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Abstract RNA-binding proteins play crucial roles in RNA
processing and function as regulators of gene expression.
Recent studies have defined the structural basis for RNA
recognition by diverse RNA-binding motifs. While many
RNA-binding proteins recognize RNA sequence non-spe-
cifically by associating with 5" or 3’ RNA ends, sequence-
specific recognition by RNA-binding proteins is typically
achieved by combining multiple modular domains to form
complex binding surfaces. In this review, we present
examples of structures from different classes of RNA-bind-
ing proteins, identify the mechanisms utilized by them to
target specific RNAs, and describe structural principles of
how protein—protein interactions affect RNA recognition
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specificity. We also highlight the structural mechanism of
sequence-dependent and -independent interactions in the
Cas9-RNA-DNA complex.
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Abbreviations
PPR Pentatricopeptide repeat

Pre-mRNA  Precursor messenger RNA

RBDs RNA-binding domains

TPR Tetratricopeptide repeat

PUF Pumilio-FBF

TZF TTP-like zinc finger

AGO Argonaute-like

FBF fem-3 binding factor

ssSRNA Single-stranded RNA

TTP Tristetraprolin

PIWI P-element-induced wimpy testes

PAZ PIWI, Argonaute, and Zwille

MDAS Melanoma differentiation-associated gene 5

RIG-I Retinoic acid-inducible gene I

PPP-RNA 5 triphosphate RNA

RRM RNA recognition motif

U2AF U2 auxiliary factor

hnRNP Heterogeneous nuclear ribonucleoprotein

CRISPR Clustered regularly interspaced  short
palindromic repeats

Introduction

RNA processing plays critical roles in regulating gene
expression, including pre-mRNA splicing, RNA-
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interference, and mRNA stabilization. RNA-binding pro-
teins (RBPs) are central to this form of regulation. They
function in nearly all pathways that are associated with
RNA processing and promote the activity of functional and
structural RNA molecules [13, 30].

Most RNA-binding proteins contain multiple RNA-
binding domains, many of which are structurally and
functionally modular. Normally, a single modular RNA-
binding domain (RBD) does not have sufficient binding
capacity to interact with RNA in a sequence-specific
manner because the recognition sequences are often too
short. Instead, multiple RNA-binding domains are tethered
together to create a much larger binding interface that
recognizes a longer sequence to increase specificity and
enhance the affinity for target RNAs [19, 24]. To under-
stand the function of RNA-binding proteins, it is important
to know how these domains function together as RNA
recognition units.

Structural biology has revealed the molecular basis for
RNA recognition by individual domains [19]. Here, we
focus on how RNA-binding proteins recognize their target
RNAs, summarize the RNA recognition mechanisms by
different types of RBDs and their modular arrangements,
and discuss the importance of dimer formation and pro-
tein—protein interactions in precise RNA recognition. We
also review the recent structures of Cas9/RNA complex,
the essential component of the new genome editing tech-
nology [4, 17, 28].

Non-sequence specific recognition

A series of structures of RBPs that recognize selective
target RNAs in a non-sequence-specific manner have been
reported. Most of these proteins recognize target RNA via
binding of marker groups at the 5’ or 3’ ends of RNA
fragments [24]. For instance, PIWI (P-element induced
wimpy testes) utilizes a highly conserved binding pocket to
recognize the defining 5 phosphate group in the siRNA
guide strand [26]; PAZ (PIWI, Argonaute, and Zwille)
recognizes single-stranded 3’ overhangs of siRNA through
stacking interactions and hydrogen bonding [33]. In this
section, we review two recent complex structures of RNA-
bound RBPs that have revealed the molecular basis of how
this non-sequence-specific recognition occurs.

The first example is the innate immune effector IFITS, a
tetratricopeptide repeat protein that selectively binds viral
RNA in a sequence-independent manner by recognizing
their characteristic free 5’ triphosphate ends [1]. IFIT5
contains 24 a-helices, which are connected by short linkers
and which surround a highly positively charged deep
pocket that is well suited for the accommodation of nucleic
acids (Fig. 1a). The authors determined the crystal
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structure of apo IFITS as well as structures of IFITS in
complex with three different RNA oligonucleotides: IFIT5-
oligo-A, IFIT5-oligo-C and IFIT5-oligo-U. All three
complex structures share the exact same oligonucleotide
binding pocket. The 5’-triphosphate group is buried deeply
within the pocket and makes a multitude of hydrogen bond
and salt-bridge interactions with residues on helix o2 (E33,
T37 and Q41) and the concave inner pocket surface (K150,
Y250 and R253) (Fig. 1b). Because critical interactions are
made with the y-phosphate group, the pocket is unlikely to
bind 5’-monophosphorylated or 5’-hydroxylated RNA with
considerable affinity. Thus, the structure of the IFIT5 TPR
domain has evolved to specifically interact with 5 tri-
phosphate-containing RNAs, and through this binding
mechanism to distinguish between host and non-self viral
nucleic acids.

The second example is the human Argonaute-2 (hAgo2)
protein. The crystal structure of hAgo2 bound to microR-
NA-20a revealed that the microRNA interacts with all four
domains of hAgo2 as well as with the linkers connecting
these domains (Fig. 1c). This structure provides a frame-
work for how Ago proteins recognize microRNAs and
function in inducing RNA-directed silencing [12]. The 5'-
end of miR-20a is tethered to hAgo2 through interaction
between the terminal monophosphate of “U” and a binding
pocket composed of the Mid and PIWI domains. K533,
Y529, K570, K566, and Q545 from the Mid domain as well
as R812 from the PIWI domain interact with the mono-
phosphate of Ul through salt bridges and hydrogen bonds
(Fig. 1d). The following seven nucleotides (5'-AAA-
GUGCU-3') form the seed sequence, which is located in a
narrow RNA binding groove. Recognition of this sequence
is mainly mediated through base-independent interactions
with backbone phosphates and sugars, consistent with the
high sequence variability of seed sequences and with the
ability of Argonaute proteins to accept many small RNA
sequences [37]. The structure of Ago proteins is very
conserved among eukaryotic and prokaryotic homologs,
indicating a conserved mode of RNA binding as the basis
for 5'-nucleotide recognition of the guide strand.

Beside single-stranded RNA recognition, non-sequence
specific recognition also involves binding of specific RBPs
to double-stranded RNAs. MDAS5 (melanoma differentia-
tion-associated gene 5) and RIG-I (retinoic acid-inducible
gene I) are related cytoplasmic viral RNA receptors in the
vertebrate innate immune system. Structures of both pro-
teins bound to double-stranded (ds) RNAs expanded our
understanding of RNA recognition by RBPs and revealed
complex strategies for RNA signaling [16, 38]. The crystal
structure of RIG-I revealed binding of the ds RNA end to a
narrow, highly basic channel, in which residues make
predominantly contacts with the sugar-phosphate backbone
of both strands and recognize the viral ds RNA ends. Most
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microRNA
20nt 5’ end

Fig. 1 RBPs can bind target RNAs in a non-sequence specific
manner, which is dependent on recognition of marker groups at the 5’
and 3’ ends of target RNA molecules. a Overall structural views of
IFITS in absence of RNA presented as cartoon models (PDB
accession code: 4HOQ). b Close-up view of the residues making
contacts with the RNA 5'-triphosphate group (PDB accession code:
4HOR). The three phosphates are labeled as o, B, y; RNA and the
amino acids that interact with the triphosphate group are presented as
stick models. The 5" nucleotide (N1) is shown in stick representation,
with carbon atoms in pink, phosphor atoms in orange, nitrogens in
blue and oxygens in red. ¢ Overall structure of hAgo2 in complex
with miR-20a (PDB accession code: 4F3T). The Mid domain is

of these contacts are formed between phosphoryl oxygens
of the RNA backbone and charged amino acids, as well as
between the ribose 2'-hydroxyl groups of the RNA and
amide groups of conserved Q and N residues at the pro-
tein—RNA interface [16]. The ternary complex structure of
MDAS bound to a 12-bp dsRNA and an ATP analog
indicated that the MDAS RNA-binding channel recognizes
the internal duplex structure, whereas RIG-I recognizes the
terminus of dsRNA, through primarily RNA phosphate

colored in red, the PIWI domain is dark blue, the PAZ domain is
magenta and the N terminal domain is light blue. The 5’ end of miR-
20a is trapped at the interface of the Mid domain and PIWI domain,
and the 3’ end of miR-20a is bound to the PAZ domain. RNA is
represented as stick models. d Close-up view of the interactions of the
first miR-20a base (U1) and the terminal monophosphate with hAgo2.
Interacting residues are shown in stick representation with carbons in
pink, nitrogens in blue and oxygens in red. The RNA is shown as stick
model, with carbons in yellow and phosphors in orange. The Mid
domain is shown in gray and the PIWI domain is dark blue. Hydrogen
bond and salt bridge interactions are indicated by black dashed lines

backbone and 2’ hydroxyl group contacts, consistent with
the sequence-independent recognition of double-stranded
RNAs [38].

Non-sequence-specific recognition is an essential
mechanism of RBPs to target and regulate RNA metabo-
lism by interactions that share limited relationships with
those between RBPs and RNA bases. Formation of a
positively charged binding surface or pocket suitable to
accommodate negatively charged RNAs contributes to
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strong RNA binding. Thus, it is a common theme for non-
sequence-specific recognition by RBPs, which recognize
“marker” groups in the 5’ or 3’ ends of target RNAs with a
specific pocket, and make sequence-independent interac-
tions with backbone phosphates of RNA through the
positively charged surface on the RBPs.

Tandem domains define sequence-specific RNA-binding
domains

Pentatricopeptide repeat proteins

The pentatricopeptide repeat (PPR) proteins form an
extended family of RNA-binding proteins that have con-
served functions in yeast, plants, and humans. A large
number of PPR proteins have been identified and have been
demonstrated to have important roles in RNA processing.
In plants, PPR proteins are primarily involved in mito-
chondrial and chloroplast RNA processing, with more than
400 members in Arabidopsis thaliana alone [7]. Expression
of the small chloroplast genome requires hundreds of
nuclear gene products; among them are PPR proteins,
which play a crucial role in recognizing and regulating
RNA processing through their ability to bind target RNA in
a sequence-specific manner [18]. PPR proteins are char-
acterized by degenerate 35-amino acid motifs that are
arranged in tandem repeats [25, 29]. The PPR proteins
consist of two classes, denoted P and PLS. P-class proteins
consist of one or more tandem arrays of the canonical 35
amino acid PPR motifs, whereas PLS-class proteins con-
tain mixtures of canonical P-type motifs and variant
‘longer’ (L-) and ‘shorter’ (S-) type motifs, and mainly
function in RNA splicing and editing [32]. The crystal
structures of the PPR domain of human mitochondrial
RNA polymerase and that of PRORP1 from A. thaliana
revealed that each PPR motif adopts two antiparallel o-
helices connected by a turn, resembling the structure of the
34-amino acid TPR motif [14, 31, 32].

P-type PPR proteins in general contain more than 10 PPR
motifs, which have the unusual ability to bind long RNA
segments with high affinity, thereby preventing the bound
RNA from interacting with other proteins or RNA. It has
been proposed that PPR proteins bind specific RNA nucle-
otides via the combinatorial action of two amino acids in
each repeat [6]. The combinatorial amino acid code for
nucleotide recognition by P-type PPR motifs was proposed
to be: T5D35 = G, T/SSN35 = A, N5D35 = U, N5N/
S35 = C, where residues 5 and 35 are from the 5th and 35th
residues of the same PPR motif. The interactions between
PPR motifs and corresponding RNAs can affect gene
expression in various ways depending on their position with
respect to cis elements and open reading frames (ORFs).
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Recent crystal structures of PPR10 in RNA-free and
RNA-bound states elucidated the basis of specific RNA
recognition by a P-class PPR protein [39]. PPR10 forms a
right-handed super-helical assembly with 19 PPR motifs
(Fig. 2a). The PPR10/18-nt PSAJ RNA (5-GUA-
UUCUUUAAUUAUUUC-3) complex structure revealed
an asymmetric dimer that was generated in the presence of
target RNA, with the RNA fragments buried in the cavities
formed by two PPR10 monomers (Fig. 2b, c).

The structure is generally consistent with the combina-
torial code prediction. The PSAJ RNA segment is
specifically recognized in a modular fashion, in which each
nucleotide responds to one PPR motif (Fig. 2d). Recogni-
tion of Ul5 and Ul16 of the 3’ end of the PSAJ RNA by
PPR10 appears coordinated by repeats 16 and 17 following
the proposed recognition pattern: the 5th residues of
repeats 16 (N635) and 17 (N671) contact the U15 and U16
bases through hydrogen bonds, and the combination of the
5th and 35th residues of the PPR repeats define the spec-
ificity of RNA recognition (Fig. 2e). A number of direct
and water-mediated hydrogen bonds are found between the
backbone phosphate/ribose groups of U15-U16-U17-C18
and the polar residues on repeats 15-19 of PPR10, indi-
cating that, in addition to the specificity-determining
interactions between PPR motifs and RNA bases, non-
sequence-specific interactions enhance the affinity between
PPR motifs and RNA. In the structure of PSAJ-bound
PPR10, only 6 out of 18 nucleotides in the PSAJ RNA
element strictly follow the modular pattern. Therefore,
more structural characterizations are required to further
rationalize the “binding codes” for specific RNA recog-
nition by P-class PPRs [39].

The PPR tracts of PLS-class proteins appear to function
similarly to those of P-class proteins, in that they form a
binding surface that recognizes the sequence in a single-
stranded RNA molecule [7]. Only one structure of an
RNA-bound PLS-class PPR protein has been determined to
date. The mechanisms of RNA recognition by small PLS-
class PPR proteins are presented by recent structural and
biochemical studies of Thylakoid assembly 8 (THAS) pro-
teins [5, 20].

THAS is a maize gene that encodes a small protein
localized to chloroplasts. It is required for the splicing of
the ycf3-2 and trnA group II introns, whose sequences
contain multiple THAS8-binding sites [21]. The apo-struc-
tures of the THA8 homolog from Arabidopsis thaliana and
Brachypodium distachyon, denoted as THASL and THAS,
respectively, indicated five tandem PPR repeats arranged in
a pattern similar to that of P-class PPR and TPR proteins.
THAS8 and THAS8L share a similar structure and RNA
binding specificity even though they only have 26 %
sequence identity, suggesting a conserved function of the
THAS8 homologs (Fig. 3a) [20].
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Fig. 2 P-Class PPR proteins bind specific RNA nucleotides via the
combinatorial action of two amino acids in each PPR repeat. a Overall
structure of apo-PPR10 shown in cartoon representation (PDB
accession code: 4M57). b Structure of the PPR10-PSAJ RNA
complex (PDB accession code: 4M59). Two PPR10 monomers are
shown in cyan and pink, respectively. Single-stranded RNAs are
shown as stick models and colored in magenta. ¢ Surface represen-
tation of the binding pocket for ssRNA binding, with the region
contributing to RNA binding shown in magenta. d The eight
nucleotides at the 5’ end of the PSAJ RNA segment are specifically

The complexes of THA8 bound to two short RNA
fragments revealed that RNA-binding induces formation of
an asymmetric THAS dimer, as further confirmed by bio-
chemical analysis. The RNA is bound at the dimer
interface assembled by the C-terminal part of one monomer
and the N-terminal part of the other monomer (Fig. 3b).
The dimer association creates a concave surface at the
interface with strong positive charge potential, which is
complementary to the negatively charged RNA molecule
(Fig. 3c). A conserved G-nucleotide of the bound RNAs
interacts with both monomers and is stacked between two
tyrosine residues (Y169 and Y205) from position 3 of PPR

recognized by PPR10 in a modular fashion. RNA is shown as stick
and cartoon representation with carbons in yellow, nitrogens in blue,
and oxygens in red. The RNA backbone is shown in orange and PPR
repeats in cyan. e Recognition of the bases U15 and U16 by PPR10
follows the “binding code”. The 5th residues of repeats 16 (N635)
and 17 (N671) contact U15 and U16 through hydrogen bonds that are
indicated by black dashed lines. RNA is shown in stick representation
and colored the same as in (d). Residues that define the specificity of
RNA recognition are presented as stick, with carbons in white,
nitrogens in blue and oxygens in red

motifs 4 and 5 (Fig. 3d). The G base is nearly buried within
a pocket formed by the THAS8 dimer. The residues that
contact the G-base (T172 and D203) are the 5th and last
residues from motif 4, thus the mode of G-base contact is
consistent with the proposed model of the combinatorial
amino acid code. The 2’ hydroxyl group of the G-nucleo-
tide ribose makes a direct hydrogen bond with R176 and
the 2’ hydroxyl of the preceding A-nucleotide is contacted
by a water-mediated hydrogen bond with R58 from the
neighboring THAS8. These contacts ensure the strong
preference of THAS for single-stranded RNA over double-
stranded RNA or DNA.
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Fig. 3 The THAS8 homolog recognizes target RNAs through forma-
tion of a dimer or oligomer. a Superposition of apo-THAS8 (magenta,
PDB accession code: 4ME2) and THASL (green, PDB code: 4LEU)
structures in cartoon representation. b The structure of THAS in
complex with a 13-nucleotide Zm-4 RNA shown in cartoon
representation, with the two monomers colored in green and magenta
(PDB accession codes: 4N2Q). The bound Zm-4 RNA fragment
(AGAAA) is shown as stick model at the dimer interface. ¢ Surface
charge distribution of the two different sides of the THAS8 dimer. The
bound RNA fragment is shown as stick model. d Close-up view of the
THAS-dimer interactions with the G nucleotide of the AGAAA motif.
The carbon atoms are colored in green and magenta for two
monomers that interact with Zm4 RNA. Residues that interact with

Based on the structures and biochemical analyses, the
authors proposed a new model of RNA recognition by
RNA-induced formation of an asymmetric dimer of a PPR
protein. Dimerization or oligomerization of short PPR
proteins could facilitate the recruitment of other splicing
factors to discontinuous regions of pre-mRNA for efficient
spliceosome assembly (Fig. 3e). For small PPR proteins,
the capacity for RNA binding is inherently small. Each
THAS8 monomer has a roughly flat, rectangular shape that
is not optimal for binding RNA. Dimerization creates a
concave surface with strong positive charge potential that
is complementary to short RNA fragments with negative
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RNA are shown in stick representation, using the same color as the
PPR repeat to which they belong. The G nucleotide is shown in stick
representation, with carbons in white, nitrogens in blue, and oxygens
in red. Hydrogen-bond interactions are indicated by black dashed
lines. e A model for the regulation of RNA recognition by short PPR
proteins. The single-stranded pre-mRNA induces the oligomerization
of PPR proteins, thus bringing several discontinuous regions of RNA
into proximity to be recognized by other splicing factors to facilitate
the alternative splicing of introns. PPR proteins are presented as blue
and orange ovals; SF splicing factors that are recruited by mRNA are
colored individually, G G nucleotides that are responsible for RNA
recognition

charges. The dimer formation also increases the binding
affinity of THAS8 for RNA by engaging more residues from
both molecules for contacting the G nucleotide [20].

Pumilio homolog proteins

Pumilio-FBF (Puf) domain proteins have been reported in
organisms ranging from unicellular yeast to higher multi-
cellular eukaryotes, including humans and plants. They are
involved in a variety of post-transcriptional RNA pro-
cessing reactions, including RNA decay, RNA transport,
rRNA processing and translational repression [2, 11].



Structural mechanisms of RNA recognition

1051

Pumilio and FBF (fem-3 binding factor) together comprise
the founding members of the PUF family of RNA-binding
proteins. Most Pumilio proteins bind RNAs in a sequence-
specific fashion. They have distinct functions defined by
phenotypic differences, mRNA target specificity, or
expression patterns [19]. In this section, we review a
crystal structure of a PUF protein and highlight the mod-
ular function that defines differences in RNA recognition in
this family.

The crystal structure of Pumilio revealed an architecture
consisting of eight repeat motifs that each comprises three
alpha helices. The repeats pack against one another to form
an extended curved structure that resembles a banana [36].
The structure of human Puml bound to AnNRE RNA
demonstrates that the concave surface forms the RNA-
binding interface with each repeat recognizing a single
nucleotide. This pattern of one nucleotide-one binding
repeat is the same as that for RNA recognition by PPR
motif modules. The N-terminal repeat (R1) binds to the 3'-
nucleotide (N8) of the target sequence, while the C-ter-
minal repeat (R8) binds to the 5" -nucleotide (N1) (Fig. 4a).
Residues at positions 12 and 16 in each repeat directly
interact with the RNA base through formation of hydrogen
bonds (Fig. 4b), whereas the residue at position 13 is
involved in a stacking interaction between two adjacent
bases [35]. The structure suggests a “recognition code”,
where residues at positions 12 and 16 in each repeat con-
tribute to the specific recognition of a base, with N|,Q¢
recognizing uracil, C,,Q¢ adenine, and S|,E ¢ guanine.
A8 stacks between R936 and H972 and U3 stacks between
Y1123 and H1159 from repeat 8, indicating that RNA base
recognition by PUF proteins is mainly mediated by
hydrogen bonds and stacking interactions (Fig. 4c, d).

This structure suggests that RNA recognition by PUF
protein is highly modular, indicating the potential for
designing proteins with predictably altered RNA binding
specificity. While the residue combination S;;R;¢ was
engineered to recognize cytosine, engineered PUF domains
were successfully fused to a post-transcriptional regulator
that sequence-specifically repressed a reporter as well as an
endogenous gene in human cell lines, demonstrating the
potential of the PUF domain assembly method for RBP
engineering [3].

Tristetraprolin-type tandem zinc finger domains

Tristetraprolin (TTP), the best known member of a family
of tandem (R/K)YKTELCX3CXsCX3H zinc finger pro-
teins, can destabilize target mRNAs by binding to AU-rich
elements (AREs) in their 3’-untranslated regions (UTRs)
and subsequently promote deadenylation, ultimately lead-
ing to the destruction of those mRNAs. Structural studies

demonstrate that recognition of the ARE by TTP is based
entirely on its sequence.

The NMR structure of the complex of the TTP-like
Zinc-Finger (TZF) protein TIS11d bound to 5'-
UUAUUUAUU-3' RNA presented evidence that TZF
domains can interact with specific RNA sequences [15].
The structure identified two CCCH zinc finger domains
connected by a linker sequence, in which each finger bound
to separate 5’-UAUU-3’ subsites (Fig. 5a). The two finger
domains are structurally highly conserved (Fig. 5b). The
protein structure is further stabilized by hydrogen bonds
from main chain amino acids to zinc-bound cysteine sulfur
atoms and by backbone hydrogen bonds. In addition, the
conserved aromatic side chains of F162 (finger 1) and F200
(finger 2) are stacked against the side chains of H178
(finger 1) and H216 (finger 2). The interface between the
protein and the 5 -UAUUUAUU-3" ARE is dominated by
hydrophobic packing and hydrogen-bonding interactions.
Q175 and E157 interact with the U6 base and K160 con-
tacts the A7 base through hydrogen bonds to define the
specificity of RNA sequences (Fig. 5c). Thus, specific
RNA recognition by TZF is predominantly conferred by a
network of intermolecular hydrogen bonds between the
tandem repeat modules and RNA bases.

RNA-recognition motif domains

The RNA-recognition motif (RRM) is by far the most
common and best-characterized RNA-binding module. The
RRM is composed of 80-90 amino acids that form a four-
stranded anti-parallel B-sheet and two helices that are
arranged into a BoPap fold [24]. While RRMs recognize
stretches of a few nucleotides, typically several RRMs
within an RNA-binding protein are required to provide
sufficient sequence specificity. Three subclasses of RRMs
were identified in eukaryotes. The structures of these three
subclasses of RRMs bound to their target RNAs revealed
the different mechanisms that they use to recognize and
regulate the alternative splicing of target RNAs.

RRM proteins bind RNA through their B-sheet surface.
The mechanism of RNA recognition by canonical RRMs
was first identified in the crystal structure of RRMs of
hnRNP (heterogeneous nuclear ribonucleoprotein) Al
(UP1) in complex with single-stranded telomeric DNA,
rather than RNA [9]. Binding is mediated in most cases by
three conserved residues: an R or K residue that forms a
salt bridge with the phosphodiester backbone, and two
aromatic residues that form stacking interactions with the
bases. These three amino acids reside in the two highly
conserved motifs, RNP (ribonucleoprotein) motif-1
(RNP1) and RNP2, in the central B-strand region, and they
determine the binding to a 5'-AGG-3’ fragment (Fig. 6a).
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Fig. 4 Residues at positions 12 and 16 in each PUF repeat contribute
to the recognition of specific RNA bases. a Side view of the overall
structure of the human Pumiliol PUF domain bound to NRE2-10
RNA (PDB accession code: 1M8Y). Puml is presented as cartoon
model and RNA nucleotides are shown in stick representation, with
carbons in white, nitrogens in blue, and oxygens in red. b, Enlarged
view of recognition of RNA bases of NRE2-10 RNA by the PUF
repeats. Residues at positions 12 and 16 from each PUF repeat form
hydrogen bonds with one RNA base (shown as black dashed lines)
and residue at position 13 stack with RNA bases. PUF repeats are

The subclass of quasi-RRMs (qQRRM) uses a totally
different recognition interface, which involves the loop
regions of the B-sheet surface. The three QRRM structures
of hnRNP F in complex with 5-AGGGAU-3' RNA
revealed how G-tract RNA is recognized by gqRRM mod-
ules [10]. The qRRM domain of hnRNP F contains the
classical compact Bio;B.B300B4 RRM fold with three
highly conserved loops that are responsible for G-tract
RNA binding. The three guanines of the tract adopt a
compact conformation resembling an arch, surrounded by
three conserved residues that stack each guanine base. The
structure explains how each qRRM of hnRNP F specifi-
cally recognizes three consecutive guanines by efficient
binding of a surface formed by specific loops.

Finally, the subclass of pseudo-RRMs is characterized
by a distinctive, invariant motif, SWQDLKD, in o-helix 1.
Recently, the NMR structure of the pseudo-RRM of the
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colored in green, with residues that define the specific RNA
recognition shown as stick models. ¢ Close-up view of the 12th and
16th residues of PUF repeat 3 contacting the base of the A8
nucleotide through hydrogen bonds. Hydrogen bonds with Q939 and
C935 are indicated with black dashed lines. A8 stacks between R936
and H972. d Y1123 and H1159 from repeat 8 form stacking
interactions with the uracil base (U3). N1122 (white) and Q1126
(blue) form hydrogen bonds with the uracil base. Hydrogen bonds are
indicated by black dashed lines

best studied SR (serine/arginine) protein, SRSF1 (SF2/
ASF), bound to RNA was reported. The structure revealed
that the domain specifically binds a GGA motif, primarily
using the conserved residues located in o-helix 1 (Fig. 6c).
This demonstrated the striking use of three alternative
RNA-binding surfaces of RRMs, formed by either an o-
helix (pseudo-RRMs), B sheet (canonical RRMs), or loops
(quasi-RRMs), illustrating the RNA-binding variability of
a very simple protein module [8, 27].

Protein—protein interactions can define RNA specificity

Dimerization plays a role in RNA recognition

In addition to expanding the ways in which RNA can be
recognized, multiple modules also allow RNA-binding
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Fig. 5 The structural basis for
RNA binding by the TZF RBD.
a Structure of the TIS11d/RNA
complex (PDB accession code:
1RGO). Each Zn>* finger domain U9
(blue) is bound to one “UAUU”

subsite. The RNA is shown in

stick representation with carbons

shown in yellow, nitrogens in

blue, oxygens in red, and

phosphorous in orange. The Zn>* N
ions are presented as pink spheres.

b Superposition of two finger

domains of TIS11d, colored in

green and magenta. ¢ Close-up

view of the interactions between

finger 1 and the U6 and A7

nucleotide bases. Residues U4
contacting nucleotides are shown
as stick model with carbons in A3
blue; RNA is presented as stick
model using the same color code
as in (a). Hydrogen bonds are
indicated as black dashed lines

proteins to interact simultaneously with RNA and with
other proteins. The simplest example of this is dimeriza-
tion. Dimerization presents two recognition sites for RNA
binding and can therefore provide a cooperative interac-
tion that strengthens the affinity of the protein for the
RNA [24].

For instance, PPR10 and the THA8 homolog enhance
their affinities for RNA through formation of a dimer.
Dimerization of THAS8 generates a binding pocket at the
interface of two THA8 monomers that is highly positively
charged for accommodation of negatively charged RNA.
PPR10 and THAS exist as monomers in RNA-free state,
but both of them assemble into dimers in the presence of
target RNAs, indicating that RNA binding to both
monomers induces the dimerization or oligmerization of
PPR proteins (Figs. 2b, 3b). Among dsRNA binding
proteins, dimerization or oligomerization of RIG-I is
triggered by RNA and is dependent on RNA length,
which is essential for stimulation of RNA signal trans-
duction [16].

These two examples illustrate the role of dimerization in
RNA recognition, but there are other examples of RBPs
that function by dimerizing or by forming protein—protein
interactions. The X-ray structure of the human core U2AF
(U2 auxiliary factor) heterodimer, consisting of the
U2AF35 central domain and a proline-rich region of
U2AF65 [22], revealed an atypical RNA recognition motif
(RRM), in which U2AF35 and the U2AF65 polyproline
segment interact via tryptophan residues. Biochemical
experiments demonstrated that the core U2AF heterodimer

Finger 2

Finger 1

Finger 2

binds RNA, and that the interacting tryptophan side chains
are essential for U2AF dimerization.

Atypical RRMs in splicing factors such as U2AF may
serve both as protein—protein interaction motifs as well as
in protein—RNA recognition.

Dimerization is also a conserved mechanism exploited
by viral proteins to increase their RNA-binding surface
and to facilitate RNA recognition by establishing the
relative positions of RNA-interacting amino acids. For
example, NS5A is a single-stranded RNA-binding pro-
tein, which participates in maintenance of the Hepatitis
C virus life cycle, and which is associated with RNA
replication [23]. The structure of NS5A bound to virus
RNA indicated that a zinc finger domain from one NS5A
molecule could interact with the zinc finger motif of an
adjacent NS5A molecule, with the virus RNA located in
a pocket formed by the interaction of the two zinc finger
domains. This dimerization of NS5A is essential for
RNA binding and for efficient and precise virus RNA
replication.

Heteromeric protein—protein interactions define RNA
specificity

RBDs from different proteins can cooperate to recognize
RNA through a combination of protein—protein interac-
tions. The recent dissection of a complex from the
spliceosome demonstrates this principle and illustrates how
even small alterations in RBDs can indirectly modulate the
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Fig. 6 Three subclasses of RRMs use different mechanisms for RNA
binding. a Structure of hnRNP Al RRMI bound to single-stranded
telomeric DNA (PDB accession code: 2upl). b Structure of hnRNP F
gRRM2 bound to 5-AGGGAU-3' RNA (PDB accession code:
2KGO0). ¢ Structure of the SRSF1 pseudo-RRM bound to 5'-
AGGAC-3' RNA (PDB accession code: 2M8D). DNA and RNAs
are shown in stick representations with carbons in yellow, nitrogens in
blue, oxygens in red, and phosphorous in orange. RRM motifs are
shown as cartoon models in cyan. d Close-up view of interactions of
the SRSF1 pseudo-RRM bound to the GG dinucleotide of the 5'-

RNA-recognition properties of RBDs by altering protein—
protein interactions.

During the initial steps in spliceosome assembly, SF1
(splicing factor 1) and U2AF proteins cooperatively bind to
sequences at the 3'-splice site and upstream of it. The
structure of a complex of the N-terminal region of SF1 with
the C-terminal U2AF homology motif domain of U2AF65
revealed that the helix hairpin domain of SF1 is essential
for cooperative formation of the ternary SFI-U2AF65—
RNA complex [40]. The importance of the cooperative
interaction was demonstrated by mutational disruption of

@ Springer

UGAAGGAC-3' RNA. e Close-up view of the structure of the SRSF1
pseudo-RRM bound to the Trp-Gly-His tripeptide of SRPK1 (PDB
accession code: 3BEG). The side-chains of W88 and H90 occupy the
same sites as G6 and G5, respectively. Both the G6 base and the side-
chains of W88 and H90 could interact with SRSF1 via hydrogen bond
formation. The RRMs are shown in gray with residues interacting
with the RNA or peptide presented as stick models in dark blue. The
Trp-Gly-His tripeptide is presented as stick model in green, with
hydrogen bonds are indicated as black dashed lines

the SF1 and U2AF65 interaction, which dramatically
decreased the affinity for RNA.

Not all proteins that interact with RBPs enhance their
RNA binding affinity; some of them could decease or
abolish the interaction between RBPs and RNA by com-
petitively  binding the RNA interaction surface.
Comparison of the structures of the SRSF1 pseudo-RRM
bound to RNA with that of SRSF1 bound to the protein
kinase SRPK1 illustrates that the mode of binding of the -
helix 1 is very similar for both the RNA and the protein
(Fig. 6d, e). Two nucleotides share the same SRSF1
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binding interface with two amino acids from SRPK1. This
double involvement of o-helix 1 also implies that SRSF1
phosphorylation by SRPK1 and RNA binding must be
mutually exclusive events. SRPK1 binding could prevent
RNA recognition by occupying the shared binding surface.
Pseudo-RRMs function in splicing regulation by competing
with other splicing factors for binding to the same surface,
rather than by recruiting splicing factors to the corre-
sponding exon region [8].

Recognition of sgRNA and target DNA by Cas9

A unique mode of RNA recognition has been identified for
Cas9 proteins. The Type II CRISPR (clustered regularly
interspaced short palindromic repeats)-—Cas (CRISPR-
associated) system has been exploited in numerous gene-
targeting applications, in which its sequence specificity is
programmed by either dual crRNA—tracrRNA guides or
chimaeric single-molecule guide RNAs (sgRNAs) [34, 41].
The crystal structures of Streptococcus pyogenes Cas9 and
Actinomyces naeslundii Cas9, as well as the recently
reported crystal structure of S. pyogenes Cas9 in complex
with sgRNA and its target DNA, revealed the basis of
target nucleic acid recognition mechanism by Cas9 endo-
nuclease [4, 17, 28].

The crystal structure revealed that Cas9 consists of two
lobes: a recognition (REC) lobe and a nuclease (NUC)
lobe. The NUC lobe consists of the RuvC (residues 1-59,
718-769, and 909-1,098), HNH (residues 775-908), and
PAM-interacting (PI) (residues 1,099-1,368) domains. The
negatively charged sgRNA:target DNA heteroduplex is
accommodated in a positively charged groove at the
interface between the REC and NUC lobes (Fig. 7a). The
crystal structure revealed that the sgRNA binds the target
DNA to form a T-shaped architecture comprising a
guide:target heteroduplex, a repeat:anti-repeat duplex, and
stem loops 1-3 (Fig. 7b). The guide RNA and target DNA
form the guide:target heteroduplex via 20 Watson—Crick
base pairs, but within the repeat:anti-repeat duplex region,
G27, A28, A41, A42, G43, and U44 are unpaired, with A28
and U44 flipped out from the duplex. These unpaired
nucleotides influence the accurate architecture of the het-
eroduplex via stacking with nucleotide base pairs or
formation of hydrogen bonds with other nucleotides nearby
(Fig. 7b, f). Different domains of Cas9 bind sgRNA/target
DNA duplex and stem loops via both non-sequence-spe-
cific recognition and sequence-specific recognition
mechanisms [28].

The conserved arginine cluster of the bridge helix is
responsible for sgRNA:DNA recognition. R66, R70, and
R74 form multiple salt bridges with the sgRNA backbone,
whereas R78 and R165 form a single salt bridge with the

sgRNA backbone. Cas9 recognizes the sgRNA guide
region in a sequence-independent manner, except for the
U16-R447 and G18-R71 interactions. The hydrogen bonds
or salt bridges that mediate the interactions between the
residues and U/G may thus define the sequence recognition
specificity and preference (Fig. 7c). The REC1 and RuvC
domains recognize the 20-bp guide:target heteroduplex in a
sequence-independent manner.

In contrast to the sequence-independent recognition of
the sgRNA guide region, sequence-dependent interactions
exist between Cas9 and the repeat:anti-repeat duplex. The
bases of U23/A49 and A42/G43 form hydrogen bonds with
the side chain of R1122 and the main-chain carbonyl group
of F351, respectively (Fig. 7d, e). The base of the flipped
U44 is trapped between Y325 and H328 by stacking
interactions, and D364 interacts with the unpaired G43
base by forming hydrogen bond and stacking interactions
with Y359, which contribute to G43 nucleotide-specific
recognition (Fig. 7e). The base-specific recognition of G43
and U44 by Cas9 plays a very important role in efficiency
endonuclease activity.

Beside the guide:target heteroduplex and the repeat:anti-
repeat duplex, sgRNA stem loops 1-3 are primarily rec-
ognized by the REC lobe and the NUC lobe. The
interactions between the RNA backbone and Cas9 make
the main contribution to Cas9-sgRNA binding, whereas the
hydrogen bonds formed by particular residues of Cas9
define the RNA recognition specificity. Intra-nucleic acid
interactions affect the architecture of the sgRNA and
influence its orientation and recognition by the different
domains of Cas9 (Fig. 7e, f).

The electron microscopic (EM) reconstructions of S.
pyogenes Cas9:RNA and Cas9:RNA:DNA complexes
showed that guide RNA binding results in a conformational
rearrangement and formation of a channel to facilitate
target DNA binding [17]. The crystal structures of the
Cas9—sgRNA-target DNA ternary complex provide a
critical step toward understanding the molecular mecha-
nism of RNA-guided DNA targeting by Cas9 [4, 28], and
these studies establish a framework for the rational engi-
neering of Cas9 enzymes.

Conclusions

RBPs can selectively recognize target RNAs either non-
sequence specificity or sequence specificity. Non-
sequence-specific recognition occurs mainly by the for-
mation of hydrogen bond and salt-bridge interactions with
marker groups at the 5" or 3’ end of target RNAs. These
interactions involve predominantly the backbone phosphate
groups of nucleotides and amino acid residues that are
distributed on the binding surface of the RBPs, and they are
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sgRNA
Target DNA strand
Non-target DNA strand

et repeat:anti-repeat duplex

Fig. 7 Structural mechanism of sgRNA:target DNA recognition by
CRISPR-associated endonuclease Cas9. a Overall structure of the
Cas9-sgRNA-DNA ternary complex (PDB accession code: 4UN3).
b Structure of the sgRNA: target DNA complex. The sgRNA, target
DNA strand, and non-target DNA strand are colored red, blue, and
black, respectively. ¢ Close-up view of the interaction between the
sgRNA guide region and the conserved arginine cluster of the bridge
helix; U16-R447 and G18-R71 interactions define the specificity of
RNA recognition by Cas9. d, e Sequence-dependent interactions
between Cas9 and the repeat:anti-repeat duplex. The RNA bases of

characterized by limited association between RBPs and
RNA bases. Sequence-specific RNA recognition typically
occurs by RNA-binding proteins that are composed of
several conserved RNA-binding modules and by the shape

@ Springer

U23/A49 and A42/G43 form hydrogen bonds with the side chain of
R1122 and the main-chain carbonyl group of F351, respectively; the
base of the flipped U44 is trapped between Y325 and H328 mediated
by stacking interactions, and D364 interact with the nucleobase of the
unpaired G43 by forming hydrogen bonds. f, g Close-up view of
interactions between Cas9 and stem loops 1 and 2 of the sgRNA,
respectively. The BH domain is colored in green, the RuvC domain in
magenta, and the C-terminal domain in yellow. RNAs and the
residues that are responsible for recognition are shown in stick
representation; hydrogen bonds are indicated as black dashed lines

complementation as seen in the case of Cas9-RNA recog-
nition. By combining these motifs in various structural
arrangements, proteins are generated that can recognize
RNA selectively, which is required to regulate RNA
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processing. Structural biology has provided the molecular
details about how individual domains recognize RNA and
how these modules coordinate with each other for
sequence-specific  RNA binding. We have described
structural principles of how multiple domains recognize
RNAs and the significance of dimerization and protein—
protein interaction in RNA recognition by RBPs. These
structural principles have provided rational frameworks for
designing sequence-specific RNA binding proteins, for
example, the PUF-based artificial RNA-binding proteins
[3]. Full understanding of these regulatory mechanisms
will require more detailed structural studies, which we
expect will expand the knowledge of RNA recognition and
its dependence on the combination of multiple RBP
domains and interactions with other proteins. Structural
basis of protein—RNA recognition will help us to under-
stand fundamental mechanisms of RNA biology and
expand our ability to design RNA-binding proteins, which
could be exploited as new tools to modulate gene
expression.
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