Chapter 2
The microRNA Machinery

Thomas C. Roberts

Abstract MicroRNAs (miRNAs) are short (~22 nucleotides) single-stranded RNA
molecules that primarily function to negatively regulate gene expression at the post-
transcriptional level. miRNAs have thus been implicated in the regulation of a wide
variety of normal cell functions and pathophysiological conditions. The miRNA
machinery consists of a series of protein complexes which act to: (1) cleave the
precursor-miRNA hairpin from its primary transcript (i.e. DROSHA and DGCRS);
(2) traffic the miRNA hairpin between nucleus and cytoplasm (i.e. XPOS5); (3)
remove the loop sequence of the hairpin by a second nucleolytic cleavage reaction
(i.e. DICER1); (4) facilitate loading of the mature miRNA sequence into an
Argonaute protein (typically AGO2) as part of the RNA-Induced Silencing Complex
(RISC); (5) guide the loaded RISC complex to complementary, or semi-
complementary, target transcripts and (6) facilitate gene silencing via one of several
possible mechanisms.
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Introduction

Microribonucleic acids (microRNAs, miRNAs) are short (21-23 nucleotides),
single-stranded, non-coding RNA molecules that are encoded in the genomes of
higher organisms. miRNAs primarily function as post-transcriptional gene expres-
sion regulators [1] and miRNA-mediated regulation has been implicated in a wide
variety of cellular processes and disease conditions. As such, miRNAs are of inter-
est as potential therapeutic targets [2—4] and as disease biomarkers [5-7].
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miRNAs are embedded within hairpin structures in long (100s—1000s of nucleo-
tides) primary-miRNA (pri-miRNA) transcripts that are transcribed by RNA
Polymerase II [8]. pri-miRNAs are capped and polyadenylated transcripts that can
be either long non-coding RNAs or conventional protein-coding mRNAs [9] (in
which case the hairpin resides in the intronic sequence of the pre-mRNA [10]). The
majority of miRNAs are transcribed from independent transcriptional units,
although some miRNAs are arranged in polycistronic clusters [11]. For example,
the IncRNA gene MIRI7HG contains the miR-17-92 cluster implicated in tumori-
genesis and other diseases [12].

The miRNA hairpin, termed the precursor-miRNA (pre-miRNA), is ~70 nucleo-
tides in length and typically contains multiple bulges at mismatched nucleotides.
The mature miRNA species is generated from the pri-miRNA by two sequential
endonucleolytic processing reactions. The pre-miRNA is liberated from the primary
transcript by the first RNase cleavage reaction, whereas the loop sequence is
removed by the second cleavage reaction. These two processing stages are spatially
separated such that they occur in the nucleus and cytoplasm, respectively [13].
Subsequently, the mature miRNA is then loaded into RISC (RNA-Induced Silencing
Complex) where it acts to guide the complex to target mRNAs and silence their
expression [14-18].

This chapter focuses on the canonical mode of miRNA maturation and function,
focusing on the protein components which comprise this pathway. Notably, there
are numerous caveats and exceptions. These include miRNAs processed from non-
standard precursor RNA substrates, miRNAs which bypass various processing
stages, and miRNAs which execute non-canonical functions in the nucleus or extra-
cellular space. Such deviations from the canonical paradigm are reviewed else-
where [19, 20].

While much of the seminal work on miRNAs was performed in model organisms
such as Drosophila melanogaster and Caenorhabditis elegans, this chapter is pri-
marily concerned with the human miRNA machinery for the purpose of medical
relevance. HGNC gene symbols are used throughout with commonly used non-
standard names in parentheses where applicable.

DROSHA, DGCRS

In human cells, the pre-miRNA hairpin is cleaved from the pri-miRNA transcript in
the nucleus by the enzyme DROSHA (Drosha). DROSHA is 145-160 kDa protein
[21] with predominantly nuclear localization [22, 23]. The importance of DROSHA
is exemplified in the roundworm Meloidogyne incognita, where knock-down of
Drosha results in embryonic lethality [24]. Similarly, a conditional Drosha knock-
out in postnatal murine testes revealed an essential role for Drosha in spermatogen-
esis [25]. DROSHA belongs to the type III ribonuclease class of enzymes, which
characteristically introduce staggered cuts in their RNA substrate duplexes
[26]. DROSHA contains two RNase III domains (RIIIDa and RIIIDb). These
domains form an intramolecular dimer as they are arranged in close proximity in
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three-dimensional space. As such, RIIIDa cleaves the 3’ strand of the hairpin
whereas RIIIDD cleaves the 5’ strand [27]. Immunopurified DROSHA is capable of
cleaving synthetic pri-miRNAs to generate pre-miRNAs in vitro [23]. Furthermore,
silencing of DROSHA by RNA interference (RNAi) resulted in accumulation of
pri-miRNAs and depletion of pre-miRNAs [23].

In vivo, DROSHA associates with a multitude of additional proteins including
double-stranded RNA binding proteins (dsRBDs), hnRNPs, DEAD-box/DEAH-
box RNA helicases and DGCRS [21]. The DGCRS (DiGeorge Syndrome Critical
Region 8) gene resides in a region of chromosome 22 that is deleted in sufferers of
DiGeorge syndrome, a rare genetic disease with varied symptoms including con-
genital heart disease, learning difficulties, facial abnormalities and immune dys-
function [28, 29]. Immunoprecipitation of DGCR8 co-precipitated only DROSHA,
and the resulting eluates exhibited robust pri-miRNA in vitro cleavage activity [21].
Similarly, recombinant DROSHA and DGCRS8 generated in insect cells could
reconstitute pri-miRNA cleavage activity when the two proteins were combined.
However, either recombinant protein in isolation was insufficient for pri-miRNA
processing [21]. Interestingly, DROSHA exhibited some level of non-specific
RNase activity which was inhibited when DGCR8 was present. Depletion of
DROSHA or DGCR8 by RNAI also abrogated pri-miRNA processing. Together,
these studies demonstrated that the DROSHA-DGCRS8 complex is necessary and
sufficient for pri-miRNA processing [21]. This complex of the DROSHA and
DGCRS proteins is collectively known as the Microprocessor. Similar functional
associations between DROSHA and DGCRS8 homologues have also been demon-
strated in D. melanogaster and C. elegans [30, 31] (Note: In these organisms,
DGCRS is called Pasha, partner of Drosha, or Pash-1).

Biochemical studies have dissected the substrate preference of DROSHA. A
study by Zeng et al. suggested that DROSHA has a strong preference for pre-
miRNA hairpins with large (>10 nucleotide) unstructured terminal loop sequences
[32]. However, Han et al. found that the loop sequence is dispensable for DROSHA
processing, and that synthetic “hairpins” in which the loop is replaced by an
extended duplex with open termini are easily processed [33]. Both studies identified
the importance of single-stranded RNA regions flanking the base of the lower stem
for recognition of the pre-miRNA by the Microprocessor complex [32, 33].
Thermodynamic analysis of hundreds of human and D. melanogaster pri-miRNA
hairpins revealed that the DROSHA cleavage site is typically ~11 nucleotides (~1
helical turn) from the sSRNA—dsRNA stem junction and ~22 nucleotides (~2 helical
turns) from the terminal loop, suggesting that DROSHA measures the distance from
either the base of the stem or the loop in order to determine the cleavage site.
Interestingly, pre-miR-30a does not effectively compete with pri-miR-30a, suggest-
ing that the major site of pri-miRNA recognition by DGCRS resides outside of the
pre-miRNA hairpin structure [33].

Structures of intact DROSHA are currently lacking, although the C-terminal
dsRBD has been solved by solution NMR [34]. This structure consists of the afppa
fold typical of dsRBDs (Fig. 2.1a). However, biochemical assays (EMSA and
immunoprecipitation with radiolabelled synthetic pri-miRNA) failed to show RNA
binding by DROSHA alone [33]. Furthermore, competition assays show that
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Fig. 2.1 Structures of DROSHA and DGCRS. (a) Domain structure of human DROSHA protein.
A depiction of a solution NMR structure of the dSRNA binding domain (dsRBD) is shown (2KHX)
[34]. (b) Domain structure of human DGCRS protein and depictions of available crystal structures
for the dimerization domain (3LE4) [36] and core domain (2YT4) [35]

processed pre-miRNAs rapidly dissociate from DGCRS, and that DROSHA exhib-
its low RNA binding activity [33]. As a result, it is likely that DGCRS8 docks with
the pri-miRNA by anchoring to the ssSRNA-dsRNA stem junction in order to locate
the cleavage site for DROSHA. DROSHA then associates with hairpin only tran-
siently in order to perform catalytic pri-miRNA cleavage [33].
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DGCRS consists of a core region containing two dsRBDs near the C-terminus
and a central WW motif which serves to mediate the interaction between DGCRS
and the proline-rich region within the N-terminal region of DROSHA. High-
resolution crystal structures have been published for both of these domains [35, 36]
(Fig. 2.1b). In the core domain structure (2.6 A resolution), the two dsRBDs form a
butterfly-like shape whereby the dsRBDs exhibit pseudo twofold symmetry [35].
Each dsRBD adopts an afppo fold structure. A C-terminal helix and a flexible
linker region act to bridge the two dsRBDs. Using FRET, the authors showed that
pri-miRNA binding is unlikely to induce large-scale changes in DGCRS8 conforma-
tion [35]. The structure of the dimerization domain (1.7 A resolution) shows that the
WW motif resides within a heme binding domain and forms a domain-swapped
dimer structure [36]. DGCRS has also been shown to bind to heme, which promotes
self-dimerization [37]. Furthermore, in the absence of heme, the heme binding
region inhibits the pri-miRNA processing activity of DGCRS, thereby acting as an
autoinhibitory domain [37].

XPOS5

The nuclear membrane which separates the nucleoplasm from the cytoplasm is
punctuated by nuclear pores. The nuclear pore complex is a multi-protein structure
that facilitates regulated trafficking of macromolecules through the nuclear pore.
While small molecules can passively diffuse between compartments, larger macro-
molecules (e.g. the pre-miRNA hairpin) require active transport.

In human cells, the Karyopherin XPOS5 (Exportin-5) [38] facilitates the transport
of pre-miRNA hairpins though the nuclear pore complex and into the cytoplasm in
a RAN-GTP-dependent manner [39—41]. XPOS5 binds to dsRNA in a sequence-
independent manner [41], but recognizes a minihelix motif that is common to pre-
miRNAs and several other substrates including tRNA, Y1 RNA and the adenoviral
VA1 RNA [42, 43]. Disruption of XPOS function by RNAA, inhibition with antibod-
ies or competition with VA1 RNA leads to a reduction in the levels of mature miR-
NAs [39-41, 44].

A common feature of the Exportins is that they take advantage of the gradient of
RAN-GTP that exists across the nuclear envelope. This gradient is the result of the
differential nucleocytoplasmic location of protein factors which regulate the GTP
binding status of RAN. Specifically, RANGAP1 (RanGAP, RAN-GTPase Activating
Protein) is cytoplasmic [45], and RCC1 (an RAN exchange factor) is nuclear [46].
In the nucleus, the XPOS5 forms a trimeric complex with its pre-miRNA cargo and
RAN-GTP. The complex is subsequently translocated through the nuclear pore
complex. Once in the cytoplasm, the GTP is hydrolyzed to GDP which induces a
conformational change in RAN with concomitant dissociation of the complex and
release of the pre-miRNA hairpin. Binding of XPOS5 to the pre-miRNA is dependent
on the binding of the RAN-GTP in complex with GTP, as determined by electropho-
retic mobility shift assay [40]. Furthermore, depletion of RAN-GTP by nuclear
microinjection of Ran-GAP in Xenopus oocytes also inhibited miRNA export [41].
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Fig. 2.2 Structure of XPOS5. Depiction of the XPOS5 (Exportin-5) structure. Structure (3A6P) [48]
and a cartoon schematic are shown side by side. XPOS5 protein is shown in white and RAN-GTP in
pink. The pre-miRNA hairpin is shown bound to XPOS5 with the 5’ strand in red and the 3’ strand
in blue. The loop sequence (not visible in the crystal structure) is in black

The major determinants of pre-miRNA recognition by XPOS5 are a helical stretch
(~16 base pairs) and 3’ terminal overhangs (produced by DROSHA processing)
[42,43,47]. As aresult, XPOS interacts with the majority of the pre-miRNA hairpin
(excluding the terminal loop). Interestingly, the binding of XPOS5 to a pre-miRNA
has the additional effect of reducing degradation of the hairpin in the nucleus [47].

A high-resolution (2.9 A) crystal structure of human XPO5 has been reported in
complex with a fragment of canine Ran-GTP and the pre-miR-30a hairpin [48]
(Fig. 2.2). XPOS5 comprises multiple HEAT repeats and forms an overall “baseball
mitt” shaped structure with Ran-GTP binding towards the top of the mitt. At the base
of the mitt is a tunnel-like structure. The pre-miRNA hairpin forms an A-form helix
that sits in the interior of the mitt (as if being held in the palm of the hand). The ter-
minal nucleotides are oriented towards the base of the mitt with the 3’ overhang
nucleotides inserted into the tunnel. The interior of the tunnel consists of several basic
residues which make a number of close contact hydrogen bonds and salt bridges to
the sugar-phosphate backbone of the overhang. Furthermore, an Arginine residue
sidechain (Arg602) acts to sterically inhibit the double-stranded portion of the pre-
miRNA from entering the tunnel. In silico modelling showed that a putative hairpin
with a 5" overhang would sterically clash with neighbouring HEAT repeat domains
[48]. These observations explain the selectivity of XPOS for cargo molecules with 3’
overhangs. In addition, the close contacts of XPOS5 with the terminal nucleotides also
explain why XPO5-bound pre-miRNAs are protected from nucleolytic degradation,
as the terminal nucleotides are shielded by the surrounding protein.

The remainder of hairpin stem makes numerous contacts with the basic surface
of the “mitt” interior [48]. This suggests that XPOS5 primarily interacts with the
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pre-miRNA hairpin via ionic interactions, which account for the sequence-
independence of cargo recognition by XPO5. In further support, high ionic strength
buffers promote dissociation of the pre-miRNA from XPOS5 [48].

DICER1

In the cytoplasm, the pre-miRNA hairpin is subjected to a second cleavage reaction
catalyzed by a second RNase III family member DICER1 (Dicer) which removes
the terminal loop sequence [49]. DICERI acts as a “molecular ruler” that cleaves
the duplex at a defined distance from the terminus. (Similarly, human DICER1 will
also progressively process long dsRNA molecules by cleaving ~22 nucleotide
duplex fragments sequentially from their termini [50]).

Accuracy of DICERI1 processing is important, as shifts in the site of cleavage
will generate mature miRNAs with non-canonical seed sequences. This will lead to
retargeting of the miRNA to a new set of mRNAs and/or potentially alter the strand
selection preference [51]. Such an eventuality would effectively diminish the cel-
lular concentration of correctly processed miRNAs and generate non-physiological
miRNA—target interactions—with both outcomes being potentially detrimental, or
at the very least wasteful, to the cell.

Dicer was initially discovered in Drosophila cell extracts where it was shown to
cleave long dsRNA substrates into ~22 nucleotide siRNA duplexes [26]. Additionally,
further studies showed that Dicer also generates mature miRNA species from let-7
precursors, thereby demonstrating its role in miRNA processing [52-54]. Genetic
ablation of Dicerl in mice is lethal at the early stages of embryonic development on
account of stem cell depletion [55]. (miRNAs are required for correct control of
stem cell division [56].)

Human DICERI1 is a ~218 kDa protein that is predominantly cytoplasmic and
colocalizes with the endoplasmic reticulum marker calreticulin [49]. DICER1 consists
of a number of conserved globular domains. The N-terminus of the protein contains
three helicase domains (HEL1, HEL2 and HEL2i). The central region contains the
platform domain and PAZ (Piwi/Argonaute/Zwille) domain. The PAZ domain is
important for recognizing the RNA termini of the substrate duplex [57]. The C-terminal
end contains a dsSRBD and two catalytic RNase III-like domains (RIIla and RIIIb)
[49]. As with DROSHA, the two RNase III domains (RIIIa and RIIIb) of DICER1 are
oriented in space such that they form an intramolecular dimer [58, 59]. As a result,
DICERI1 has a single catalytic centre at which both phosphodiester cleavage reactions
occur (one on each strand of the substrate duplex). This configuration is responsible
for the generation of the characteristic 2 nucleotide 3" overhangs [58—60].

Human DICERI requires the presence of Mg?** for substrate cleavage but not
binding, and catalytic activity is sensitive to ionic strength suggesting that electro-
static substrate—enzyme interactions are important for DICER1 functionality [49].
In contrast to D. melanogaster Dicer (Dcr-2) [61], human DICER1 does not require
ATP for RNA cleavage to occur [49, 50].
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There are currently no crystal structures of intact human DICERI available,
although a high-resolution (3.3 A) structure of an intact Dicer from the protozoan
Giardia intestinalis was published in 2006 [59]. This structure revealed that the
PAZ domain is separated from the catalytic site by ~65 A which corresponds with
the length of dsSRNA products (25-27 base pairs) generated by the G. intestinalis
Dicer. Deletion of the PAZ domain in G. intestinalis results in loss of the size speci-
ficity of cleavage products [62] suggesting that the PAZ domain is required for
molecular ruler functionality. Furthermore, the surface connecting the PAZ and
RNase III domains contains a number of positively charged amino acid residues
which, when substituted with alanine by site-directed mutagenesis, reduce the activ-
ity of Dicer [62]. These findings suggest that this region makes important electro-
static interactions between the substrate phosphodiester backbone and positively
charged surface residues.

Several studies have utilized electron microscopy in order to determine struc-
tures for human DICER1 [63—65]. Most notably, Lau et al. showed that human
DICERI forms an “L”-shaped structure, and mapped the known globular domain
structures to this general shape [65]. As such, the PAZ and platform domains were
found to be tightly associated at the head of the “L,” the RNase III domain was
located centrally, and the helical domains formed the base, or “arm” of the L shape.
Importantly, in the human DICERT1 structure, the PAZ-RNase I domain distance is
reduced relative to G. intestinalis, consistent with shorter human dsRNA cleavage
products and “molecular ruler” functionality [65]. Furthermore, the helicase
domains formed distinct lobes which the authors described as a “clamp” like struc-
ture. This configuration suggested that the substrate RNA duplex resides in a groove
that runs vertically along the “L” shape [65].

Studies on reconstituted Dicer in G. intestinalis led to the so-called 3’ counting
rule whereby the location of the Dicer cleavage event is determined by “counting”
~22 nucleotides along the duplex starting at the 3’ terminal nucleotide anchored in
the PAZ domain. However, it was subsequently shown in human cells that the phos-
phorylated 5’ terminus of the pre-miRNA hairpin is also anchored in a binding
pocket within the PAZ domain, and that a “5’ counting rule” predominates in
humans [66]. (Interestingly this binding pocket is not conserved in G. intestinalis.)
Additionally, a “loop counting rule” is also operative in human cells whereby
DICERI “counts back” from the loop (or bulged sequence) at the closed end of the
hairpin [67]. Consequently, human DICERI1 utilizes the 3 counting, 5’ counting,
and loop counting mechanisms in order to measure the length of the substrate
duplex and precisely determine the site of cleavage.

AGO2, RISC

Following DICER1 processing, the miRNA duplex is passed to the RNA Induced
Silencing Complex (RISC, or miRISC) and specifically to an Argonaute protein
which constitutes the core of the complex [68]. Subsequently, one strand of the
duplex is discarded to leave only a single-stranded mature ~23 nucleotide miRNA
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bound to RISC. RISC loading is asymmetric such that the Argonaute protein shows
a preference for the strand with the least thermodynamically stable (and therefore
most easily unwound) 5 terminus [69, 70]. However, loading is probabilistic, and
the opposite “passenger” strand (often denoted as miRNA*) may be incorporated in
a minority of cases. Furthermore, the termini of some miRNA duplexes are equally
stable, leading to a mixture of 5" arm- and 3’ arm-loaded RISC complexes.

The miRNA-loaded RISC complex is then able to scan the pool of cytoplasmic
mRNAs for potential complementary targets. miRNAs primarily target the 3’
untranslated region (UTR) regions of mRNAs where they typically bind with imper-
fect complementarity [71, 72]. It has been estimated that >60% of human protein-
coding transcripts have been under selective pressure to maintain miRNA binding
sites [73], suggesting that miRNA-mediated gene regulation is a widespread phe-
nomenon. The degree of miRNA-target base-pairing complementarity determines
the fate of the target transcript. Perfect complementarity leads to target cleavage via
the “slicer” activity of AGO2, analogous to small interfering RNA-induced RNAi
[74, 75]. Slicer cleavage occurs in the target mRNA at the intervening scissile phos-
phate group opposite to nucleotides 10 and 11 in the mature miRNA sequence. In
contrast, incomplete complementarity triggers mRNA silencing by distinct mecha-
nisms which may involve translational repression, slicer-independent mRNA degra-
dation and/or sequestration in cytoplasmic processing bodies (P-bodies) [76]. In
this case, there is typically complete complementarity between the seed region
(nucleotides 2—-8) and the target mRNA with scattered base-pairing and bulged
nucleotides in the remainder of the duplex [15]. Importantly, translational repres-
sion via sequestration in P-bodies is a reversible process suggesting that mRNAs
can be stored in a translationally inactive form and then released in response to cell
stress [77]. In humans, slicer-independent mechanisms of mRNA repression domi-
nate on account of the majority of miRNAs lacking complementarity with their
cognate targets around position 10/11. (The resulting bulge structure inhibits the
slicer activity of AGO2 [78].) A detailed discussion of the mechanisms of RISC-
mediated gene silencing is beyond the scope of this chapter and has been discussed
elsewhere [1, 17, 79-81].

miRNAs can exert complex, combinatorial control over gene expression as one
miRNA can target multiple mRNAs [82]. In this manner, one miRNA can target a
family of transcripts with related functions in order to regulate a cellular process.
For example, miR-29 family miRNAs repress a plethora of fibrosis-associated tran-
scripts (collagens, fibrillins, elastin, fibronectin, etc.) [4]. Down-regulation of miR-
29 is therefore often a feature of pathogenic fibrotic processes. On the other hand, a
typical mRNA 3’ UTR contains binding sites for multiple miRNAs. This enables
the transcript to integrate signals from different miRNAs, or to fine-tune expression
(with the expression of the transcript inversely proportional to the number of miR-
NAs which are regulating it).

Transfer of the processed miRNA duplex to an Argonaute protein is accom-
plished by the RISC-loading complex (RLC), which consists primarily of an
Argonaute protein, DICER1 (as discussed above) and TARBP2 (trans-activation
response (TAR) RNA Binding Protein, also known as TRBP) [64, 83]. The direct
association of DICERI with an Argonaute protein promotes the transfer of the
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miRNA duplex between the two proteins (TARBP2 also contributes to this process)
[83, 84]. It has been suggested that binding by TARBP2 may allow the siRNA inter-
mediate to stay associated with the RLC after release from DICERI1 and may also
help optimize the orientation of the siRNA for AGO2 loading [64]. Depletion of
TARBP?2 leads to a reduction in pre-miRNA processing [84], although TARBP?2 is
not required for DICER1 activity [83]. Instead, TARBP2 appears to be required for
recruitment of AGO2 to the DICER1-miRNA complex [83]. Complexes of human
DICER1 with TARBP2 [63] and with both TARBP2 and AGO2 have been solved by
electron microscopy [64]. These studies suggest that AGO2 contacts the C-terminal
region of DICER1, whereas TARBP?2 interacts with the DExH/D domain [64].

In humans, there are four Argonaute proteins (AGO1-4). These homologous
proteins appear to execute redundant functions in terms of miRNA-mediated gene
silencing and have similar preferences for endogenous miRNAs or exogenous syn-
thetic siRNAs [85]. Each Argonaute protein consists of four major domains:
N-terminal (N), PAZ, MID and PIWI [86]. However, only AGO2 can mediate target
mRNA “slicing” on account of an Asp-Glu-Asp-His (DEDH) catalytic tetrad at its
active site [87, 88]. AGO2 has thus been called “the catalytic engine of RNAi” [78,
85]. The miRNA/siRNA-AGO2 complex is a multiple turnover enzyme such that
after target cleavage, the loaded RISC complex can bind to another target and
thereby induce multiple further gene silencing events [74]. In contrast, AGOI,
AGO3 and AGO4, which lack the catalytic residues required for slicer functionality,
mediate gene silencing via slicer-independent mechanisms only [85].

Ago2 knockout mice exhibit embryonic lethality [85, 89, 90], and transgenic mice
that are homozygous for a catalytically deficient Ago2 die shortly after birth as a result
of anaemia [91]. The slicer activity of Ago2 is uniquely required for Dicer-independent
maturation of miR-451, an miRNA which is essential for haematopoiesis [91, 92].

In 2012, a high-resolution (2.3 A) crystal structure of full length human AGO2 in
complex with a heterogeneous mixture of guide RNAs was published by the McRae
lab that revealed new insights into its function [93] (Fig. 2.3). AGO2 forms a bilobu-
lar structure with a central groove which accommodates the mature miRNA-target
mRNA duplex. The first seven nucleotides are held in a well-defined, uniform con-
formation [93]. (The structure of AGO2 has also been likened to that of a duck, with
the MID, PIWI and N domains forming the “body” and the PAZ domain the “head”
of the “duck” [94].) AGO2 interacts with the guide RNA in a sequence-independent
manner on account of multiple electrostatic interactions with the phosphate
backbone and van der Waals interactions with the ribose sugar [93]. The guide RNA
adopts an A-form conformation with nucleotides 2—6 “splayed out” such that their
base-pairing surface is solvent accessible and available to interact with a target
mRNA [93]. The 3’ terminal nucleotide was found to bind in a pocket residing
within the PAZ domain. Interestingly, the guide RNA was found to kink after nucle-
otide 6, after which the A-form conformation of the guide was disrupted and the
remainder of the nucleotides were less well ordered [93]. These observations pro-
vide a structural basis for the importance of seed sequence base-pairing as the pri-
mary determinant of miRNA-target recognition [15, 95]. The AGO2 structure also
provided evidence of two tryptophan binding pockets within the PIWI domain
which are a likely docking site for other RISC cofactors such as TNRC6A [93].
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Human AGO2

Fig. 2.3 Structure of AGO2. Domain organization for human AGO2 and depiction of a crystal
structure of the full length protein (4OLA) [93]. The guide RNA is shown in purple (the middle
portion of the guide RNA was too disordered to be resolved)

Subsequently, a similar structure (2.2 A resolution) of human AGO2 in complex
with miR-20a was published [94]. This structure clearly showed that the miRNA
contacts multiple AGO2 subunits with the 5" miRNA terminus bound in a pocket
within the MID domain (consistent with previous studies [96, 97]) and that the 3’
terminal nucleotide bound in the PAZ domain [94]. Interestingly, this study also
showed that miRNA binding stabilizes AGO2 such that it becomes resistant to pro-
teolytic degradation [94].

A complete description of RISC components is currently lacking, although
immunoprecipitation-mass spectrometry studies have identified a multitude of
Argonaute-binding proteins [98—100]. Notably, a trinucleotide repeat containing
protein partner, TNRC6A (also known as GW182), is required for miRNA function
and is localized to P-bodies [100].

Conclusion

In summary, mature miRNAs are generated in a multi-step process requiring several
enzymatic cleavage reactions and multiple protein cofactors. Biochemical and
structural studies have revealed much of the mechanistic detail of how these
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proteins operate. However, a complete understanding of how the miRNAs are
loaded into the RISC complex, how RISC mediates gene silencing, and the regula-
tory control operating at each step is currently lacking. Future studies will likely
shed light on these issues and potentially reveal new details of disease miRNA-
associated pathophysiology, or improved methods for modulating miRNA function
for therapeutic purposes.
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