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ABSTRACT

RNA is an ancient and highly versatile molecule that plays
fundamental roles in all living organisms. Its molecular functions
range from being a mediator of genetic information to the
regulation of essential cellular processes. These functions are often
accomplished in close association with RNA binding proteins. Over
the past few years, a considerable number of high-resolution three-
dimensional structures of important protein—RNA complexes have
been determined. Here, we wish to discuss recent examples and
highlight principles and distinct features of single-stranded RNA
recognition by conserved RNA binding domains.

Introduction

RNA is presumably one of the earliest molecules in the
evolution of life and is thus involved in many different
cellular processes.! It is a mediator of genetic information
and plays essential roles in splicing and translation. In
ribozymes, it even exerts catalytic activity.? In fact, crystal
structures of the ribosome suggest that the catalytic
activity for peptide bond formation is exerted by ribosomal
RNAs,® and it is likely that RNA constitutes the spliceo-
some catalytic core.?* The importance of RNA has been
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recently stressed with the discovery of posttranscriptional
gene silencing mediated by noncoding RNAs (RNA inter-
ference).®

Associated with this large variety of RNA molecules is
a wide range of RNA binding proteins that process RNA
precursors, act as essential cofactors for functional activity,
or simply protect RNA from degradation. Not surprisingly,
the disruption of protein—RNA interactions can lead to
disease (e.g., see ref 6). Therefore, the understanding of
the molecular recognition between RNA and proteins and
its functional implications is an important subject in
structural biology and biomedical research.

The great variety of molecular functions mediated by
RNA is reflected in its structural diversity. In contrast to
DNA, which preferentially adopts a double-stranded,
B-form helical conformation, three-dimensional (3D)
structures of RNA comprise single-stranded conforma-
tions, double-stranded A-form helices (frequently inter-
rupted by internal loops, mismatches, or bulges), and
higher-order tertiary structures. Not surprisingly, RNA
binding proteins take advantage of the richness of RNA
conformations. Only in the past decade have 3D structures
of atomic resolution become available from X-ray and
NMR studies. We refer the interested reader to excellent
recent reviews describing double-stranded RNA recogni-
tion by the double-stranded RNA-binding domain (dsRBD)”
or by arginine-rich peptides,?° protein—RNA recognition
in viral and phage systems,® protein—rRNA recognition in
the ribosome,°~1? and protein—tRNA recognition by ami-
noacyl-tRNA synthetases.'*!4 Here, we wish to highlight
recent progress on the structural basis of single-stranded
RNA (ssRNA) recognition by conserved RNA binding
domains (RRM, KH, and OB-fold), and by modular RNA
binding repeats or oligomers (OB-fold, TRAP, Sm proteins,
and Pumilio).

The RRM Domain

The RNA recognition motif (RRM, also called RNA binding
domain (RBD) or ribonucleoprotein (RNP) domain) is the
most abundant and best characterized RNA binding
module.'® Proteins containing RRM domains are impli-
cated in various aspects of the regulation of gene expres-
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sion, such as pre-mRNA splicing by binding to conserved
intron RNA sequences and mRNA translation by recogni-
tion of the poly(A) tails or of the cap of eukaryotic mRNAs.

The diversity of biological functions associated with
RRM proteins is reflected in the wide range of RNA
structures and sequences that are recognized with varied
affinity and specificity. In some cases, RRM proteins bind
the RNA very tightly and with high specificity. For
example, the N-terminal RRM domain of the U1A protein
binds to approximately seven nucleotides exposed in a
U1 snRNA hairpin loop or in the internal loops of its 3'
UTR with a Kp ~ 1071° M, but when the same sequence is
presented as ssRNA, the affinity is reduced to Kp ~ 107
M.8 In other cases, the binding affinity is lower and the
discrimination between different RNAs is poor, suiting
proteins that bind their target RNAs transiently. These
proteins modulate their affinity and specificity via interac-
tions with additional factors or by using modular RNA
binding domains. This is the case for the large (65 kDa)
subunit of the heterodimeric U2 auxiliary factor (U2AF®),
for which the interactions of the individual domains to a
polypyrimidine (Py) ligand are weak (Kp ~ 1072 M)7 but
high affinity (Kp ~ 107° M) is observed when all three
RRMs are present.'®

The 80—100-residue RRM domain adopts a globular
fold comprising a four-stranded antiparallel S-sheet packed
against two helices (Figure 1a). The canonical f1-oA-f2-
p3-0B-p4 fold can be extended in different ways: by an
additional C-terminal helix, aC, as in U1A and U2B",*° by
a f35 strand as in polypyrimidine tract binding protein
(PTB),® or by N- and C-terminal extensions as in cleavage
stimulation factor (CstF-64).2! RRM domains are charac-
terized by six- and eight-residue consensus sequences
(RNP1 and RNP2), which expose conserved aromatic side
chains from the two central strands 3 and j1, respec-
tively. The RRM f-sheet is the primary surface for RNA
recognition, while additional contacts mediated by N- and
C-terminal residues or loops are important in determining
substrate specificity. Interestingly, a growing number of
RRMs are found to mediate protein—protein interactions.
In most cases, this involves the helical surface of the RRM
fold, thus allowing potential RNA binding to the -sheet
platform on the opposite side.?®??23 Recently, it was found
that even the classical RNA-binding -sheet surface of an
RRM can be employed for protein recognition.?*=26 These
observations may provide some clue to the unknown
function of other RRM domains, especially in proteins
with multiple RRM domains that fail to bind RNA.

The structure of the spliceosomal U1A protein bound
to an RNA hairpin? represents the first example describing
RNA recognition by the RRM domain. This and a number
of other RRM—RNA complexes have been reviewed previ-
ously.t3152 Here, we wish to highlight two characteristic
examples of ssRNA binding by tandem RRMs.

Poly(A)-Binding Protein. The poly(A)-binding protein
(PABP) contains four RRM domains and binds to the 3'
poly-A tails of eukaryotic mMRNAs in the cytoplasm. This
interaction is important for stability of the mRNA but also
contributes to a network of molecular interactions that
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FIGURE 1. Structural folds of ssRNA binding domains: (a) RRM
domain (D. melanogaster Sxl RRM2, PDB accession code 1B7F);3!
(b) KH domain (human hnRNP K KH3, PDB 1KHM);* (c) OB-fold (N-
terminal domain of the E. coli Rho factor, PDB 1A62)8! (d) Bacillus
subtilis TRAP monomer (PDB 1C9S);%2 (e) Sm fold (P. abyssi Sm
protein, PDB 1M8V);% (f) PUM-HD (human Pumilio 1, PDB 1M8X).5

are involved in the initiation of translation. It has been
demonstrated that, although single RRM domains do not
bind a poly(A) RNA, the two N-terminal RRMs sustain
most of the important biological functions of PABP. In the
crystal structure of the two N-terminal RRM domains of
human PABP bound to a poly(A) ssRNA,? the 5-sheets of
the two RRM domains create an extended RNA-binding
platform (Figure 2a). The interdomain linker adopts a
helical conformation and is believed to be disordered in
the absence of RNA. The poly(A) RNA adopts an extended
conformation and runs through the length of the trough
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FIGURE 2. Recognition of ssRNA by tandem RRM domains: (a)
crystal structure of PABP RRM1—RRM2 complexed with a poly(A)
RNA (PDB 1CVJ);® (b) crystal structure of the tandem RRMs of Sxl
complexed with a tra Py-tract ssRNA (PDB 1B7F).3! The red arrow
indicates the kink in the RNA conformation near the V-shaped cleft.

with the 5" and 3’ halves binding to RRM2 (A2—A5) and
RRM1 (A5—A8), respectively. Various combinations of
stacking interactions, van der Waals contacts, hydrogen
bonds, and salt bridges are employed for adenosine
recognition, such that each of the seven nucleotides is
recognized in a different way. The most striking aspect of
the RNA recognition is the use of extensive intermolecular
aromatic—base and intramolecular base—base stacking
interactions, favoring a purine base. Sequence specificity
is ensured by hydrogen bonding. The phosphate backbone
forms hydrogen bonds with tyrosine OH or arginine/lysine
amino groups, and in four cases, the ribose 2'-OH interacts
with the protein, suggesting that PABP will not bind tightly
to poly(A) DNA.

Sex-Lethal Protein. The Drosophila melanogaster sex-
lethal (SxI) protein induces female-specific alternative
splicing of the transformer (tra) pre-mRNA. During the
sex determination process, Sxl binds tightly to a charac-

teristic uridine-rich Py-tract, preventing binding of the
U2AF to this site and forcing it to bind to the female-
specific 3' splice site. Both RRM domains of SxI are
necessary and sufficient for binding to the tra pre-mRNA
Py-tract.* NMR studies of Sxl RRM1—RRMZ2 in the absence
of RNA indicate that the RRMs do not interact with each
other and that the short interdomain linker is flexible.3!
However, in the crystal structure of the tandem RRMs
bound to a uridine-rich 12-nucleotide ssRNA (Figure 2b),%!
the f-sheets of the two RRMs do contact each other,
forming a V-shaped cleft. The RNA extends along this cleft
in an irregular conformation, kinked in the middle and
without base pairing. The protein recognizes the sequence
5'-UGUUUUUUU specifically. Like in PABP, the 5’ part
of the RNA (UGU) binds to RRM2 and the 3' region
interacts with RRM1. There are several examples of
aromatic side chain—RNA base stacking, but there is only
one intra-RNA base—base interaction. The RNA backbone
is recognized by numerous hydrogen bonds and salt
bridges to phosphate groups and to the ribose 2'-OH,
consistent with the 10%-fold weaker binding to a corre-
sponding DNA oligonucleotide.®?> Hydrogen bonds are
established with the functional groups of the bases for
sequence-specific recognition. In particular, the N3H or
04 groups or both of the eight uridine bases and the
2-amino group of the guanidine base are recognized
specifically. Therefore, RNA recognition by Sxl is strictly
specific for the 5'-UGUUUUUUU sequence, explaining the
reduced affinity of SxI for Py-tracts with one or more
cytidine residues. Since U2AF% prefers cytidine-containing
Py-tracts, SxI prevents the tra Py-tract sequence from
binding to U2AF,%® and the distal female-specific splice
site is activated.

The KH Domain

The hnRNP K homology (KH) domain is, alongside the
RRM domain, the most abundant nucleic acid-binding
domain. The widespread presence of KH domains in
eubacteria and eukaryotes suggests that it is an ancient
domain. Proteins containing KH domains are involved in
the regulation of gene expression at several levels, such
as in transcriptional (hnRNP K) or translational (hnRNP
K,3* fragile X mental retardation protein (FMRP)%®) regula-
tion, splicing (splicing factor 1, SF1)% or alternative
splicing (Nova-1),*” and mRNA transport, stability, and
localization.®® As expected from the diverse functional
contexts, KH domains bind single-stranded nucleic acids
with different selectivities and affinities, ranging from Kp
~ 107% M for binding to poly(C) ssDNA or ssRNA by the
KH3 domain of hnRNP K33 to specific and tight recogni-
tion of ssRNA sequences (Kp ~ 107° M) by the Nova KH3
domain.*

A subfamily of KH domains is found in the STAR (signal
transduction and activation of RNA) protein family and
includes SF1, Sam68 (Src-associated in mitosis; 68 kDa),
and others.*! In STAR proteins, the KH sequence is flanked
at the N- and C-termini by two additional homology
regions, called QUA1 (quaking homology 1, ~80 residues)
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FIGURE 3. RNA recognition by type | KH domains: (a) crystal structure of the Nova-2 KH3 domain complexed with a hairpin loop (PDB
1ECB);% (b) solution structure of the SF1 KH-QUA2 domain complexed with a BPS RNA (PDB 1K1G);¥* (c) specific recognition of the branch
point adenosine (A8) involving hydrogen bonding to the protein main chain in strand 2.

and QUA2 (~30 residues), respectively, which are also
implicated in RNA binding. The QUAL region is thought
to mediate dimerization, thereby potentially increasing
RNA binding affinity indirectly,*? while the QUA2 region
of SF1 directly interacts with RNA.36

The 70-residue KH domain comprises a three-stranded
fB-sheet packed against three o-helices. KH domains
exhibit two fold variants around a common Saag core.*?
The type | KH domain fold (e.g., KH3 of hnRNP K 44) has
a fpl-al-a2-52-43-03 secondary structure (Figure 1b),
while the type Il fold (e.g., the ribosomal S3 protein'?) is
ol-p1-p2-02-a3-43. In both folds, a three-stranded S-sheet
platform packs against three helices. However, the -sheet
is antiparallel in type | but mixed in type Il. The highly
conserved GxxG sequence corresponds to a short loop
connecting the two helices of the faof core. A second
hallmark of the KH fold is the presence of a loop of
variable length connecting 2 and 33 (in type I). Histori-
cally, type | and Il KH domains have been called maxi-
KH and mini-KH, respectively. However, this nomencla-
ture should be avoided since both types are of the same
size and are in fact,variations of a related fold.*® The only
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two available structures showing ssRNA recognition by
type | KH domains®4> will be discussed in the following
sections.

Nova-2 Protein. The Nova proteins are highly homolo-
gous. Nova-1 was found to regulate neuron-specific
alternative splicing of two neurotransmitter receptors.3”
Nova proteins contain three KH domains in an asym-
metric arrangement with a relatively short interdomain
linker between KH1 and KH2 (26—50 residues) and a
much larger linker between KH2 and KH3 (179—204
residues).*® For both proteins, the C-terminal KH domain
(KH3) was shown to recognize single-stranded UCAY
tetranucleotide sequences in hairpin loops identified by
systematic evolution of ligands by exponential enrichment
(SELEX) experiments.*

In the crystal structure of the Nova-2 KH3 domain
bound to a hairpin loop,*® the bases of the single-stranded
U12—-C13—-A14—C15 loop are splayed out onto a hydro-
phobic surface comprising helices al and a2 and strand
/2, leaving the phosphate backbone exposed to the solvent
(Figure 3a). The ssRNA binds in a 5'/3' to C-/N-terminal
direction and is gripped between the GxxG loop and the
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variable loop. Conservation of the glycines in the GxxG
loop appears to be required to allow a close approach of
the RNA to the protein backbone. A combination of van
der Waals contacts to aliphatic side chains and hydrogen
bonds involving the ribose 2'-OH, the phosphate back-
bone, and the functional groups of the bases is used for
sequence-specific RNA recognition. Stacking interactions
involving aromatic side chains and RNA bases are not
used for RNA recognition, and only one intramolecular
base—base stacking interaction occurs at the binding
interface. Only pyrimidine residues are allowed at the 5'
or 3' end of the tetranucleotide, but the two central
nucleotides must be cytidine and adenine because they
establish Watson—Crick-like hydrogen bonds with the
protein.

SF1. Initial assembly of the spliceosome involves
cooperative binding of SF1 and U2AF to consensus
sequences upstream to the 3' splice site in pre-mRNA
introns. In this complex, the KH-QUA2 region of SF1
recognizes the seven-nucleotide branch point sequence
(BPS). The solution structure of SF1 KH-QUA2 complexed
with an 11-nucleotide ssSRNA containing the BPS sequence
5'-UACUAAC has been determined.®® A surprising struc-
tural feature, which is likely to be conserved in other STAR
proteins, is an extended KH domain fold where the QUA2
region comprises an additional helix, a4, that packs
against the type | KH domain (Figure 3b).

The RNA extends along a hydrophobic surface com-
prising the QUA2 helix a4 and helices al and o2 and
strand 32 of the KH domain and is embedded in a groove
between the GPRG loop and the long variable loop. The
5' part of the BPS (A4—C5—US6) is recognized by the
C-terminal QUA2 region, while the 3' part (U6—A7—A8—
C9) interacts with the KH domain (Figure 3b). Apart from
numerous hydrophobic interactions with aliphatic side
chains, the BPS RNA is recognized by hydrogen bonds
(including RNA-specific hydrogen bonds involving the
ribose 2'-OH) and electrostatic interactions. U6 is recog-
nized at the interface between QUA2 and the KH domain
by a combination of hydrogen bonds and van der Waals
contacts. The conserved purine A7 is stabilized by a
sr-cation interaction with a conserved lysine residue in the
variable loop (Figure 3c) and contacts a conserved
glutamate residue in the f1—al loop. The highly con-
served branch point adenosine A8 is recognized specifi-
cally by Watson—Crick-like hydrogen bonds with the
protein and an electrostatic contact with the A7 ribose.

Surprisingly, the recognition of the tetranucleotide U6—
A7—A8—C9 by the SF1 KH domain resembles that of the
U12—-C13—A14—C15 loop by the Nova-2 KH3 domain.*®
Most notably, Watson—Crick-type hydrogen bonds are
formed by A8 (SF1) or Al4 (Nova2-KH3) to equivalent
main chain atoms in strand 2 of the KH domains.
However, comparison of the two structures also reveals
how the second position is discriminated in different ways.
The recognition of C13 by Nova-2 involves hydrogen
bonding of the base with Nova-specific glutamate and
arginine side chains in helix al and the variable loop,
respectively, while the corresponding A7 in the BPS is

recognized by stacking and electrostatic interactions with
amino acids that are conserved only in STAR proteins.

The OB-Fold Domain

The OB-fold is a 70—150 residue domain that was origi-
nally named for its oligonucleotide/oligosaccharide bind-
ing properties.” The diversity of nucleic acid targets and
their binding specificity is large, ranging from nonspecific
ssDNA binding to sequence-specific recognition of single
strands or tertiary folds of DNA or RNA. The Escherichia
coli transcription terminator factor Rho is an RNA—DNA
helicase. It assembles into a hexameric ring with three
high-affinity ssRNA/ssDNA binding sites and three low-
affinity ssRNA binding sites with preference for poly(C)
nucleotides.®® Nucleic acid binding by Rho is mediated
by an OB-fold in its N-terminal domain. The OB-fold
comprises a five-stranded fj-barrel, f1-52-53-a4-54-35,
arranged in a Greek key motif (Figure 1c). In the cocrystal
structure of the Rho N-terminal domain with poly(C)
RNA* (Figure 4a), two cytidine residues bind specifically
to 42 and 33 on the -sheet surface of the OB-fold, gripped
by the 1—/2 loop and helix a4 on one side and the 52—
B3 loop on the other. The RNA extends with a 5" to 3'
polarity from the 3 to the 52 strand. The recognition of
the RNA bases is specific for cytosine. The first cytosine
is enclosed in a hydrophobic cleft, and the base of the
second cytidine stacks with an aromatic side chain of the
protein. The functional groups of both bases are engaged
in hydrogen bonds. No contacts between the protein and
the ribose 2'-OH group are observed, consistent with the
observation that this domain binds both ssRNA and
ssDNA. Interestingly, the poly(C) recognition by the OB-
fold domain of Rho closely resembles the recognition of
the anticodon nucleotides in tRNAAS? by the OB-fold
domain of aspartyl-tRNA synthetase.® However, in the
latter, a GUC trinucleotide is recognized specifically and
specific contacts to the 2'-OH groups are observed.

TRAP

The tryptophan RNA binding attenuation protein (TRAP)
is a 70-residue protein that regulates expression of the
L-tryptophan biosynthetic genes in several bacilli by
binding to the 5' noncoding leader region of the operon
mMRNA. TRAP binds to this RNA when activated by bound
L-tryptophan to form a “terminator” loop, which leads to
transcription termination by preventing the formation of
an “antiterminator” stem—loop structure.5!

The TRAP protein adopts an antiparallel S-sandwich
fold (Figure 1d) with the tryptophan inserted between the
two g-platforms. TRAP assembles into an 11-mer sym-
metric ring (Figure 4b), both in the absence and in the
presence of L-tryptophan. In the crystal structure of a
complex of TRAP and a 53-nucleotide ssRNA, the 11
GAGAU repeats have essentially the same 3D structure
and bind to the outer surface of the 80 A diameter ring.52
The proper curvature for binding to the oligomeric TRAP
is achieved by a right-handed A-helical conformation of
the central AGA nucleotides and a compensating left-
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FIGURE 4. Modular RNA recognition by RNA binding repeats and oligomeric RNA binding domains: (a) crystal structure of one monomer
of the N-terminal E. coli Rho domain complexed with a poly(C) ssRNA (PDB 2A8V);* (b) crystal structure of the TRAP 11-mer ring complexed
with a sSRNA containing 11 GAGAU repeats (PDB 1C9S)% (the L-tryptophan amino acid inserted in the middle of the 5-sandwich is shown
in green; one of the GAGAU repeats is circled in red); (c) crystal structure of the Sm core from P. abyssi bound to a poly(U) ssRNA (PDB

1M8V) 5

handed turn-like conformation of the other two nucleo-
tides. The 11 GAG triplets are inserted between two
consecutive TRAP molecules and interact with the protein,
while the bases of the AU dinucleotide spacer stack with
each other. Hydrogen bonds lead to highly specific
recognition of A2 and G3 in the GAG triplets. No interac-
tions between the protein and the phosphate backbone
are observed, and only one hydrogen bond is established
with the ribose 2'-OH of G3 in five of the 11 units. These
hydrogen bonds seem to be critical in distinguishing
between RNA and DNA analogues, as an RNA ligand with
a deoxyribose at this position binds to TRAP with 10*-fold
reduced affinity.>

Sm Proteins

The seven Sm proteins (B/B', D3, D,, Dy, E, F, and G) are
shared by the uridine-rich small nuclear U snRNPs
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involved in pre-mRNA splicing, forming a common core
of the snRNP complexes. These proteins bind to the
uridine-rich Sm-site sequence 5'-AAUUUUUGA in the
snRNAs. The Sm proteins exhibit a common ~80-residue
fold that consists of an N-terminal o-helix followed by a
strongly bent five-stranded antiparallel 5-sheet (Figure le).
In the presence of Sm-site RNA, the seven Sm proteins
are thought to assemble into a oligomeric ring-like
structure with the poly(U) ligand binding along its inner
surface.®® This heptameric ring, with an outer diameter
of ~70 A and a central hole of ~20 A diameter, fits well
into the electron density envelope of the complete Ul
sNRNP determined by electron microscopy.*®

In the crystal structure of the archaeal Pyrococcus abyssi
Sm-related protein complexed with a poly(U) ssRNA
ligand® (Figure 4c), each uridine is recognized by three
conserved residues, which are located in the 52—43 and
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FIGURE 5. Crystal structure (a) of the human Pumiliol PUM-HD complexed with a 10-nucleotide ssRNA (PDB 1M8Y)* and (b) RNA recognition

by Puf repeats.

p4—p5 loops of a given Sm monomer. The uridine bases
are stacked between an aromatic and a basic residue, and
the Watson—Crick functional groups are recognized specif-
ically by hydrogen bonding to an asparagine side chain.
Interestingly, the base recognition resembles the RNA
recognition by Pumilio, even though the protein folds are
dissimilar (vide infra). Based on the archaeal Sm/RNA
complex, a refined model for the human Sm core and its
interaction with Sm site RNA was proposed, which,
however, still awaits experimental verification.

Pumilio-Homology Domain

The Pumilio-homology domain (PUM-HD) proteins (or
PUF, named after its two founding members Drosophila
Pumilio and Caenorhabditis elegans fem-3 mRNA binding
factor) are a family of structurally related proteins that
bind to 3' untranslated regions and modulate mRNA
expression in a wide variety of eukaryotic species.’” In
combination with other regulatory proteins, they are
involved in the control of diverse developmental events
by enhancing turnover or repressing translation. The
PUM-HD contains eight consecutive so-called Puf repeats,
flanked N- and C-terminally by two Puf-related sequences.
Each ~40-residue repeat forms a three-helical bundle with
a short helix, al, and two long helices, a2 and a3. The
repeats line up to form a curved structure, defining
approximately half a ring of 80 A diameter (Figure 1f).57 A
“core consensus” of hydrophobic, basic, and acidic resi-
dues in helix a2 is located at the concave surface of the
protein. Notably, the entire PUM-HD is necessary and
sufficient for RNA binding and protein interaction.>®

In the crystal structure of the human Pumiliol PUM-
HD complexed with a 10-nucleotide sequence, 5'-AUU-

GUACAUA, the ssRNA extends along the concave protein
surface in a 5'/3' to C-/N-terminal direction (Figure 5a).%°
Few intramolecular contacts are observed for the RNA.
The bases contact the protein surface, while the phosphate
groups are exposed to the solvent. The eight nucleotides
5'-UGUACAUA are individually recognized by three con-
served amino acids in the Puf repeats 8—1, respectively
(Figure 5b). The bases are stacked between the side chains
of amino acids at equivalent positions (residue 13) in helix
a2 of the repeats. Interestingly, these stacking interactions
involve alternating aromatic and basic side chains. Specific
base recognition is achieved by hydrogen bonding with
residues at position 12 (asparagine, cysteine, and serine)
and 16 (glutamine and glutamate) in helix a2. Even though
the RNA bases mediate the primary contacts with the
protein, recognition of the RNA backbone is important,
because PUM-HD binds RNA more than 2500-fold more
strongly than a corresponding DNA sequence. In fact, the
2'-OH groups establish intramolecular hydrogen bonds to
the phosphate oxygen atoms and water-mediated inter-
molecular hydrogen bonds to the protein.

Principles of sSRNA Recognition

The growing database of 3D structures of protein—ssRNA
complexes provides insight into the principles of ssRNA
recognition. As a common feature, 2—10 nucleotides per
domain or monomer are bound in an extended confor-
mation along the protein binding surface with few intra-
RNA interactions and usually in a 5'/3' to C-/N-terminal
direction. The bases are readily accessible in an extended
ssRNA conformation and are recognized specifically by a
combination of hydrophobic/stacking interactions and
hydrogen bonding to the protein.
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The versatility employed by these RNA binding do-
mains is remarkable, as demonstrated by the seven
different modes employed for adenosine recognition by
PABP or the ability of a given ssRNA binding domain (e.g.,
RRMs in PABP and Sxl) to bind specifically to poly(A) or
poly(U) sequences. Interestingly, similar modes of RNA
recognition are employed by diverse structural elements,
ranging from g-sheet surfaces (RRM) to entirely o-helical
folds (PUM-HD) or loops (Sm proteins). This shows that
specific ssRNA recognition can be achieved by a great
variety of protein folds.

Nevertheless, some general rules are discernible. For
example, a hallmark of RNA recognition by RRM domains
is stacking of exposed aromatic side chains in the RNP1
and RNP2 sequence motifs with RNA bases. In contrast,
the hydrophobic RNA binding surface in KH domains is
lined with aliphatic side chains, and aromatic/base stack-
ing is not observed, consistent with the paucity of
aromatic residues in KH domains. Another unique and
likely conserved feature is hydrogen bonding of the
Watson—Crick functional groups of the third base in the
tetranucleotide ligand to the peptide main chain in strand
2 of the KH domain.

The selectivity of RNA binding domains for RNA versus
DNA ligands is related to the extent of protein—RNA
contacts involving the ribose 2'-OH group and varies
considerably. Some domains (PUM-HD, Sxl) are strictly
specific for RNA, while others (Rho OB-fold, hnRNP K KH
domain) are only poorly selective.

The conformational flexibility of ssRNA usually leads
to an induced fit of the RNA to the protein surface. In
some cases (e.g., Nova-2 and U1A), the cognate RNA
sequence is within the single-stranded loop of a hairpin
structure, thereby presumably reducing the loss of con-
formational entropy associated with binding. However,
induced fit of the protein is also observed and can play
important functional roles in the regulation of additional
molecular interactions. For example, upon RNA binding,
helix oC in the U1A RRM reorients® and helix aC in the
CstF-64 RRM unfolds.?*

An interesting aspect of many RNA binding proteins is
their modular arrangement. Frequently, RRMs are re-
quired in tandem to form a high-affinity binding platform,
as seen for PABP and Sxl, where the two domains interact
and the interdomain linker is actively involved in RNA
recognition. RNA binding by multiple RRMs is often
associated with a change in interdomain orientation and
mobility. These conformational changes can play impor-
tant roles in the regulation of biological activity, and the
resulting protein—RNA complexes may present a binding
surface for additional factors, forming multimeric regula-
tory complexes.

ssRNA recognition by proteins involving multiple re-
peats or oligomerization of a structural fold, such as by
Rho, Pumilio, TRAP, or Sm, is modular and less complex
than independent RNA binding domains — single nucleo-
tides or short sequence stretches are recognized by
individual RNA binding repeats or monomers via redun-
dant interactions. Nevertheless, the context of multimeric
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repeats or the oligomeric state is essential, since additional
RNA interactions are mediated by the interface between
individual repeats or monomers.

Concluding Remarks

ssRNA binding domains recognize RNA sequences with a
wide range of affinities and specificities. This versatility
correlates with the various roles played by RNA binding
proteins in the control of gene expression. While some
principles can be deduced, more structural data are
required to improve our understanding of protein—RNA
recognition and to start deciphering a recognition code
that, in the future, might allow prediction of the RNA
binding properties of a protein from its structure.
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