosphate inhibits
binding to Dicer-2 of short dsRNA and
pre-miRNA, but not long dsRNA.

Fly Dicer-2 Uses Distinct
Mechanisms to Cleave Short and
Long dsRNAs

These results imply that Dicer-2 cleav-
age of short and long dsRNA are mecha-
nistically different. In fact, cleavage of
short dsRNA by Dicer-2 requires an end
with a 5-monophosphate and a 2-nucleo-
tide 3"-overhang, but not ATP, whereas
cleavage of long dsSRNA requires no spe-
cific terminal structure, but does require
ATP (Fig. 4).¢

Furthermore, two (2) evolutionarily
conserved arginine residues (Arg943 and

www.landesbioscience.com
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Figure 2. Purified fly Dicer-2 produces shorter RNA products from pre-miRNA than by purified fly
Dicer-1. The shorter miR-8 isoforms (21 or 22 nt) produced by Dicer-2 have an altered seed sequence
compared with the authentic miR-8 (23 nt) produced by Dicer-1.

Arg956) in the fly Dicer-2 PAZ domain
are required for short dsRNA cleav-
age, but dispensable for long dsRNA
cleavage. Arg943 is highly conserved
in siRNA producing Dicer-2 proteins
among arthropods; Arg956 is conserved
in Dicer-2 enzymes among Drosophila
species (Fig. 1). Neither residue is pres-
ent in miRNA-producing enzymes such
as fly Dicer-1, C. elegans Dicer, or human
Dicer. We propose that the 2 arginines
comprise a phosphate-binding pocket that
recognizes the 5’-monophosphate of pre-
miRNAs, and that inorganic phosphate
occupies this pocket in vivo, blocking pre-

miRNA binding.

Phosphate-Binding Pocket
Identified in the Human Dicer
Crystal Structures

In 2011, the Kim group reported that
human Dicer has a phosphate-binding
pocket in its PAZ domain that recognizes
the 5'-monophosphate of substrate RNAs.°
More recently, the Patel group reported
several crystal structures of human Dicer
fragment (“platform-PAZ-connector
helix”, amino acid residues 765-1065 in
complex with an RNA duplex (Figs. 1A
and 5).”

Interestingly, the structures
a phosphate-binding pocket.
structure, the 5-monophosphate  of
the bound dsRNA is recognized in a

reveal
In one
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phosphate-binding  pocket  composed
of the side chains of Arg788, Arg790,
Arg821, His992, Arg996, Argl003
(Fig. 5A and A').” The first 3 residues
are located in the platform domain, while
the latter 3 reside in the PAZ domain.
The side chains of Arg790 and His992
contact the non-bridging oxygen atoms
of the 5-monophosphate. In contrast, in
another structure, the 5 end (5"-hydroxyl)
of dsRNA is not bound in the phosphate-
binding pocket, but is instead exposed to
the solvent (Fig. 5B and B')."” Interestingly,
in this structure, inorganic phosphate is
bound to the phosphate-binding pocket
with the side chains of Arg788, Arg821,
and His992 contacting the oxygen atoms
of the phosphate.

A Phosphate-Binding Pocket in
Fly Dicer-2?

By analogy to the human Dicer phos-
phate-binding pocket, we propose that fly
Dicer-2 has a phosphate-binding pocket in
its PAZ domain. The lack of sequence con-
servation between Dicer-2 and the related
enzymes Dicer-1 and human Dicer sug-
gests that the architecture of the Dicer-2
pocket differs from that in human Dicer
(Fig. 1B). We envision that the phos-
phate-binding pocket of the Dicer-2 PAZ
domain can bind the 5-monophosphate of
a pre-miRNA substrate, but that in vivo
inorganic phosphate occupies the pocket,
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Figure 3. Inorganic phosphate inhibits fly Dicer-2 from cleaving pre-miRNA. Dicer-2 cleaves pre-
miRNA in the absence of inorganic phosphate, and inorganic phosphate inhibits this pre-miRNA
cleavage activity. Inorganic phosphate does not affect pre-miRNA cleavage by Dicer-1 or long

dsRNA cleavage by Dicer-2.
Short dsRNA including
pre-miRNA (< 38 bp) Long dsRNA (> 38 bp)
Inorganic phosphate inhibits? Yes No
5'-monophosphate required? YeS NO
Two-nucleotide,
3'-overhang required? Yes No
Arg943 ar.md Arg956 Yes No
required?
ATP required? No Yes

Figure 4. Fly Dicer-2 uses distinct mechanisms to cleave short and long dsRNAs. Summary of
the in vitro RNA cleavage assay results using recombinant fly Dicer-2."° Cleavage of short dsRNA
(<38 bp) by Dicer-2 is inhibited by inorganic phosphate, requires an end with a 5'-monophosphate,
a 2-nucleotide 3’-overhang, and 2 arginine residues (Arg943 and Arg956) in the PAZ domain, but
does not require ATP. Cleavage of long dsRNA (>38 bp) by Dicer-2 is not inhibited by inorganic
phosphate, does not require a specific terminal structure or the arginine residues, but requires ATP.

blocking pre-miRNA binding (Fig. 6). For
long dsRNA, the end structure of the RNA
substrate would not bind the PAZ domain.
Alternatively, the bound inorganic phos-
phate might be displaced from the binding
pocket by the 5'-monophosphate of long
dsRNA because of high-affinity interac-
tions between a long dsRNA substrate and
other Dicer-2 domains, such as the heli-
case and dsRNA-binding domains.

Function of the Phosphate-
Binding Pocket In Fly Dicer-2

In human Dicer, the phosphate-bind-
ing pocket is required for accurate and

1674

efficient cleavage of pre-miRNA.®" In fly
Dicer-2, the phosphate-binding pocket
is dispensable for efficient and accurate
cleavage of its natural substrate, long
dsRNA;' the pocket is only needed to
cleave short dsRNA and pre-miRNA, an
activity normally inhibited by inorganic
phosphate. Why then has Dicer-2 retained
the phosphate-binding pocket?

We propose that the phosphate-bind-
ing pocket of fly Dicer-2 participates in
loading siRNA duplexes into Argonaute2
(Fig. 6). In addition to cleaving long
dsRNA into siRNA duplexes, Dicer-2 col-
laborates with the dsSRNA-binding protein
R2D2 to sense the thermodynamic asym-
metry of each siRNA duplex and to load

Cell Cycle

the duplex into Argonaute2 in the correct
orientation.?>* During siRNA loading,
Dicer-2 directly binds siRNA duplex.?!
Considering that siRNA duplexes are
short dsRNAs, we propose that binding
of a siRNA duplex requires recognition
of the 5-monophosphate of the siRNA
duplex by the phosphate-binding pocket
of the Dicer-2 PAZ domain. We imagine
that a bound inorganic phosphate may be
displaced by the siRNA duplex and not
inhibit loading (Fig. 6). Displacement
of inorganic phosphate by the siRNA
5'-monophosphate may be facilitated by
the association of Dicer-2 with R2D2.
Notably, R2D2, like inorganic phosphate,
also inhibits pre-miRNA processing by
Dicer-2."?

Inorganic Phosphate Enhances
DCL3 and Inhibits DCL4 in Plants

The plant Arabidopsis thaliana pro-
duces 4 Dicer enzymes (DICER-LIKE
1 through 4, DCL1-4).2#? DCLI acts
as both Drosha and Dicer, sequentially
cleaving pri-miRNA and pre-miRNA to
produce miRNAs. Plant siRNAs are made
from long dsRNA by DCL2, DCL3, and
DCL4. The 24-nt siRNAs produced by
DCL3 suppress transposons via RNA-
directed DNA methylation, a form of
transcriptional gene silencing, whereas
the 21-nt siRNAs generated by DCL4
defend plants against viruses and regulate
mRNA expression by post-transcriptional
mechanisms.

Interestingly, the Fukuhara group
found that in Arabidopsis seedling lysate,
physiological concentrations of inorganic
phosphate enhance DCL3 but inhibit
DCL4 cleavage of a 50-bp dsRNA.*
The authors propose that inorganic phos-
phate may regulate substrate specificity in
plants, just as in flies. DCL3 and DCL4
do not have basic residues correspond-
ing to those in human Dicer (Arg788,
Arg790, Arg821, His992), and in general,
the degree of alignment in this region of
the plant and human enzymes is poor
(Fig. 1B). Intriguingly, DCL3 and DCL4,
as well as DCLI and DCL2, do have a
basic residue in the corresponding posi-
tion to Arg943 of fly Dicer-2. It is tempt-
ing to speculate that Lys913 of DCL3
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and Lys1016 of DCL4 might be part of a
phosphate-binding pocket.

inorganic phosphate
in the phosphate-binding pocket

5’-monophosphate of RNA
in the phosphate-binding pocket

Perspectives

The studies discussed here help
explain how a small molecule can alter
the substrate specificity of a nucleic
acid-processing enzyme. Challenges for
the future include testing the model
that inorganic phosphate restricts the

substrate specificity of Dicer-2 in vivo,
perhaps by determining the structure of
the fly Dicer-2 PAZ domain and using
mutants with an altered affinity for phos-
phate. A structure should help define the
proposed phosphate-binding pocket and
uncover how the domain recognizes the
5'-monophosphate of RNA and inor-
ganic phosphate.

The findings that a small mole-
cule—inorganic phosphate—can bind

human Dicer and alter the activities of

fly Dicer-2 and plant DCL3 and DCL4

Figure 5. Crystal structures of a human Dicer fragment complexed with dsRNA. (A) A human Dicer

suggests that small-molecule drugs could
be found that alter the activity or speci-
ficity of human Dicer. Such drugs might
inhibit or enhance the production of
miRNAs, such as those that promote or
inhibiting tumorigenesis;****  promote
destruction of toxic Alu RNA, caus-

27,28

ing macular degeneration; enhance

fragment bound with 10 bp dsRNA (light pink and orange) with 5'-monophosphorylated frayed
ends (PDB ID: 4NH5). The platform domain, the PAZ domain, and the connector helix are colored
light green, light cyan, and white, respectively (Fig. 1A). 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 rec-
ognized by the side chains of Arg788, Arg790, Arg821, and His992 (shown as a ball and stick model
in magenta). Direct hydrogen bonds between the phosphate and the basic side chains are shown
as cyan dotted lines. A closer view of the phosphate-binding pocket is shown in (A’). (B) A human
Dicer fragment bound with 10 bp dsRNA with 5’ hydroxyl and 1 nt overhang and 3’ 2-nucleotide
overhang (PDB ID: 4NGG). The inorganic phosphate (shown as a ball and stick model in yellow

and red) is bound in the phosphate-binding pocket and recognized by the side chains of Arg788,
Arg790, Arg821, and His992. The 5’ end of dsRNA is away from the phosphate-binding pocket (the
terminal 5 OH is disordered). The closer view of the phosphate-binding pocket is shown in (B’).

anti-viral processing activity;**?° or help
restore Dicer function in neurodegenera-

tive diseases.?!

Short dsRNA (pre-miRNA)
cleavage

Long dsRNA
cleavage
5’-monophosphate of RNA
émm&ﬁmm
9,

’ L or k e ’

Central ..

dsRBD A
PAZ domain & MW

RNaselll domain
Dicer-2

siRNA duplex
binding and loading

5’-phosphate
binding pocket

Inorganic phosphat& @

3’-overhang /
binding pocket

Figure 6. Models for the inhibition by inorganic phosphate of fly Dicer-2 processing of short, but not long, dsRNA and the role of the phosphate-binding
pocket in siRNA loading. The PAZ domain of fly Dicer-2 has binding pockets for the 5'-monophosphate and the 2-nucleotide 3’-overhang of a pre-miRNA
substrate. An inorganic phosphate molecule occupies the binding pocket in place of the 5-monophosphate of the pre-miRNA, blocking its binding. Long
dsRNA is recognized mainly by the helicase domain and/or the dsRBD domains and does not need a specific terminal structure to be efficiently cleaved.
Long dsRNA is not blocked by the bound inorganic phosphate, since the strong interaction with the helicase domain or the dsRBD domains allows it either
to bind tightly enough to Dicer-2 without additional interactions with the PAZ domain or to displace the inorganic phosphate from the binding pocket.
The phosphate-binding pocket binds 5'-monophosphate of siRNA duplex in the loading step. The bound inorganic phosphate is displaced by the siRNA.
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