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REVIEWS I

RNA-based recognition and targeting:
sowing the seeds of specificity

of targets.

RNA has a central role in the cell because it directs
multiple mechanistically distinct processes’. For exam-
ple, tRNAs play a fundamental part in protein synthesis,
small nuclear RNAs (snRNAs) have key roles in mRNA
splicing, and small nucleolar RNAs (snoRNA) and small
Cajal body-specific RNAs (scaRNAs) guide RNA mod-
ifications. Moreover, there are numerous and diverse
classes of non-coding RNA that direct gene regulation
or defend the genome to ensure its integrity. Several
properties make RNA particularly well suited for con-
trolling these processes"?. Most importantly, RNA can
regulate nucleic acids in a sequence-specific manner by
base-pairing with defined RNA or DNA targets. It can
also be rapidly synthesized or processed in response to
asignal and it is functional without the need to be trans-
lated. Moreover, regulatory RNA molecules can be
co-degraded with their targets on binding to each other,
enabling them to impart rapid responses to a change in
cellular status with quantitative characteristics that are
distinct from protein-based cellular regulation®’.
Despite these advantages, RNA molecules must
overcome several limitations to ensure that they speci-
fically regulate cellular targets through direct base-
pairing interactions. Although regulatory RNAs range
in length from twenty to hundreds of nucleotides, target
binding usually involves partial complementarity with
only a short stretch of nucleotides®. This increases the
potential for unintended interactions between RNA
species in a cell. Therefore, solving the problem of tar-
get specificity requires that regulatory RNAs contain
functional sequences that are used to search for, and
interact with, regulated transcripts. However, as RNA
sequences are not chemically diverse (RNA consists
of four nucleotides that come in two sizes and con-
sist of planar bases containing hydrogen bond donors
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Abstract | RNA is involved in the regulation of multiple cellular processes, often by forming
sequence-specific base pairs with cellular RNA or DNA targets that must be identified among
the large number of nucleic acids in a cell. Several RNA-based regulatory systems in eukaryotes,
bacteria and archaea, including microRNAs (miRNAs), smallinterfering RNAs (siRNAs), CRISPR
RNAs (crRNAs) and small RNAs (sSRNAs) that are dependent on the RNA chaperone protein Hfg,
achieve specificity using similar strategies. Central to their function is the presentation of short
‘seed sequences’ within a ribonucleoprotein complex to facilitate the search for and recognition

and acceptors)’, their secondary and tertiary structures
are important in defining the sequences involved in
target recognition. Functional secondary and tertiary
structures compete with energetically similar alterna-
tive conformations, which in some instances sequester
the sequences that define target specificity; this favours
non-target interactions and limits the rate of regula-
tory RNA-target associations. In addition, interactions
involving naked RNA and DNA oligonucleotides must
overcome thermodynamic and kinetic barriers to effi-
ciently regulate biological processes®®. For example,
duplexes containing 8 nucleotides are unstable, whereas
a 20-nucleotide RNA-RNA duplex is nearly irreversible
under physiological conditions®.

The ubiquitous nature of RNA as a regulatory mol-
ecule suggests that RNA-based systems have evolved
important mechanisms to ensure target specificity
despite the thousands (if not millions) of expressed
non-target RNAs that share a degree of complemen-
tarity. One way to achieve specificity is for RNAs to be
subdivided into biochemically distinct regions, with
specific subregions that interrogate potential RNA or
DNA targets. Indeed, this feature has been identified in
several RNA-based systems using molecular, genomic
and computational approaches. These subregions are
often referred to as ‘seed sequences’ — short stretches
of nucleotides that are involved in the initial search by
RNAs for, and binding of RNAs to, their targets and that
disproportionately contribute to regulation compared
with other regions of the RNA*.

Early studies of RNA-based regulatory systems
suggested that the folding of RNA into secondary and
tertiary structures to expose specific sequences used
for binding to their targets was a general principle of
RNA-based recognition. Examples of these structural
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Loop—loop kissing
interactions
Watson—Crick base pairing

between the loop nucleotides

of two RNA stem loops.

Adaptive immunity

A specific response to an
infection by a pathogen
based on prior exposure
to that pathogen.

RNA-induced silencing
complex

(RISC). A ribonucleoprotein
complex of an Argonaute
protein and an RNA.

Scissile bond

A covalent bond that can
be broken by an enzymatic
reaction.

PAZ domain
(PIWI-Argonaute—Zwille
domain). A domain present
in Argonaute proteins that
is involved in binding to
the 3" end of the guide.

PIWI domain
(P-element-induced wimpy
testis domain). A domain

present in Argonaute proteins
that contains an RNase H-like

active site.

A-form helix

A secondary structure motif
found in RNA in which bases
are tilted with respect to the
helix axis.

motifs include the anticodon loop in tRNA!' and
loop—loop Kkissing interactions in antisense RNAs from
plasmids and phages''. However, almost all RNAs
associate with RNA-binding proteins, which have
important structural, regulatory or catalytic roles in
defining the behaviour of RNA. As the mechanisms
of more RNA-based regulatory systems are elucidated,
it is becoming clear that regulatory RNAs associate
with specific proteins, enabling them to function as
guides to bring each protein to its target site®'?'. Such
dedicated RNA-binding proteins alter the properties
of nucleic acid hybridization, including how comple-
mentary nucleic acid sequences find each other, bind
and dissociate. Importantly, several recent structural
studies have revealed how the seed sequence is pre-
sented within the context of the respective ribonucleo-
protein (RNP) particle to ensure its precise targeting
and regulation'”?, and single-molecule studies have
begun to reveal the dynamics of the targeting reaction
and to confirm the role of the seed sequence in
RNA-target interactions®*.

This Review focuses on seed pairing mechanisms
in three distinct systems that use RNA as a guide,
namely small interfering RNA (siRNA) and microRNA
(miRNA)-mediated gene silencing, bacterial CRISPR-
Cas adaptive immunity and Hfq-dependent small RNA
(sRNA)-guided gene regulation (FIG. 1). We briefly intro-
duce each system before describing how they handle the
issue of specificity and highlighting common principles
and major differences between them.

Targeting by miRNAs and siRNAs

The discovery of miRNAs and siRNAs revolutionized
the idea that RNA is a regulatory molecule in eukaryotic
organisms. Computational and experimental approaches
suggest that metazoan genomes encode hundreds
of miRNASs*"*?, and it is estimated that the most con-
served miRNAs control the expression of approximately
two-thirds of human genes®. Although the origin and
precursors of miRNAs and siRNAs differ, they share in
part common biogenesis pathways and they are both
loaded onto Argonaute (AGO) proteins, which they
guide to mRNA targets for RNA silencing'¢**%.

Biogenesis. miRNAs are sSRNAs of ~21-23 nucleotides
in length that are encoded by the genome and some
viruses. The majority of metazoan miRNAs originate
from independent loci, although some are processed
from within introns. Their primary transcripts contain
stem-loop structures, and consecutive endonuclease
cleavages by two enzymes, Drosha in the nucleus and
Dicer in the cytoplasm, generate a miRNA duplex con-
taining a 5" monophosphate and a 3’ hydroxyl. The
mature miRNA strand is loaded into the AGO protein
within the RNA-induced silencing complex (RISC)3*3¢
(FIG. 1a). The miRNA within RISC associates with target
mRNAs through base-pairing, leading to translational
repression and/or mRNA destabilization® or, in some
cases when the miRNA is highly complementary to
its target, mRNA cleavage (FIC. Ta,b). siRNAs differ
from miRNAs in that they are excised from long, fully

complementary, double-stranded RNAs; these can
originate from transgenes, viral infections and repetitive
elements™. After the siRNA precursors are cleaved by
Dicer into duplexes of ~21 nucleotides they are loaded
into the siRISC (FIC. 1b), from which they recognize and
associate with target transcripts through base-pairing,
with high levels of complementarity; this enables the
endonucleolytic cleavage of the scissile bond oppo-
site the tenth and eleventh guide nucleotide by AGO
within siRISC*.

To identify physiological roles of miRNA and siRNA,
early studies focused on predicting and identifying
their target transcripts in the cell. Several fundamental
observations provided molecular insight into how they
select their targets. Sequence analysis revealed that the
highly conserved 5’ regions of miRNAs are complemen-
tary to sequences in 3’ untranslated regions (3" UTRs)
of mRNA that had previously been linked to post-
transcriptional regulation®***. Distinct contributions of
specific siRNA and miRNA regions to target regulation
support the presence of a seed region; the 5’ nucleo-
tides contribute more to binding and target regulation
than the nucleotides at the 3’ end**~**. Consequently,
target transcripts can be identified by evaluating the
conservation of direct Watson-Crick base-pairing
between miRNA seed nucleotides (specifically, nucleo-
tides 2-7) (FIC. 1e) and sequences in the 3" UTRs of
mRNA. Targeting can also be facilitated by additional
sequence elements, such as an unpaired adenosine in
the target sequence just upstream of the seed sequence®
and, in rare cases, supplementary pairing between the
target and the 3’ end of the miRNA, involving miRNA
nucleotides 13-16 (REF. 47).

siRNA seed sequence presentation. Initial insights
into the molecular basis behind the importance of the
seed sequence were obtained from crystal structures
of the bacterial Ago protein from Thermus thermo-
philus. Even though these structures used guide DNAs,
they revealed how guide strands mediate RNA recog-
nition***”* (FIC. 2a). T. thermophilus Ago containing a
5’-phosphorylated 21-nucleotide DNA guide strand
maintained the same overall bilobal structure as the
apoprotein®® (FIG. 2a,b). The DNA guide is nestled within
a basic channel spanning the lobes that harbour the
PAZ domain and the PIWI domain, and there are exten-
sive contacts between its backbone phosphates and
basic residues in the domains and linkers present in
the protein. The trajectory of the guide is defined by the
anchoring of its 5" monophosphate into a pocket within
the Mid domain and of its 3" end in the PAZ domain.
The conformation of the seed sequence at nucleotides
2-6 reveals how its presentation within the T. thermo-
philus Ago RNP is important for RNA recognition.
Specifically, in agreement with earlier biochemical and
biophysical studies*>*, these nucleotides are stacked
forming an A-form helix with their Watson-Crick edges
exposed to the solvent, a favourable, pre-organized
conformation for interacting with a target mRNA
(FIC. 2a,b). Subsequent nucleotides are threaded through
a narrow channel in the T. thermophilus Ago protein
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and are therefore inaccessible to mRNA. Introducing
a kink into the guide strand by positioning two Arg
residues between nucleotides 10 and 11 renders the
binary T. thermophilus Ago protein-guide complex
catalytically inactive and prevents the formation of
the undistorted helical conformation that is required

REVIEWS

for mRNA cleavage®®*. However, on the addition of
a 20-nucleotide target RNA to the T. thermophilus
Ago protein-guide complex, the seed region forms
an A-form DNA-RNA helix with the target and
undergoes a conformational change that relieves the
non-helical geometry, enabling cleavage of the target
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Figure 1| The biogenesis, loading and targeting of RNA in distinct RNA-based regulatory systems. a | MicroRNAs
(miRNAs) are generally transcribed by RNA polymerase Il (Pol ll) (step 1) to produce primary miRNAs (pri-miRNAs) (step 2);
these are cleaved by Drosha in the nucleus to produce a stem—loop structure — the pre-miRNA (step 3) —which is exported
to the cytoplasm and processed by Dicer to form the mature miRNA duplex (step 4), a single strand of which is loaded onto
an Argonaute (AGO) protein as part of the miRNA-induced silencing complex (miRISC) (step 5). miRISC binds to target
mRNAs through partial complementary base-pairing (step 6), which leads to changes in mRNA stability and/or translational
repression or, in cases of high complementarity (indicated by the arrows), mRNA cleavage (not shown). b | Smallinterfering
RNAs (siRNAs) are generated from double-stranded RNA (dsRNA) precursors (step 1), which are cleaved by Dicer into siRNA
duplexes (step 2) and loaded onto AGO proteins as part of the siRISC (step 3). The siRISC binds to target mRNAs by highly
complementary base-pairing (step 4), which leads to transcript cleavage (not shown). ¢ | The type [l CRISPR RNA (crRNA)
locus contains repeat sequences that are interspersed with sequences from foreign DNA. It is transcribed by RNA
polymerase (RNAP) (step 1) to produce a pre-crRNA; a small transactivating crRNA (tracrRNA) interacts with the spacer
sequence of crRNA to form a duplex (step 2). The duplex is cleaved by RNase Il to produce the mature crRNA (step 3).

The mature crRNA is loaded into Cas9 nuclease (step 4), from which it binds to a complementary foreign DNA (green)
containing a protospacer-adjacent motif (PAM; yellow) (step 5), resulting in DNA cleavage and destruction (not shown).

d | Hfg-dependent small RNAs (sRNAs) are transcribed from independent genes or processed from longer RNA transcripts
(step 1). They associate with the RNA chaperone Hfq (step 2), which facilitates base-pairing to their target mRNAs (step 3).
On targeting an mRNA, the sRNA can positively or negatively affect RNA stability or translation (not shown). e | Properties
of miRNAs, crRNAs and Hfg-dependent sSRNAs. miRNAs are ~22 nucleotides (nt) in length and contain an ~7-nt ‘seed
sequence’ towards their 5" end. Mature crRNAs are ~41 nt in length and contain a seed sequence of ~10 nt towards the
3"end of the crRNA (which is part of the crRNA-tracrRNA complex). Bacterial Hfg-dependent sSRNAs vary in length from

50 to 200 nt and they often contain seed sequences of ~6-10nt, which are generally found at the 5" end but can be found
throughout the sRNA. The position of each seed sequence is indicated in red.
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Entropy penalty

The thermodynamic cost
associated with a loss of
conformational entropy on the
immobilization of a molecule
in a fixed configuration.

mRNA?? (FIC. 2b). The importance of mRNA-seed
sequence complementarity is highlighted by the fact
that cleavage is impaired on the introduction of mis-
matches or insertions within the seed region in the guide
DNA?. Therefore, the pre-organization of the seed in
an A-form helix within T. thermophilus Ago facilitates
its interaction with the target mRNA and offsets the
entropy penalty of binding target mRNA, enhancing
the interaction affinity up to 300-fold*.

a Seed
5" p=TGAGGTAGTAGGTTGTATAGT 3’

(A-form helix)
Seed
5’ p=UUCACAUUGCCCAAGUCUCUU 3’

Seed
(A-form helix)

miRNA seed sequence presentation. Insight into the
presentation of miRNA seed sequences and their role in
target recognition awaited the structural elucidation of
eukaryotic AGO proteins. Crystal structures of human
and yeast AGO proteins bound to cellular guide RNAs**
(FIC. 2¢) or the human miRNA miR-20a* revealed that
these AGO proteins form a similar bilobal domain
protein architecture to, and bind RNA in the same
way as, that of T. thermophilus Ago (FIG. 2¢). Despite the
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High-throughput
sequencing of RNAs
isolated by crosslinking
immunoprecipitation
(HITS-CLIP). A sequencing
method based on the
ultraviolet crosslinking of
RNA-protein complexes that is
used to identify RNA ligands of
RNA-binding proteins.

Photoactivatable
ribonucleoside-enhanced
crosslinking and
immunoprecipitation
(PAR-CLIP). A sequencing
method that uses
photoactivatable
ribonucleosides to crosslink
RNA and protein to identify
RNAs associated with a
particular RNA-binding protein.

heterogeneity in RNA sequences bound by the yeast and
human AGO proteins in the binary complex, nucleo-
tides 2-6 of the guide strand in human AGO2 unambigu-
ously adopted a similar splayed helical conformation to
that of T. thermophilus Ago, with Watson-Crick edges
exposed to the solvent (FIG. 2¢). After nucleotide 6 in
the seed sequence, the trajectory of the guide differs
because human AGO inserts an Ile side-chain from
helix-7, between the two faces of bases 6 and 7, inducing
akink that breaks the A-form helix structure of the guide
(FIC. 2d). Formation of the guide RNA-target RNA duplex
coincides with helix-7 moving away from the guide to
avoid a steric clash with the target RNA region that pairs
to nucleotides 6-7 in the guide RNA; this relieves the
kink at this guide position and facilitates the formation
of an A-form helix that can encompass the entire seed
region of the miRNA' (FIG. 2d). The target-bound confor-
mation of the miRNA is stabilized when helix-7 interacts
with the minor groove of the RNA duplex. The degree
of stability probably depends on the extent of comple-
mentarity between the seed and the target, which dic-
tates the structure of the duplex minor groove and the
creation of a new binding surface for helix-7, thus func-
tioning as a checkpoint for correctly identifying targets's.
The repositioning of helix-7 also widens the channel
between the N and PAZ domains, enabling nucleotides
14-18 of the miRNA to adopt a stacked A-form state
with Watson-Crick edges that are exposed to the sol-
vent and opening the 3’ region of the guide for potential
supplementary base-pairing'® (FIC. 2d). Thus, the eukary-
otic structures suggest that there is a stepwise model for
miRNA targeting and correct target validation.

< Figure 2 | Presentation of seed sequences in miRNA and siRNA. a | Crystal structure of
Thermus thermophilus Argonaute (Ago) containing a 21-base DNA guide (shown in orange
and red, where red denotes the ‘seed sequence’; the sequence of the guide is shown
above the structure), the 5" phosphate (p) of which is bound within a pocket in the Mid
domain and the 3’ end of which is bound in the PAZ domain (left)?’ (Protein Data Bank
identifier (PDB ID): 3DLH; see Further information). A close-up of the 5’ region of the DNA
guide with nucleotides 26 of the seed sequence presented in a near A-form helical
conformation is shown on the right. b | Schematic showing the presentation of the small
interfering RNA (siRNA) seed sequence and the subsequent targeting of mMRNA. Ago binds
the guide so thatits 5" end is bound in a pocket in the Ago Mid domain and its 3" end is
bound by the PAZ domain of Ago (step 1). The seed sequence (nucleotides 2-7, coloured
red) is presented in an A-form helix conformation and this is subsequently bound by an
mRNA target (light blue) (step 2). Duplex formation is accompanied by a conformational
change in Ago that relieves the non-helical geometry of the guide and produces a
catalytically active state (step 3). ¢ | Crystal structure of human AGO?2 (left) containing

a 21-nucleotide superoxide dismutase 1 (SOD1) guide RNA (shown in orange and red,
where red depicts the seed sequence; the sequence of the guide is shown above the
structure)'® (PDB ID: 4W5N). A close-up of nucleotides 2-5 of the seed region of the guide
RNA, which are presented in a near A-form helix conformation and exposed to solvent,

is shown on the right. d | Schematic of microRNA (miRNA)-mediated targeting. AGO2
binds to miRNA (orange and red) with the 5" end bound in a pocket in the Mid domain and
the 3’ end bound by the PAZ domain; nucleotides 26 of the seed sequence (coloured red)
are presented as an A-form helix. Helix 7 of AGO2 (shown as a cylinder) inserts an Ile side
chain (green bar) between nucleotides 6 and 7, breaking the helical configuration of the
RNA and sterically hindering guide—target duplex formation (step 1). Base-pairing
between the seed region and the complementary mRNA target coincides with movement
of helix 7, which allows guide—target duplex formation. Helix 7 interacts with the minor
groove of the duplex to monitor shape complementarity (step 2). The conformational
change in AGO?2 allows base-pairing between the seed region and the target, as well

as potential 3’ supplementary base-pairing with the 3’ region of miRNA (step 3).

REVIEWS

Insight into the dynamics of the target-search pro-
cess, and support for the stepwise model of miRNA
targeting, has come from single-molecule experiments;
these studies monitored eukaryotic AGO loaded with a
fluorescently labelled guide RNA that was bound to an
immobilized, labelled RNA target®***'. Incorporation of
the guide RNA (let-7a or miR-21) into an RNP greatly
increases the rate constant with which it binds to the
target, as compared with that of a naked guide oligo-
nucleotide, to the extent that finding the target becomes
limited by diffusion®***'. Consistent with the presenta-
tion of the seed region in an A-form helix that favours
target binding, acceleration of target binding by AGO2
is dependent on complementarity between the seed
sequence and the target®. The observation from the
human AGO?2 structures that only guide nucleotides
2-6 are initially presented in a helical configuration,
for the primary interrogation of targets, is supported by
the fact that different mismatches within the seed have
different effects on guide-target binding; mismatches at
nucleotides 2-5 of the guide reduce the association rate
more than mismatches at positions 6-8 (REFS 8,18,28).
This further indicates that the arrangement of 5’ seed
nucleotides in a helical form facilitates the search for
the target and that, when a potential sequence match
has been found, the conformational change involving
helix-7 enables the rest of the seed to be interrogated.
Complementarity between the seed sequence and
target also determines the rate at which AGO dissoci-
ates from the target, enabling the complex to discrimin-
ate between seed-matched and mismatched targets®.
In the absence of a matched seed sequence, the RNP
finds targets more slowly and binds to them less stably®.
The interrogation of mRNAs for target binding sites is
facilitated by a one-dimensional scanning mechanism
that uses sub-seed interactions before stably binding to
the mRNA?.

Genome-wide studies describing the miRNAs that
are bound to AGO proteins on a global scale also sup-
port an important role for seed sequences in recognizing
mRNA targets. For example, experiments in which AGO
and miRNA were crosslinked by high-throughput sequenc-
ing of RNAs isolated by crosslinking immunoprecipitation
(HITS-CLIP)** and by photoactivatable ribonucleoside-
enhanced crosslinking and immunoprecipitation (PAR-
CLIP)* revealed hundreds of AGO-binding sites in
transcripts from the mouse neocortex and human
embryonic kidney cells, respectively. These binding
sites were enriched for sequences that were comple-
mentary to the seeds of the most abundant miRNAs
in the relevant cell types. Transcripts containing direct
binding sites were more likely to be regulated on over-
expression of the complementary miRNA. However,
in a minority of cases (27% for HITS-CLIP and 7% for
PAR-CLIP), AGO-binding sites did not contain exact
seed matches, suggesting that they may contain bulges
or mismatches in the seed region. Based on shape com-
plementarity between helix-7 in human AGO2 and
the miRNA-mRNA duplex, it is expected that RISC
would have a lower affinity for these miRNA-target
RNA interactions!®. However, modification of the
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Crosslinking, ligation

and sequencing of hybrids
(CLASH). A sequencing
method used to identify RNAs
and their targets by ligating
them together when they

are bound to a specific
RNA-binding protein.

HNH domain

A nuclease domain within Cas9
that is related to McrA-like
restriction endonucleases.

RuvC domain

A nuclease domain within Cas9
that s related to the RuvC
endonuclease that cuts
Holliday junctions during
homologous recombination.

crosslinking approach to ligate miRNA-target RNA
duplexes in several related approaches called crosslinking,
ligation and sequencing of hybrids (CLASH), as well as the
in vivo PAR-CLIP with ligation® and covalent ligation
of endogenous AGO-bound RNAs (CLEAR)-CLIP,
suggests that non-canonical seed interactions involving
G:U wobble pairs, mismatches and bulges are more fre-
quent than canonical exact complementary seed pairings
(which make up only 37% of seed interactions®) and
hint at a greater involvement of the miRNA 3’ region
in determining interactions than previously thought>>*.
Seedless interactions were determined in 16% of cases™,
although these were poorly conserved and weakly regu-
lated by miRNAs. In general, although some non-seed
interactions modestly contribute to target regulation®*¢,
high-throughput analyses indicate that many of the
non-canonical sites bound by miRNAs do not result in
the regulation of the target®.

Taken together, incorporation of siRNA and miRNA
into an RNP complex with AGO enables the presentation
of the seed sequence in a pre-organized A-form helix.
This facilitates the RNA-mediated target-search process
by favouring interactions with the target and dramati-
cally alters the thermodynamic and kinetic properties
of guide-target hybridization. Conformational changes
within the protein and guide RNA on guide-target
pairing provide a basis for specificity in gene regulation.

CRISPR-Cas-mediated defence

Many bacteria and most archaea contain an RNA-
mediated silencing mechanism that provides adaptive
immunity against bacteriophages and plasmids®. This
mechanism uses CRISPR RNAs (crRNAs) generated
from genomic CRISPR loci for the sequence-specific
detection and elimination of invading viruses and plas-
mids. crRNA sequences originate from previous invading
nucleic acids and act as guides for various CRISPR-
associated Cas proteins, thus providing an inherited
adaptive immunity against re-infections. CRISPR loci
can be classified into five main systems, depending
on their Cas protein composition®, but all contain a
nuclease. Type I and type III systems use crRNA that
is incorporated into a multisubunit complex to execute
their interference activity. Type II CRISPR-Cas systems
are one of the simplest, requiring only two RNAs, crRNA
and transactivating crRNA (tracrRNA), and a single Cas
protein, Cas9, to function as RNA-guided endonucleases
(FIC. 3). A simplified chimeric single-guide RNA (sgRNA)
(FIC. 3a) containing functionally important regions of
crRNA and tracrRNA can be used to target any sequence
to generate double-strand breaks, and it is used in vari-
ous genome-editing approaches®¢'. Below, we focus on
the type II system owing to its simplicity and the amount
of structural information available on its mechanism of
RNA recognition.

Identifying foreign DNA using crRNA. CRISPR-Cas
adaptive immunity consists of three phases: immuniza-
tion, where new spacer sequences from invading nucleic
acids are incorporated into the CRISPR array to function
as a molecular memory of prior infections; expression,

which involves the transcription and processing of
crRNAs; and interference, whereby the crRNAs are used
as guides to identify foreign nucleic acids and facilitate
their cleavage and clearance by associated nucleases®.
RNA plays a fundamental part in the expression and
interference phases. Type II CRISPR-Cas systems tran-
scribe their loci, which contain repeats and spacers, into
a full-length pre-crRNA. The subsequent processing
of this transcript by endogenous RNase III requires
duplex formation between the anti-repeat sequence in
the tracrRNA and a repeat sequence within the pre-
crRNA®* (FIC. 1¢).The resulting mature crRNA con-
tains a 20-nucleotide spacer-derived guide sequence
(with complementarity to foreign DNA) at the 5" end
and a 21-nucleotide repeat sequence that base-pairs to
the 5" end of the tracrRNA (FIC. 1¢), which probably has
a structural role and is required for target DNA binding
and site-specific cleavage by Cas9 (REF. 62).

The Cas9-crRNA-tracrRNA ternary complex must
identify invading DNA molecules to cause inference.
Identifying targets is a stepwise process involving
not only base-pairing between DNA and the crRNA
sequence (the complementary site in the DNA is called
the protospacer) but also recognition of a short sequence
motif called the protospacer-adjacent motif (PAM) on
the non-complementary strand of the DNA by Cas9. The
PAM is required for Cas9 to recognize and stably bind to
DNA (FICS 1¢,30); its sequence varies between CRISPR-
Cas systems but in Streptococcus pyogenes, for example,
it is composed of a 5'-NGG sequence (where ‘N’ is any
nucleobase) immediately flanking the protospacer®.
Biochemical experiments revealed that mismatches
introduced in the 3’ region of the guide sequence of
crRNA prevent Cas9-mediated cleavage, leading to the
proposal that there is a seed region within the guide that
is essential for target recognition® (FIC. 3a). The exist-
ence of a seed sequence is further supported by the
requirement of a contiguous stretch of 13 complemen-
tary base-pairs between the 3’ region of the RNA guide
and the complementary DNA target strand proximal
to the PAM; by contrast, 6 contiguous mismatches are
tolerated between complementary DNA and crRNA at
the 5" end of the guide. When the target DNA has been
identified, it is cleaved by Cas9 using two domains that
are homologous to the HNH endonuclease and RuvC
endonuclease: the HNH domain cleaves the DNA strand
complementary to the crRNA guide and the RuvC domain
cleaves the non-complementary strand®.

crRNA seed presentation. Insight into how the seed
region of the guide RNA contributes to target DNA
recognition and binding was first obtained from the crys-
tal structure of Cas9 bound to sgRNA without a target”.
Apo-Cas9 forms a bilobal structure with one lobe con-
taining the HNH, RuvC and carboxy-terminal domains
and the other comprising a large helical domain. Binding
of the sgRNA induces conformational changes in the
protein®; the C-terminal domain (which interacts with
the PAM) forms a nucleic acid-binding groove that can
accommodate the DNA duplex in which PAM is located
(FIC. 3b). In this conformation, the sgRNA is bound in
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Figure 3 | crRNA seed presentation. a | Secondary structure of the single-guide RNA (sgRNA) that is present in the Cas9
crystalstructures in part b, which is composed of a CRISPR RNA (crRNA) and a transactivating crRNA (tracrRNA) that are

fused together. The ‘seed sequence’is highlighted in red. Canonical and non-canonical base-pairing is depicted as bars
and dots, respectively. b | Ribbon diagram of the crystal structure of the Streptococcus pyogenes Cas9-sgRNA binary
complex (left)"’ (Protein Data Bank identifier: 4ZT0; see Further information). The guide RNA is shown in orange and red,
where red depicts the seed sequence; for Cas9, the nuclease lobe contains the HNH endonuclease (green), the RuvC
endonuclease (blue) and the carboxy-terminal domain (CTD; grey), and the helical recognition lobe is shown in light
purple, yellow and cyan. A close-up of the presentation of the guide RNA by Cas9, in the positively charged channel
between the two lobes of Cas9, is shown in the surface representation (right); nucleotides 19-20 of the guide are exposed
to solvent. ¢ | Schematic of DNA targeting by the Cas9—crRNA complex. Cas9 binds to the crRNA-tracrRNA complex; the
crRNA seed sequence (nucleotides 11-20, shown in red) is presented in an A-form helix with nucleotides 19-20 exposed
to the solvent (step 1). Target binding is initiated when Cas9 recognizes a protospacer-adjacent motif (PAM) sequence
(yellow) on the non-complementary DNA strand (step 2). Strand separation is induced by interactions between Cas9 and
the DNA duplex; the PAM proximal seed nucleotides (nucleotides 19-20) nucleate target binding and crRNA-DNA duplex
formation (step 3); the DNA protospacer sequence (which is complementary to the crRNA) is shown in green. The
propagation of helix formation enables Cas9 to acquire an active catalytic state (step 4). Parts a and c are modified from
Jiang, F, Zhou, K., Ma, L., Gressel, S. & Doudna, J. A. A. Cas9-guide RNA complex preorganized for target DNA recognition.
Science 348,1477-1481(2015) (REF. 17). Reproduced with permission from AAAS.

a positively charged channel between the two lobes of
Cas9 (REF. 17) (FIC. 3b). Of the 20 nucleotides within the
guide, only the nucleotides located in the seed region
towards the 3’ end of the crRNA (nucleotides 11-20) are
visible within the narrow channel. This region forms an
A-form helix, similar to that seen in AGO-guide struc-
tures, with nucleotides 11-13 and the PAM proximal
nucleotides (that is, nucleotides 19-20) exposed to the
solvent' (FIG. 3b,c). Similarly to the AGO structures, a
kink is introduced into the guide RNA by the insertion of
an amino acid — this time a Tyr — between nucleotides
15 and 16 of the seed; this is relieved on target binding,
which causes the Tyr to rotate by 120° (REF. 17). This pre-
organized helical conformation places the seed sequence
in a configuration that is thermodynamically favourable
for guide-target duplex formation.

Recognition of a functional target requires the initial
detection of the PAM sequence by Cas9 and DNA strand

separation to enable the formation of an R-loop between
the crRNA guide and target DNA*. The crystal structure
of S. pyogenes Cas9 bound to sgRNA in the presence of
target DNA that contains a canonical PAM implies that
a multistep process exists for target recognition? (FIC. 3¢).
On PAM recognition, strand separation is induced by
interactions between Cas9 and the minor groove of the
PAM-containing DNA duplex, whereby a Glu and Ser
residue of Cas9 interact with the DNA phosphodiester
group linking the PAM sequence and the protospacer.
This interaction causes a rotation of the phosphate group
and induces a kink that orients the target strand directly
towards the guide RNA, which is already pre-ordered
in a conformation favourable for duplex formation®.
Therefore, recognition of the PAM sequence and the
A-helical arrangement of the seed sequence are coupled
to conformational changes that enable Cas9 to recognize
functional targets'92066¢7,
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Total internal reflection
microscopy

(TIRFM).A microscopy
technique that uses an
evanescent wave to specifically
excite fluorophore-labelled
molecules close to a surface.

Sm/Lsm superfamily

A large family of proteins
present in all three domains
of life and involved in RNA
processing and degradation.

Shine—Dalgarno sequence
A 5-10-nucleotide sequence
upstream of the initiation
codon involved in

defining where bacterial
translation initiates.

A stepwise model involving a seed sequence is sup-
ported by single-molecule studies using purified Cas9
in assays with tethered DNA coupled with total internal
reflection microscopy (TIRFM)?*. In this model, Cas9
scans the target DNA via a three-dimensional collision
mechanism and, on encountering a PAM sequence,
interrogates the surrounding sequence. Sequence com-
plementarity at the 3’ end of the guide sequence adjacent
to the PAM is required for DNA binding, highlighting
the importance of the seed sequence. Even a two-base-
pair mismatch between crRNA and the DNA flanking
the PAM abrogates binding, which is in accordance with
structural data showing that these two seed nucleotides
(nucleotides 19-20) are exposed to solvent and most
likely form a nucleation site for base-pairing when
strand separation has occurred during PAM recog-
nition'”*. The strict requirement for complementarity
immediately adjacent to the PAM suggests that unwind-
ing of the target duplex is initiated in its vicinity and
that it progresses in a stepwise manner until a single
turn of an A-form helix has formed®. This is facili-
tated by recognition of the PAM, strand separation and
presentation of a pre-organized A-form helical seed
sequence®. The role of the PAM in forming the R-loop
is also supported by single-molecule DNA supercoiling
experiments in which PAM mutations decrease the rate
of R-loop formation?®.

The evolving picture of the CRISPR mechanism is
that the presentation of the crRNA seed sequence in a
pre-organized A-form helix within Cas9 places it in an
optimal configuration for interaction with the target on
identification of a PAM sequence. The initial interro-
gation involves two of the seed sequence nucleotides,
which are exposed to the solvent, before conformational
changes within the protein facilitate interactions with the
remainder of the guide.

Hfq-dependent sRNA

Almost all bacteria contain sRNAs; these participate
in post-transcriptional gene regulation to regulate the
majority of cellular pathways, including stress-response
pathways, and to control important behavioural
phenotypes, such as virulence in many pathogens®-"°.
Escherichia coli and Salmonella enterica, two entero-
bacterial model organisms in which bacterial RNA-
mediated regulation has been extensively described,
contain 200-300 sSRNAs” 7,

Bacterial sSRNAs are more heterogeneous in size and
structure than miRNAs and crRNAs, ranging from 50 to
200 nucleotides and containing complex secondary and
tertiary structures®. They can be directly transcribed
from independent transcription units that are located
in intergenic regions and function as primary transcripts
containing a 5" triphosphate group and a 3’ stem loop
(FIG. 1d). In addition, they can be processed from longer
transcripts or the 3' UTRs of mRNAs, which results in
sRNAs with a 5 monophosphate group®7>%. The major
class of bacterial sSRNAs function through base-pairing
with multiple mRNA targets via short seed sequences
that are present in unstructured regions of the RNA
(FIG. Te). The majority of these trans-encoded sSRNAs in

S. enterica and E. coli bind to the Sm/Lsm superfamily RNA
chaperone protein Hfq, which is required for their intra-
cellular stability and their ability to anneal to targets, and
they are thus called Hfq-dependent sSRNAs'>"%"7. Hfq-
dependent sSRNAs target mRNAs to affect their stability
or translation. The binding of sSRNAs to mRNAs near the
Shine-Dalgarno sequence in their 5" UTR regulates their
access to ribosomes®*7, and sSRNAs negatively and
positively influence mRNA stability by recruiting the
major constitutive mRNA decay ribonuclease RNaseE
or inhibiting its cleavage activity, respectively”*-%2.

Seed sequences in sSRNA. Interactions between Hfq-
dependent SRNA and mRNA usually involve partial
complementarity between single-stranded regions®.
Evidence suggests that many sRNAs contain short seed
sequences that disproportionately contribute to the
search for, and interaction with, targets compared with
other regions of the SRNA*"¥. For example, the presence
of a seed region in a SRNA was first suggested for sugar
transport-related sSRNA (SgrS), an ~220-nucleotide-long
sRNA that is induced during glucose-phosphate stress
and binds to the glucose-specific phosphotransferase
ptsG mRNA, which encodes a membrane component of
the phosphoenolpyruvate phosphotransferase system?®.
Of a 32-nucleotide region in SgrS that displays partial
complementarity with the translation-initiation region
of ptsG mRNA, only 6 nucleotides in its 3’ region are
essential for its regulatory activity®. The importance
of this six-nucleotide region is further highlighted by
the ability of the SgrS seed sequence to distinguish
between two horizontally acquired virulence factor
mRNAs, Salmonella outer protein D (sopD) and sopD2,
at the level of a single hydrogen bond®. Similarly, the
~80-nucleotide-long RybB sRNA, which is induced
when the bacterial envelope is subject to stress, contains
a highly conserved 5’ seed region of seven nucleotides
that is responsible for the targeting of multiple outer
membrane protein (omp) mRNAs in S. enterica and
E. coli. The seed region was identified using indepen-
dent genetic, molecular and biochemical approaches®*.
The 5’ region of RybB that contains the seed sequence
is sufficient to repress omp mRNAs during the envelope
stress response even when grafted onto an unrelated
RNA scaffold, demonstrating that the seed sequence is
an important element in RNA mediated silencing®®.
Finally, the sSRNA quorum regulatory RNA 4 (Qrr4),
which is involved in quorum sensing in Vibrio bacteria,
harbours a subset of nucleotides within the region pre-
dicted to base-pair with mRNA that are important for
target silencing. Intriguingly, the identity of the crucial
residues differs according to the identity of the target,
providing a basis for discrimination®.

The sizes of sSRNAs and the relative location of the
seed sequences within them are more heterogeneous
than described for miRNAs and crRNAs (FIG. 1¢). In addi-
tion, some Hfq-dependent sSRNAs, such as Spot42 or
GcevB, which are associated with catabolite repression
and are involved in amino acid transport and metabo-
lism, respectively, use multiple or extended seed regions
to recognize target mRNA®"*, Similarly to in miRNAs,

8| ADVANCE ONLINE PUBLICATION

www.nature.com/nrm

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Chemical footprinting
Methods used to map RNA
secondary and tertiary
structures based on the
accessibility of nucleotides
to specific chemicals.

Small-angle X-ray scattering
(SAXS). An X-ray scattering
method that provides
information on the size

and shape of biological
molecules in solution.

the seed sequences in sSRNAs are often highly conserved,
further highlighting their functional importance®.
An analysis of seed-sequence location in 18 well-studied
E. coliand S. enterica sSRNAs suggests that, in around one-
third of cases, seed sequences are found in the 5’ region of
the SRNA®. Furthermore, the seed region of a sSRNA can
be internally located within a primary transcript (either
a longer sSRNA or an mRNA) and become exposed at
the 5" end of a transcript on endonucleolytic cleavage.
Examples of such processing include the ~120-nucleotide
SRNA ArcZ®, which is involved in the general stress
response and is processed to an ~50-nucleotide-long
sRNA*, and CpxQ, which is liberated from the 3’ UTR
of the cpxP mRNA (which encodes a chaperone pro-
tein) and is associated with the cellular response to inner
membrane stress®.

SRNA seed presentation. Hexameric Hfq contains at least
three different binding surfaces for RNA. It typically binds
sRNAs via U-rich sequences, which are often associ-
ated with RHO-independent transcription terminators,
on its proximal face?*-* and binds to mRNAs and some
sRNAs via A-rich sequences on its distal face'™. A third
binding surface is the rim of the Hfq hexamer, which also
binds U-rich sequences®"”''"' To fully understand the
importance and presentation of the seed sequence by
Hfq, high-resolution structural information is required.
However, obtaining binary and ternary complexes con-
taining a natural, full-length sSRNA has proven challeng-
ing, probably owing to the large size and heterogeneous
organization of SRNA. Nevertheless, a binary complex
between Hfq and the sSRNA RydC has been described,
and provides the first glimpse of how a SRNA seed region
is presented®. RydC is a 65-nucleotide sSRNA that folds
into a complex pseudoknot tertiary structure (FIC. 4a).
RydC binds with Hfq to the 5 UTR of the cyclopropane
fatty acid (CFA) synthase mRNA, stabilizing the tran-
script, increasing the level of CFA synthase and thus
changing the fatty acid composition of membranes®. The
U-rich RHO-independent terminator that is located at
the 3’ end of RydC binds in a recessed channel on the
proximal face of the Hfq hexamer? (FIG. 4b). The sSRNA
exits the channel at the rim, where it forms extensive
RNA-protein interactions. The 5" seed region of sSRNA,
which spans nucleotides 2-12, binds to the rim of the Hfq
hexamer, with the 3’ region of the seed (nucleotides 8-12)
in an extended conformation as a result of its interaction
with residues 8-17 in Hfq (FIC. 4b,c). Notably, this inter-
action involves Argl6 and Argl7, which were previously
shown to interact with RNA and which are essential for
duplex formation and for the strand exchange activity
of Hfq that accelerates dynamic base-pair formation'®.
This is also consistent with chemical footprinting and
small-angle X-ray scattering (SAXS) data, which show that
Hfq interacts with several sites in an mRNA to fold it
into a compact tertiary structure, meanwhile placing
the sRNA target site at the Hfq rim in the vicinity of
Argl6 and Argl7 (REF. 102). Unfortunately, the remain-
ing 5" portion of the RydC seed sequence is not visible
in the crystal structure, potentially owing to structural
heterogeneity and dynamics*'. However, this portion of
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the seed could form a duplex with the target-recognition
site in the mRNA while the sSRNA is bound to the rim of
Hfq. Indeed, it has been proposed that this interaction
can be mimicked by the packing of a duplex region on
the rim in the RydC-Hfq crystal lattice. As the SRNA
interacts predominately with the proximal face of Hfq
and mRNAs interact predominately with the distal face
of Hfq, a model can be proposed in which the sSRNA and
mRNA are held in proximity and the SRNA-Hfq complex
can scan the mRNA until the target site base-pairs with
the seed and engages in the formation of a short duplex
on the rim of Hfq*"'% (FIC. 4c¢).

Recent global in vivo crosslinking datasets describing
the RNA ligands that associate with Hfq provide some
insight into how sSRNA and mRNA bind to the chaper-
one®” %1% In §. enterica, Hfq binds to more than 550
mRNAs, mainly in the 5 UTR and 3’ UTR, and although
Hfq binds throughout different regions of ~90 sSRNAs
that have been assessed it preferentially associates with
the 3" end of sSRNA!*. Analysis of SRNA-mRNA pairs
suggests that Hfq binds to mRNA upstream of its SRNA-
interaction site and that it binds on the 3’ side of the
seed sequence in sSRNA, consistent with the model that
mRNA and sRNA bind to opposite faces of Hfq before
duplex formation occurs. Although this model assumes
that seed regions located at the 5’ end of sSRNA are pre-
sented on the rim of Hfq (FIC. 4c), it is unclear whether
sRNAs with seed regions located internally or towards
the 3" end would present them in the same manner.
However, in some cases, cleavage of full-length sSRNAs
places the seed sequence at the 5’ end of the processed
RNA, which may facilitate seed presentation®'®.

In short, sSRNAs seem to bind to the proximal face of
Hfq with their seed sequence presented in an extended
conformation at the rim, close to the site that has been
implicated in the strand-annealing activity of the chaper-
one. Hfq probably stabilizes the structure of the sSRNA,
ensuring that the single-stranded seed sequence is avail-
able to interrogate mRNA targets that are recruited to
the distal face of the chaperone.

Common principles of seed presentation

The incorporation of RNA guides into RNPs to ensure the
recognition of functional targets has evolved in eukaryotic,
bacterial and archaeal systems for post-transcriptional
regulation and adaptive immunity'”'$212-2645 Structural
and mechanistic studies are beginning to reveal common
features that are used by the different systems to impose
specificity. These can be grouped together into two gen-
eral principles: first, the presentation of the seed sequence
in a conformation that facilitates the search for, and inter-
action with, target nucleic acids, and second, the coupling
of target recognition and conformational changes
within the RNP to ensure that the correct RNA or DNA
is regulated (FIG. 5).

The guide RNA forms intimate interactions with the
protein, exposing only a small subregion of the sequence
to interrogate putative targets and placing the target
near to the functionally active region of the protein.
In miRNA, siRNA, crRNA and sRNA, the seed sequence
is most important in determining target binding,
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Figure 4 | Hfg-dependent sRNA seed presentation. a| Secondary structure of the RydC small RNA (sRNA) from
Salmonella enterica. The seed region (highlighted in red) is located at nucleotides 2-12. b | Crystal structure of RydC
(orange cartoon with bases depicted as sticks and the seed sequence shown in red) bound to the proximal faces of two
neighbouring Hfg hexamers (protomers in cyan and blue) (left; Protein Data Bank identifier: 4v2s; see Further
information)?. In the crystal lattice, the RNA bridges two adjacent Hfq hexamers; the structure probably encompasses

the full set of interactions that would form in a 1:1 RydC-Hfq complex, which is the biologically relevant species in the cell.
A close-up of the presentation of the 3’ region of the RydC seed sequence (stick representation, coloured red) in an
extended conformation on the rim of the Hfq hexamer is shown on the right. c | Schematic depicting the targeting of
mRNA by Hfg-sRNA. sSRNA binds to the proximal face of the Hfq hexamer, with the 3’ region of sSRNA bound in a recessed
channel and nucleotides 8-12 of the 5’ seed sequence presented in an extended conformation at the rim of the hexamer,
proximal to amino acids that are in the annealing activity of Hfq (step 1). mRNA binds to a distal face of the Hfq hexamer
and is held by Hfq in proximity to the SRNA to enable it to scan for complementary seed sequences. A sSRNA-mRNA duplex
probably forms at the rim of the Hfq hexamer (step 2). On duplex formation, the sSRNA and mRNA probably cycle off Hfq
(step 3), which makes it available to bind to another sSRNA. Part a is modified with permission from REF. 21.

even though its size and location within the RNA dif-
fers (FIC. 1e). For 21-nucleotide miRNA and siRNAs,
nucleotides 2—-8 make the largest contribution to the
energy of target binding, with mismatches at the centre
of the seed decreasing binding the most®?*+-**. In the
20-nucleotide-long guide sequence of crRNA, 10 nucleo-
tides in the seed region towards the 3’ end are required
for target binding and cleavage; a 2-nucleotide seed
subregion within this is essential for annealing to DNA
next to the PAM sequence and for target recognition®®.
In SgrS, from a predicted 30-nucleotide region of partial
complementarity, 6 nucleotides towards the 3’ end are
essential for silencing®*.

A common principle emerging from studying
miRNA-, siRNA-, crRNA- and sSRNA-mediated target
recognition is that the protein defines the trajectory
and conformation of the guide RNA and exposes the
seed sequence in a thermodynamically favourable
configuration for interaction with putative targets.
Presenting predominantly the seed sequence decreases

the formation of non-productive intramolecular and
intermolecular interactions that could arise owing to
the inherently low information content of RNA bases,
thereby increasing specificity.

Importantly, association of the guide RNA with
a cognate protein pre-organizes the seed sequence in a
conformation that favours duplex formation (FIC. 5). This
is particularly evident for guide RNAs bound by AGO
and Cas9, for which a subregion of the seed sequence is
pre-organized in a near A-helix conformation!?!8212-2648
(FIC. 5a,b). Pre-immobilization of the guide strand by
the protein decreases the loss in conformational flex-
ibility on duplex formation®. This ‘pre-payment’ of
the entropic cost associated with duplex formation
enhances the affinity of the guide strand for the target
when compared with that of a naked oligonucleotide®*.
Presentation of the seed in an A-form helix also probably
decreases the rate-limiting barrier to duplex formation,
which is the formation of an initial nucleus of base pairs
before rapid helix propagation. In agreement with this,
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AGO proteins increase the rate of target binding up
to 250-fold compared with that of naked oligonucleo-
tides®?. This is dependent on sequence complemen-
tarity between seed nucleotides of the guide (which are
presented in an A-helix conformation) and the target®*.
The seed sequence also plays a direct part in the mode
by which protein complexes search for target sites on a
nucleic acid. AGO? and Cas9 (REF. 30) use a lateral dif-
fusion process and a three-dimensional collision mech-
anism to identify their targets, respectively. AGO uses
the seed region to scan for matches to nucleotides 2-4
of the seed before converting transient interactions into
more stable ones encompassing the entire seed sequence
(that is, nucleotides 2-8)%. Cas9 scans for targets by
searching for a short PAM sequence, which initiates
strand separation and interrogation of the seed sequence
that is also presented in an A-helix form®.

Seed Conformational change
presentation checkpoints
’—l—‘ |
a AGO . aco mRNA
miRNA
mRNA target Conformational

change
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Figure 5| Common principles of the target-search process. Target-search processes
commonly involve presentation of the seed and conformational changes en route to
target identification. Using a subregion of an RNA to initially interrogate targets produces
astepwise RNA-protein binding mechanism in which RNA-target interactions are
coupled to a series of conformational changes in the ribonucleoprotein to ensure the
identification of the correct target and commitment to the desired biochemical outcome.
a| The microRNA (miRNA) seed sequence is presented in a near A-form helix conformation
within the miRNA-induced silencing complex (miRISC) and is used to interrogate
potential target mMRNAs. On mRNA binding, conformational changes in Argonaute (AGO)
expose further regions of the miRNA for interaction with the target and also check the
extent of complementarity between miRNA and mRNA in a duplex. A similar principle
applies to smallinterfering RNAs (siRNAs), which are not depicted here. b | The CRISPR
RNA (crRNA) seed sequence is presented in a near A-form helix conformation within Cas9.
Cas9 scans DNA for the protospacer-adjacent motif (PAM) sequence before undergoing
conformational changes that induce strand separation and allow it to interrogate the
flanking DNA sequence for complementarity to seed nucleotides (nt) 19-20; this is
followed by the unwinding and binding of the remaining seed sequence. ¢ | Small RNA
(sRNA) bound to the proximal face of Hfq presents the seed sequence at the rim, which
places it in an optimal position to interrogate a target mRNA that is bound to the distal
face of Hfq and to stimulate sSRNA-target mRNA duplex formation.
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The presentation of a sSRNA seed sequence follows
similar principles; binding to Hfq constrains the 3’ end
of the seed sequence in an extended single-stranded
conformation that is required for target interrogation®
(FIC. 5¢). Although the conformation of the remaining
seed sequence has not been resolved, it is constrained
to the region of Hfq that has been implicated in stim-
ulating target annealing'®. In the absence of structural
information on a ternary complex, the proposed model
suggests that binding of the SRNA to the proximal face
of Hfq and presentation of the seed at the rim places
it in an optimal position to interrogate a target mRNA
that is bound to the distal face of Hfq and to stimulate
sRNA-target mRNA duplex formation. Similarly, RISC
exhibits annealing activity that increases the efficiency
of nucleic acid hybridization, and this also involves the
seed sequence™. Single-molecule studies of SgrS bound
to Hfq suggest that the target-search process is the rate-
limiting step during sSRNA-mediated regulation, but the
role of the seed sequence remains to be investigated'””.

Presentation of a seed sequence in a conformation
that facilitates binding seems to be a general principle
and is not restricted to the RNA-based systems described
in this Review. For example, the type-I CRISPR-Cas
system in E. coli, which involves the multiprotein com-
plex CRISPR-associated complex for antiviral defence
(Cascade), organizes a 61-nucleotide crRNA into sev-
eral consecutive 5-nucleotide-long segments. These seg-
ments are presented in an A-form conformation, which
includes nucleotides 1-5 and nucleotides 7-8; both of
these nucleotide sets have been experimentally shown to
function as seeds during DNA targeting'*-!!!.

A common feature of seed sequences in these different
systems is that they are in the range of 6-10 nucleotides
in length. This means that they can reside within a single
turn of an A-form helix, which contains ~10-11 bases;
making the seed sequences longer would not be benefi-
cial as the additional nucleotides would not be suitably
orientated for base-pairing with the target. In addition,
the discriminatory effect of single mismatches would be
diminished in longer seed sequences, risking off-target
effects, and having fewer nucleotides in a seed would
compromise affinity and specificity. A second common
principle of using a subregion of an RNA to interrogate
targets is the linking of RNA-target interactions with a
series of conformational changes in the RNP to ensure
the identification of the correct target and commitment
to the desired biochemical outcome (FIG. 5). For example,
for miRNA, siRNA and crRNA, a match between the
seed subregion and a potential target is required before
subsequent interactions in the guide and target are possi-
ble. The use of a small number of nucleotides to initially
scan for a functional target gives rise to a multistep bind-
ing mechanism, which provides various opportunities
to check the validity of the target and thus minimise
off-target effects. This suggests that RNPs may use sev-
eral conformational checkpoints to further interrogate
targets before placing the RNP in an active conforma-
tion. For example, the binding of T. thermophilus Ago to
the target RNA involves nucleotides 2-6 of the seed in the
guide strand; this binding induces a conformational
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change in T. thermophilus Ago that relieves the kink in
the guide RNA to allow base-pairing with the target RNA
beyond the seed and the formation of catalytically active
T. thermophilus Ago. Likewise, in human AGO2, nucleo-
tides 2-5 in the seed region of miRNA initially scan
putative targets; a correct match with the seed induces
a conformational change in the protein that allows the
rest of the seed sequence to interrogate targets. This
opens up the remainder of the guide towards the 3’ end
for supplementary base-pairing. Importantly, the move-
ment of helix-7 enables the protein to sense the shape of
the minor groove to ensure that a complementary duplex
has been formed (FIC. 5a). In the CRISPR-Cas system,
Cas9 scans DNA for the PAM sequence before inducing
strand separation and thus the interrogation of the DNA
sequence by seed nucleotides 19-20; this is followed by a
conformational change that relieves a kink in the guide
and allows binding of the remaining seed sequence to
target DNA (FIC. 5b). By contrast, we currently do not
know whether Hfq undergoes a conformational change
to gain its RNA chaperone activity, and thus whether it is
subject to the same conformational control steps as AGO
proteins and Cas9 (FIG. 5¢). However, a difference between
the Hfq system and the siRNA and crRNA-containing
RNPs is that its interaction with its RNA ligand is more
dynamic, as SRNAs bind to Hfq through an active kinetic
cycling process to ensure a rapid cellular response''2.

In short, it seems that using a small subregion of
the seed for the interrogation of targets provides a
multistep binding mechanism in which the RNP intro-
duces multiple checkpoints to ensure the correct target
is recognized.

Conclusions and future perspectives

In RNA-based silencing systems that mostly identify
functional targets by seed pairing, incorporation of the
guide within an RNP modifies its properties to avoid
the kinetic and thermodynamic limitations of nucleic
acid hybridization, ensuring it behaves more like an

RNA-binding protein®. Interestingly, these new insights
into seed presentation by RNPs highlight common prin-
ciples that are involved in some RNA-RNA interactions.
Of note, earlier work on codon-anticodon interactions
and on antisense RNAs involved in the control of plas-
mid replication revealed that these RNAs interact through
loop-loop interactions in the absence of proteins. These
loops contain U-turn motifs, which also present flank-
ing nucleotides in a pre-formed A-helix conformation to
enhance the search for complementary sequences in their
target RNASIO,11,113,114.

A combination of structural, biochemical, biophysical
and genome-wide approaches has provided extensive
insights into how short RNA sequences can identify
targets in the cell. This has revealed shared principles,
which are especially clear for the miRNA, siRNA and
crRNA systems. However, many open questions remain,
including how are non-canonical RNA-target inter-
actions specified, how do RNPs find their targets in the
complex cellular environment and how does Hfq facili-
tate base-pairing between sSRNAs and mRNAs? The use
of short RNA guides has been described for several other
systems, including the C-rich apical loop sequences in
Staphylococcus aureus SRNAs'® and also external guide
sequences in RNase P-mediated regulation of gene
expression''s. It will be interesting to see whether the
principles discussed in this article are relevant to these
modes of regulation as well as to new RNA-based regu-
latory systems that are emerging from the relatively
unexplored bacterial and archaeal world, for example
new CRISPR-Cas proteins and global sSRNA-binding
proteins, such as ProQ"”'". Understanding how sys-
tems have evolved to identify specific functional targets
has great implications for the application of RNA-based
systems in biotechnology and therapeutics, such as the
generation of specific RNA-based circuits for synthetic
biology, the use of miRNAs or antisense inhibitors to
treat various non-communicable and infectious diseases,
and the improvement of tools for genome editing.
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