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Part 1
RNA Binding Proteins



Chapter 1 ®)
How Proteins Recognize RNA oo

Rajan Lamichhane

1.1 Introduction

According to the central dogma of molecular biology, genetic information is trans-
formed from DNA to RNA during a process called transcription [1]. In eukaryotes,
after transcription, the pre-mRNA undergoes several processing events including
5" end capping, splicing, editing, and 3’ end polyadenylation before entering the
ribosome for protein synthesis (Fig. 1.1). RNA has various structural, catalytic, and
regulatory roles in the cell [2]. Perhaps in the cell, most functional RNAs interact with
proteins to carry out functions, such as processing, nuclear export, transport, trans-
lation, modification, RNA stabilization, and localization [2—7]. For example, during
posttranscriptional regulation of gene expression, RNA interacts directly with pro-
teins to form ribonucleoprotein particles (RNPs) [8—10]. These RNPs are important
for recognition of specific sequence elements present in RNA to control the func-
tion of the RNA molecule [9, 11]. Since there are many RNAs and a vast number of
RNA-binding proteins, the biogenesis of RNPs must be performed with high fidelity.
Incorrect formation of RNP complexes or aberrant expression of RNA-binding pro-
teins can cause genetic disorders that may lead to diseases, such as neuromuscular
and neurodegenerative disorders and cancers [12—18]. Therefore, understanding the
molecular mechanism of protein—RNA interactions and their applications to function
is an important aspect of structural and biological research [17, 19].

RNA molecules can adopt different secondary and tertiary structures from stan-
dard Watson—Crick base pairs to non-canonical base pairs, creating a platform that
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Central Dogma of Molecular Biology

RNA Polymerase

Exon Intron Exon Intron

Ribosome - NN
mRNA

Spliceosome

Fig. 1.1 Central dogma of molecular biology representing the general cellular processes in eukary-
otic cells. DNA replicates its information and creates new copies of DNA during the process of
replication. In eukaryotes, RNA polymerase transcribes DNA information into pre-mRNA, which
undergoes RNA processing with the help of spliceosomes. Finally, ribosome translates RNA infor-
mation into a protein. Structures are reprinted from the following: RNA polymerase II initiation
complex is adapted from Plaschka et al. [20], with permission from Springer Nature; structure
of a pre-catalytic spliceosome is adapted from Plaschka et al. [21], with permission from Springer
Nature; structure of the human 80S ribosome is generated using PyMOL (PDB:4UGO0) from Khatter
et al. [22]

allows for interaction with a wide variety of ligands. These structures include single-
stranded RNA (ssRNA), double-stranded RNA (dsRNA), hairpin loops, bulge loops,
internal loops, junction loops, kink turn, and pseudoknots and are recognized by var-
ious proteins to form protein—RNA complexes (Fig. 1.2) [23]. These protein—-RNA
complexes have a wide variety of structural and functional roles in the cell [5, 7].
Despite their functional importance in biology, the actual mechanisms of pro-
tein—RNA interactions are poorly understood. Over the last decades, much work
has been done to understand the structural and functional relationships of different
types of protein—RNA interactions [4, 5, 19, 24, 25, 26]. Several biophysical meth-
ods have been used to characterize protein—RNA interactions. For example, X-ray
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(a)

LT

Duplex Bulge Loop

Internal Loop

¥

Hairpin Loop

(b)

(PDB: 1KIS)
Kissing Interaction

=

Kink Turn
(PDB: 4BW0)

]

I, )

]

3 Way Junction

Pseudoknot
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Fig. 1.2 Common RNA secondary structures and tertiary interactions. a Two-dimensional repre-
sentation of common RNA secondary structural motifs (duplex RNA, bulge loop, internal loop, and
hairpin loop). b Common RNA tertiary structural motifs and interactions with examples. Three-
dimensional examples are generated using PyMOL and PDB files as mentioned: [kissing interaction
(PDB: 1KIS); three-way junction (PDB: 1MFQ); kink turn (PDB: 4BWO0); and pseudoknot (PDB:

1CX0)]
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crystallography can be useful to obtain information concerning the detailed molec-
ular interactions of a structured system, while cryo-electron microscopy (cryo-EM)
can provide the overall shape of a protein—RNA complex. However, both of these
methods have certain restrictions for a system with conformational flexibility and
structural heterogeneity [19, 27, 28]. Recent advances have made nuclear magnetic
resonance (NMR) one of the best techniques to study protein—RNA interactions in
solution by using specific isotope labeling strategies. Coupling of NMR with compli-
mentary small-angle X-ray scattering (SAXS) and electron paramagnetic resonance
(EPR) is very helpful to solve larger protein—-RNA complexes [27,29, 30, 31]. Several
solution-based protein—RNA structures have been reported in the Protein Database
(PDB) [27]. Furthermore, computational modeling has also added insight into the
structural analysis of protein—RNA complexes on the basis of different experimental
interpretations [27, 32, 33]. The recent advancements of single-molecule spectro-
scopic techniques have added an effort to understand both the structural and the
dynamic behaviors of protein—RNA interactions [34-37].

In this review, a comparison of structural and functional aspects of important
known RNA-binding proteins will be discussed. Some important examples of com-
mon RNA-binding domains are summarized in Table 1.1 with their PDB entry num-
bers as an example.

Table 1.1 General properties and examples of common RNA-binding domains. The table is mod-
ified from [4], with permission from Springer Nature

Domain Topology RNA recognition Protein interaction Examples (PDB
motif ID)
RRM Bappap B sheet makes a Interacts with PTB (2ADC) [38]
flat, ssRNA through Fox-1 (2ERR)
solvent-exposed stacking, [39]
RNA-binding electrostatic
surface interactions, and
hydrogen bonding
KH BoopPo A cleft formed by | Recognizes at least Nova-1 (1EC6)
appaap GXXG loop and four nucleotides of [40]
variable loop ssRNA through NusA (2ATW)
hydrophobic [41]
interactions,

backbone contacts
from the loop, and
hydrogen bonding
with bases

TRAP B-sandwich Edges of B-strand | Bind GAG triplet TRAP (1C9S) [42]
through protein—base
interactions,
stacking, or
hydrogen bonding

(continued)
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Table 1.1 (continued)

Domain Topology RNA recognition Protein interaction Examples (PDB
motif ID)
Sm/LSm appppp Loops formed by Recognizes poly U Sm core protein
proteins B2-p3 and p4-B5 of ssRNA through (1IM8 V) [43], Hfq
stacking and (1KQ2) [44]
hydrogen bonding
Pumilio a Helix a2 provides | Stacking interactions | Pumilio 1 (IM8Y)
homology the RNA and two amino acids | [45], Nop9
interacting pocket | in a2 make hydrogen | (SWTY) [46]
bonds with
Watson—Crick edge
of a base
Zinc af Amino acid Sequence-specific TIS11D (1RGO)
finger residues in o (UAUU-TIS11d [47, | [48]
helices 48]), hydrogen MBNL (5U6H
bonding to the and 5U6L) [49]
protein backbone,
and shape determine
the specificity
PAZ af (B-barrel) Hydrophobic Single-stranded PAZ (1SI3) [50]
pocket formed by | RNA (ssRNA), and Argonaute 2
B-barrel and the 5'-phosphate and | (4OLA)[51]
inserted off motif 3/-OH contribute to
specificity
dsRBM afppa al helix and 1-B2 | Shape-specific ADAR?2 (2L3C)
loop recognition of RNA | [52]
minor groove of Staufen (1EKZ)
A-form helix [53]
(stem-loop), and
sequence-specific
(G-X,-A/G) contact
with the 2’-OH of
sugar and phosphate
backbone
SAM QLo Hydrophobic core | Shape-specific Vtslp (2ESE) [54]
packed with recognition of RNA

electropositive
regions

stem-loop, and
interaction with
phosphate backbone
and a single
nucleotide G at
position 3 of the
pentaloop
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1.2 RNA-Binding Proteins Are Modular

Most RNA-binding proteins have a modular structure formed by RNA-binding
domains. These RNA-binding domains are encoded by sequences of 70—150 amino
acids that are important for RNA recognition and interaction [4, 55, 56]. Most of
the RNA-binding proteins (RBPs) consist of one or more RNA-binding domains
(Fig. 1.3). These include the RNA-binding domain (RBD), most abundant and
often called RNA recognition motif (RRM); K-homology (KH) domain; zinc fin-
ger (ZnF); Pumilio/FBF (PUF) domain; Piwi/Argonaute/Zwille (PAZ); sterile alpha
motif (SAM) domain; double-stranded RNA-binding domain (dsRBD); DEAD box

v2ares—{HOHOHE T

Dicer — [ -

D RRM D R/S D KH D ZnF D dsRBD I:] Deaminase
= Kinase D Puf D PAZ D Helicase

Fig. 1.3 Different modular structures of RNA-binding proteins (RBPs). Examples are taken from
the most common RBPs. Each RBP contains many domains as shown by the colored boxes.
These include RNA recognition motif (RRM), K-homology (KH) domain, RNA-binding zinc fin-
ger (ZnF), double-stranded RNA-binding domain (dsRBD), Puf RNA-binding repeats (Puf), and
Piwi/Argonaute/Zwille (PAZ) domain. PTB, polypyrimidine tract binding; R/S, arginine/serine-
rich domain; SF1, splicing factor-1; PKR, protein kinase R; U2AF, U2 auxiliary factor; and ADAR,
adenosine deaminase. The figure is modified from [4], with permission from Springer Nature (the
figure is not drawn to scale)




1 How Proteins Recognize RNA 9

helicase domain (DDX); and the Sm domain. These modular architectures allow
RBPs to recognize RNA with high specificity and affinity, as well as create func-
tional diversity within the RBPs [2, 4, 57]. Proteins with multiple domains can bind
long RNA strands or also interact with multiple RNAs; furthermore, modulation of
RNA-binding domains with other auxiliary functional domains helps to recognize
RNA as well as perform the enzymatic activity. For example, adenosine deaminases
that act on RNA 2 (ADAR?2) and protein kinase R (PKR) have similar dsRBD but
different auxiliary functional domains. ADAR?2 converts adenosine to inosine, while
PKR has a kinase activity in its target RNA [58, 59].

Frequently, RNA-binding domains are connected with interdomain linkers of vari-
able length. The importance of these linkers is in recognition of the discrete target,
and they may act as spacers to regulate the catalytic action of each domain [4].
In some cases, linkers can interact with the RNA-binding domains to allow two
domains to function synergistically as observed in polypyrimidine tract-binding pro-
tein domains 3 and 4 (PTB34) [35, 38]. Eukaryotic genomes have been shown to
have higher numbers of modular RBPs, which might reflect the evolution of highly
specific gene expression and modification patterns [2, 7, 9, 60].

1.3 Single-Stranded RNA Recognition

In most cases, RNA-binding proteins (RBPs) recognize ssSRNA as their target. Many
ssRNA-binding domains have been identified and have been shown to recognize
RNA by conserved RNA-binding domains (RRM and KH) and by repeats of RNA-
binding domains (TRAP and Sm). The oligonucleotide-/oligosaccharide-binding
protein (OB-fold) domains recognize structured RNAs [61]. Many of ssRBPs are
sequence-specific RNA-binding proteins with a hydrophobic binding surface to max-
imize intermolecular contacts with the RNA bases. The most common ssRBPs and
their structures are discussed in detail.

1.3.1 RNA Recognition Motifs (RRMs)

The RNA recognition motif (RRM) domain is the most abundant and the best-
characterized RNA-binding domain in higher eukaryotes. These domains, also
known as ribonucleoprotein (RNP) domain or RNA-binding domain (RBD), con-
sist of 80—100 amino acid residues [57, 62] and are often found in multiple copies.
Single RRMs recognize a minimum of two to a maximum of eight nucleotides in the
RNA [63, 64]. RRM has four antiparallel B-sheets packed against two a-helices with
a topology of pappap (Fig. 1.4a, b). An unusual fifth B-strand is present in RRM3
of polypyrimidine tract-binding protein (PTB) (Fig. 1.4¢) [38, 65]. Most of the stud-
ied structures of RRM protein in complex with RNA have led to two proposed
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(a) RNP2

Fig. 1.4 Structures for common single-stranded RNA-binding protein RRM and KH domains.
a The secondary structure for RRM domain with conserved sequences RNP2 (red) and RNP1
(green). b The RRM for Fox-1 domains (PDB: 2ERR). ¢ The RRM domain 3 of PTB (PDB:
2ADC) showing the extra B-strand (red). d The secondary structure for type I KH domain. e Type
I KH domain of Nova-1 (PDB: 1EC6) with GXXG conserved loop. f Type Il KH domain in NusA
(PDB: 2ATW). RNA nucleotides are represented in color, and protein secondary structures are
shown in gray. The figures are generated with PyMOL
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primary conserved sequence stretches that contribute to the RNA binding known
as RNP1 ([R/K]-G-[F/Y]-[G/A]-[F/Y]-[I/L/V]-X-[F/Y]) and RNP2 ([I/L/V]-[F/Y]-
[/L/V]-X-N/L) (Fig. 1.4a) [62]. These RNA-binding sequences often rely on the
surface of the central B-strands: 1 and B3 [38, 66, 67, 68]. To form these RRM—RNA
complexes, solvent-exposed charged residues (Arg or Lys) form a salt bridge to the
phosphodiester backbone of the RNA and two aromatic residues can form a ring-
stacking interaction or hydrogen bonds with the RNA nucleobases [12, 62]. The wide
range of RNA structures and recognition sequence elements has associated RRM
proteins with diverse biological functions. These motifs in eukaryotes are implicated
in posttranscriptional gene regulation, like pre-mRNA splicing, alternative splicing,
capping, mRNA stability and export, RNA editing, and poly(A) recognition [19,
57]. During alternative splicing, many ssRBPs associate with pre-mRNA (RNPA1,
U2AF%, U2AF®, PTB, Fox-1, sex-lethal) to regulate splicing [69]. For example,
SR proteins recognize exonic splicing sites to promote alternative splicing whereas
Fox-1 does the same activity by interaction with intronic splicing elements [70, 71].
Recent studies have shown that RRMs are also involved in protein—protein interac-
tions for the recognition and interaction with RNA with very distinct mechanisms
from protein—RNA interactions [57].

1.3.2 KH-Homology Domain

The heterogeneous nuclear ribonucleoprotein K-homology (KH) domain is highly
expressed and most abundant in gene expression and regulatory systems in bacteria,
archaea, and eukaryotes [72]. The KH domain consists of nearly 70 amino acid
residues with a signature sequence of (I/L/V)IGXXGXX(I/L/V) at the center of the
domain [72, 73]. All KH domains are composed of three f-sheets packed against
three a-helices. KH domains are divided into two subfamilies: Type I has faaBBa
topology (Fig. 1.4d, e) (Nova), whereas type II has afpaaf topology (Fig. 1.4f)
(NusA) [73]. An important feature of the KH domain is the presence of a variable
length loop that connects 82 and 83 in type I and 83 and «2 in type II [74]. In both
type I and II, the consensus sequence is formed by a GXXG loop recognized four
nucleotides. Hydrophobic interactions between bases and non-aromatic residues,
backbone contacts with the GXXG loop, as well as hydrogen bonding with bases
are the prevalent interactions observed between protein and RNA [4]. This ssRNA-
binding protein domain can also be found in multiple copies (14 copies in chicken
vigilin, three KH domains in hnRNP K) that can increase the RNA-binding affinity
and cooperativity of this protein [75].

The KH domain is the most abundant RNA-binding domain in eubacteria and
eukaryotes, suggesting the evolutionary importance of this ancient RNA-binding
domain. Like RRM, KH protein domains are also involved in a myriad of biologi-
cal processes like splicing (splicing factor 1, SF1) [76], alternative splicing (Nova
family protein) [77], transcriptional and translational gene control (hnRNPK) [78],
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and mRNA stability, transport, and localization [19]. Unusual expression of this pro-
tein has been linked to many diseases, such as human fragile X mental retardation
syndrome which is caused by a loss of FMR-1 expression where a mutation on the
conserved KH motif has an RNA-binding defect [79].

1.3.3 RNA Recognition by Modular RNA-Binding Repeats

In some cases, RNA-binding domains oligomerize to form modular RNA-binding
repeats. The numbers of modular repeats vary; for example, eleven repeats are
observed in TRAP proteins, seven in Sm core proteins, and six in Lsm proteins
Hfq [42, 43, 44, 80].

The tryptophan RNA-binding attenuation protein (TRAP) is comprised of 70
amino acids in each of the eleven monomers that fold into four antiparallel 8-strands
to form a B-sandwich-like structure. Tryptophan is inserted between the interfaces
of two B-strands. Each monomer oligomerizes into an 11-mer symmetric ring as
observed in the crystal structure of Bacillus subtilis TRAP bound with a 53-nucleotide
sSRNA containing GAG triplets (Fig. 1.5a) [42]. Each monomer contains an RNA-
binding pocket created by two B-strands to allow for binding to the GAG triplet
through protein—base interactions [42].

The outer edge of the 11-mer oligomeric structure has a symmetric ring with an
80-A diameter. TRAP regulates the expression of L-tryptophan biosynthesis genes in
several bacilli, which is activated by bound L-tryptophan. For regulation, TRAP binds

(b)

Fig. 1.5 RNA recognition by modular RNA-binding repeats. a The crystal structure of the 11-
mer TRAP (PDB: 1C9S) protein with GAUGU ssRNA repeats. The surface in magenta is an
L-tryptophan inserted in the f-sandwich. b Structure of Hfq (PDB: 1KQ2) showing the hexameric
ring from S. aureus. The central core contains a bound 5'-AUsG-3' RNA. For clarity, each protein
subunit is colored differently and RNA is in yellow sticks. The figures are generated from PyMOL
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to the 5’ ssRNA leader sequence of an mRNA operon and terminates transcription
by preventing the formation of the antiterminator stem-loop structure [19, 81].

The classical Sm fold is characterized by an N-terminal a-helix followed by five 8-
strands with a topology of afpppP (Fig. 1.5b) [82]. The Sm proteins consist of nearly
80 residues and recognize the uridine-rich site (Sm site) present in small nuclear
RNAs (snRNAs). Each Sm protein oligomerizes to form a heptameric ring (~70-A
diameter) structure around the poly(U) RNA [82]. The central hole of this ring can
accommodate the U small nuclear RNP (UsnRNP) during pre-mRNA splicing [83,
84]. It has been proposed that the inter-subunit interaction during oligomerization
is manifested by hydrophobic contacts between adjacent f-strands and each U-rich
RNA is recognized by three conserved residues in the loops of $2-83 and g4-85 [43].
The interactions between the Sm protein domains and the RNA include stacking and
hydrogen bonding. Unlike Sm proteins, LSm proteins, such as bacterial host factor
for Q- bacteriophage (Hfq), form a hexameric doughnut shape with a 12A central
cavity in the absence of RNA [44, 85, 86]. The crystal structure of S. aureus Hfq with a
short RNA (5’-AUs5G-3’) showed that the RNA is bound around the basic central pore
(Fig. 1.5b) [44]. Hfq is known to play a role in posttranscriptional gene regulation
where it helps small noncoding RNAs (ncRNAs) to identify its target mRNA [87-90].
Recent studies have shown that an intrinsically disordered C-terminal domain (CTD)
of Hfq acts as chaperone that auto-regulates RNA binding in bacteria [91, 92].

1.3.4 Other SsRNA-Binding Proteins

Several recent studies have shown other proteins that can bind RNA through different
structural arrangements than the traditional RRM and KH domains. These protein
domains include zinc fingers, Pumilio homology domain (PUF), PAZ domain, and
OB-fold. Their structures, RNA recognition motifs, and protein interactions are sum-
marized in Table 1.1 and are mentioned in many research and review articles [61,
62,93, 94, 95].

1.4 Double-Stranded RNA Recognition

Double-stranded RNA-binding motifs (dsSRBMs) recognize perfectly duplexed RNA
and are distributed in eukaryotes, and bacterial and viral proteins [96]. This motif
adopts an o/p sandwich global fold with an apppa topology that contains 70-90
amino acid residues (Fig. 1.6a) [4, 23, 97, 98, 99]. Previous structural studies of
dsRBM protein—RNA complexes proposed that these proteins bind in a shape-specific
rather than sequence-specific [96, 99]. Many of the solved structures suggested that
dsRBM recognizes the A-form helix of dsSRNA, and intermolecular interactions
involve the direct contact with the 2’-OH sugar and phosphate backbone [4, 53,
100, 101, 102]. But the recent solution NMR structure of an adenosine deaminase
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Fig. 1.6 Structure of RNA (yellow sticks) bound with dsSRBM and SAM proteins (gray). a Upper
stem-loop (USL of GluR-2 R/G) RNA recognition by dsRBM1 of ADAR2 (PDB: 2L.3C). Shown in
red is a 1-B2 loop that is important for sequence-specific recognition of RNA [52]. b The structure
of Vts1p-SAM (PDB: 2ESE) domain in complex with SRE RNA. The figures are generated from
PyMOL

(ADAR2) in complex with a stem-loop pre-mRNA encoding the R/G editing site of
GluR-2 has revealed that dsSRBM recognizes the shape as well as the sequence of
the RNA [52]. The minor groove of the A-form helix in the stem-loop is specifically
recognized by the N-terminal helix (1) and $1-$2 loop of ADAR2 (Fig. 1.6a). The
two domains of ADAR2, dsRBM1, and dsRBM2 preferentially recognize G-Xo-
A and G-Xs-A RNA sequences, respectively, in a long stem-loop pre-mRNA. The
sequence specificity of ADAR2 dsRBM is important for the proper editing function
of the enzyme [52].

The double-stranded RBM is involved in several biological processes from
RNA editing to protein phosphorylation in translational control [96]. For exam-
ple, the RNase III domain is involved in RNA processing in the RNA interference
(RNAi)/microRNA (miRNA) pathway [103—105]. Drosophila melanogaster staufen
contains multiple copies of dSRBM domains that control RNP localization [105]. Fur-
thermore, ADAR1 and ADAR?2 are RNA editing proteins that regulate gene expres-
sion at the RNA level [106] by converting adenosine to inosine (A to I) by hydrolytic
deamination in many mRNA and pre-mRNA transcripts [52, 107].
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1.5 SAM-Binding Domain

The sterile alpha motif (SAM) domain is the most copious of the eukaryotic protein
motifs, initially identified as a protein—protein interaction module involved in tran-
scription regulation and signal transduction [54, 108]. Later, it was reported that the
SAM domain also interacts with RNA to control posttranscriptional gene expression
[109]. The SAM domain from Saccharomyces cerevisiae (Vts1p) and its homolog
from Drosophila melanogaster (Smaug) specifically interact with the RNA stem-loop
[109]. The RNA stem-loop recognized by Smaug contains a CNGGN pentaloop in
the Smaug recognition element (SRE) present at the 3’ untranslated region (UTR) of
the nos transcript [109, 110]. The solution NMR structure of Vts1p-SAM in complex
with a 23-nucleotide SRE stem-loop RNA with a CUGGC pentaloop was recently
solved (Fig. 1.6b). This study revealed that the SAM domain recognizes RNA in a
shape-specific rather than sequence-specific manner specifically recognizing the G
in position three of the pentaloop [54]. Two intermolecular hydrogen bonds specifi-
cally recognize the identity of the third G in the pentaloop, which also occupies the
hydrophobic cavity formed by Leu465 and Ala495 [54]. This protein consists of six
a-helices that adopt a globular protein fold and recognize the major groove of the
RNA pentaloop through contacts with the RNA sugar phosphate backbone [54].

1.6 Protein—RNA Interactions in the Ribosome

The ribosome is a protein—-RNA complex with a catalytic role in protein synthesis.
This complex macromolecule consists of more than 50 different ribosomal proteins
that interact with RNA. How all of these proteins interact with RNA to form an
active structure of the ribosome was a question that proved elusive. The recent X-
ray crystal structures of the ribosomal subunits offered a clear picture to explain the
interactions between the ribosomal proteins and the RNA [111, 112]. The majority of
the ribosomal proteins recognize ribosomal RNA by shape rather than by sequence.
Hydrogen bonding, stacking, hydrophobic interactions, as well as interactions with
the phosphate backbone were also observed among the characterized protein—-RNA
interactions.

Ribosomal proteins contain globular domains with similar o/ sandwich folds
[111, 113]. The topologies of some of the ribosomal proteins are similar to other
RNA-binding proteins as described before, reflecting the similar RNA-binding prop-
erties among them. Most of these proteins have extended structures like extended
a-hairpin (S2), B-hairpin (S5, S10), N-terminal extension (S3), and C-terminal tail
(S6) [112, 113]. These extensions are associated with basic amino acid side chains
and have extensive contacts with ribosomal RNA that stabilize the tertiary structure
of the ribosome and also participate in protein—protein interactions [113]. In the crys-
tal structure, most of the primary binders are globular and surface-oriented and have
direct interaction with RNA helices during assembly. For example, S15 is a primary
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binder with four a-helices and without any extensions that recognizes the junction
of helices h20, h21, and h22 as well as helix h23a in the 16S ribosomal RNA [114].
Proteins with multiple extensions are buried in the RNA and are secondary or tertiary
binders. Except for very few (h10, h14, and h33a), most of the RNA helices in the
16S RNA contact proteins and many proteins can recognize a single RNA helix.
Most of the proteins in the large subunit, except L12, have direct interaction with
RNA [111]. Therefore, it can be theorized that RNA-binding proteins may function
in the proper folding of RNA. But some of the ribosomal proteins from large subunit
(L1, L10, and L11) are directly involved in protein synthesis. Ribosomal proteins
also have significant protein—protein interactions that influence the proper assembly
of the ribosomal subunits [113].

1.7 Conclusions

RNA molecules can adopt different secondary and tertiary structures that not only
allow it to perform structural, catalytic, and regulatory roles but also create a platform
to interact with many proteins to form protein—RNA complexes. These protein—-RNA
complexes have a wide variety of structural and functional roles in the cell. Most
of the RNA-binding proteins are modular, and their mode of RNA recognition is
also different. We have discussed the common RNA-binding proteins and how they
recognize target RNA based on available information from structural biology. Future
works need to focus more on exploring the dynamics and mechanistic importance
of protein—RNA interactions and their roles in cellular functions. The experimen-
tal approaches like single-molecule techniques in combination with computational
biology might help to gain insight into the molecular mechanism and dynamics of
protein—RNA interactions and their function.
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