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RNA-binding proteins as regulators of gene expression
Haruhiko Siomi* and Gideon Dreyfuss’

A plethora of post-transcriptional mechanisms are involved

in essential steps in the pathway of genetic information
expression in eukaryotes. These processes are specified by
cis-acting signals on RNAs and are mediated by specific
trans-acting factors, including RNA-binding proteins and
small complementary RNAs. Recent information has begun

to define the molecular mechanisms by which RNA-binding
proteins recognize specific RNA sequences and influence the
processing and function of RNA molecules.
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Abbreviations

3-UTR 3’-untranslated region

dsRBD double-stranded RNA-binding domain
KH K homology

Prm1 protamine 1

RBD RNA-binding domain

RNP ribonucleoprotein

Samé68 Src-associated in mitosis 68kDa
Introduction

Eukaryotic cells possess an impressive repertoire of tools
for the regulation of gene expression. For decades,
influenced largely by the precedent of the prokaryotic
paradigm, the thinking of how eukaryotic cells control
the actvity of their genes has focused on the selection
and activation of transcriptional promoters. The view that
transcriptional regulation is the predominant regulatory
mechanism, however, has been increasingly challenged
by the discovery of ever-increasing examples of post-
transcriptional mechanisms for regulating gene expression.
Post-transcriptional regulation of gene expression can
involve the on/off regulation of particular gene products in
a temporally and spatially regulated manner, allowing cells
of different types or at different developmental stages to
fine-tune their patterns of gene expression. On/off regula-
tion of RNA can allow a cell to respond to environmental
cues more quickly than e novo transcription permits.
In fact, many important events in development—such
as pattern formation and terminal differentiation—are
regulated by an array of post-transcriptional mechanisms,
controlling mRNA stability, localization, and translation
{1-3]. Post-transcriptional regulation of gene expression
can also generate an enormous range of protein products
from a single gene (Fig. 1). Three forms of intranuclear

fine-tuning to generate RNA sequence diversity are
well established: alternative splicing of pre-mRNAs [4],
alternative polyadenylation sitc selection [5], and RNA
editing [6]. In the cytoplasm, utilization of alternative
translational start sites can also produce functionally differ-
ent proteins from a single mRNA [7]. In some cases, these
processes constitute a switch that dramatically reverses
function; (e.g. transcriptional activators and repressors
can be generated from the same gene [8]). Using these
sophisticated strategies, vertebrate cells can produce a
much larger variety of proteins than the number of genes
in the genome. Aberrant RNA processing could result in
the synthesis of deleterious proteins which cause disease
as a result of loss of function or by a dominant negative
mechanism, or to make an otherwise useful protein at the
wrong time.

RNA-binding proteins play central roles in the post-
transcriptional regulation of gene expression. These pro-
teins contain regions which function as RNA-binding do-
mains, and auxiliary domains that mediate protein—protein
interaction and subcellular targeting [9,10]. In this review,
we summarize current information on the structure and
function of the major types of RNA-binding domains and
discuss how their activities are integrated into the general
scheme of post-transcriptional gene expression.

RNA-binding domains

Work published within the past several years has signif-
icantly extended our understanding of the structure and
function of the RNA-binding motifs (Table 1). One of the
best-studied RNA-binding domains is the RNP motif, also
referred to as RBD or RRM [9-11]. At present, there are
nearly 300 known RNP motif proteins. Each RNP motif
contains two consensus sequences, RNP1 and RNP2, that
are part of the RNA-binding surface of this domain. All
RNP motif structures determined to date reveal a large
central antiparallel B sheet which is packed against two
o helices, and follow a general pattern of B-o—B-p-o-
(Fig. 2a). The conserved RNP1 and RNPZ sequences are
juxtaposed on the two central B strands with the side
chains of conserved aromatic amino acids of RNP1 and
RNP2 displayed on the surface of the B sheet. The crystal
structure of the RNP domain of the Ul A protein in
complex with its cognate Ul RNA hairpin has provided
the most detailed structural basis for the RNA interaction
of this mouf [12]. The antiparallel B sheet forms a
non-sequence specific RNA-binding platform made up of
general stacking interactions with the bases, where the
RNA is situated in a shallow RNA-binding platform rather
than sequestered into a deep cleft. The loop between the
second and third B strands (Loop 3) is rich in basic residues
and makes up an electropositive edge to the platform,
which plays a critcal role in specific binding by protruding
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Figure 1

(a) Alternative splicing

(c) RNA editing
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Generation of protein products with clearly separable functions from a single gene. The primary transcripts of eukaryotic RNA polymerase

Il, termed hnRNAs or pre-mRNAs, undergo a complex and highly regulated series of events in the nucleus as they mature into functional,
cytoplasmic mRNAs [9]. Recent experiments suggest that an mRNA ‘factory’ exists which carries out coupled transcription, splicing and
cleavage-polyadenylation of mRNA precursors [55°]. This complex is effectively an assembly line that enhances mRNA production by channelling
precursors directly from the synthetic machinery to the processing machinery. Exons are represented by boxes with different shading and
hatching, introns by lines. Although exons do not necessarily correspond to functional domains on proteins, for convenience and simplicity,

exons in this figure correspond to functional domains such as for nucleic acid binding, protein—protein interaction, subcellular targeting, enzyme
catalytic sites and so on. Alternative utilization of these functional domains would produce proteins with diverse function from a single gene. For
example, transcriptional activators and repressors can be encoded by the same gene in a way that a protein possessing a DNA-binding domain
but lacking an activation domain can compete with activators for binding to the same site and thereby block activation [8). (a) Generation of
proteins with diverse function from a single gene by alternative splicing. Inclusion or exclusion of the functional domain exons during splicing
generates mRNAs encoding functionally different proteins: activators or repressors, proteins with different cellular localizations, or proteins with

different interaction partners. (b) Generation of alternative proteins by selecting different poly(A) sites. Splicing patterns and poly(A) signals

are indicated. Activating and inhibiting effects of splice signals or changes in cleavage stimulation factor concentration modulate poly(A) site
selection [5,56°°]. Poly(A) site regulation produces not only alternative protein products but also mRNAs with different 3-UTRs, which may
alter the stability, translation, or localization of the mRNA, although the same protein will be produced. (¢) Generation of functionally different
proteins by RNA editing. RNA editing is a process in which select nucleotide sequences in RNA are altered from that originally encoded in the
genome and can be divided into insertion or deletion editing, and substitution or modification editing [6]. RNA editing of pol Il transcripts occurs
in the nucleus. Interestingly, however, the precise site of editing of each gene may differ within the nucleus. For example, glutamate receptor
subunit B pre-mRNA is edited from a glutamine (CAG) to an arginine (CGG) codon. This so-called Q/R site editing occurs before splicing

on double-stranded RNA forms complementary intron and exon sequences. The tissue-specific editing of apolipoprotein B mRNA converts a
glutamine (CAA) to a stop (UAA) codon, which occurs subsequent to RNA splicing. As nonsense mutations have been associated with the
skipping of specific constitutively spliced exons in some genes [57], the latter event (CAA—UAA} occurs after splicing probably because of
avoidance of the so-called nonsense codon mediated exon-skipping process [67]. (d) Generation of functionally different proteins by alternative
translational start sites. There is a way for two or more proteins to be translated from a single mRNA; initiation at first and second AUGs
generates long and short {lacking the upstream functional domains) protein isoforms from the same reading frame, and initiation at first and
second AUGs in different, but overlapping, reading frames produces two unrelated proteins [7].

into the RNA loop (which can otherwise adopt multple
conformations), preventing the pairing of bases within the
RNA and making them available to interact, in a specific
fashion, with residues from the B strands of the RNP
domain. Upon complex formation, the flexible RNA loop
becomes ordered. An ‘induced-fit’ mechanism 1s thus the
best explanation for the observed structural adaptation.

It appears that many RNA-binding proteins use 3 sheets
as surfaces for RNA binding and that stacking interactions
between nucleotide bases and aromatic side chains on the
B sheets play an important role in stabilizing the complex.
Protein-induced conformational changes of RNA, which
involve unstacking of bases to achieve specific recognition,
also seem to be a common theme seen in many
RNA-binding proteins. Folding patterns similar to the
RNP domain have been observed in other RNA-binding
proteins, including several ribosomal proteins which lack

any sequence similarity to RNP moufs, suggesting a
possible common RNA-binding protein as the ancestor
for both the RNP motf family and several of the
ribosomal proteins [13]. The recently solved S1 domain
(for ribosomal protein S1) is comprised of a five-stranded
antiparallel B barrel, and aromatic amino-acid side chains
are also found on the surface of the P sheet, suggesting
that this domain binds RNA in a manner similar to that of
the RNP domain [14].

As both the major and the minor grooves of RNA are too
narrow to form a smooth surface for interactions with o
helices (a situation which is dramatically different from the
smooth contact between o helices and the major groove
of DNA), it was suggested that the use of a B sheet
in protein—-RNA complexes 1s a widely recurring theme.
This theme is clearly not a universal solution, however,
as recent findings show that helices also have important
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Structure of RNA-binding domains.

Topology/
Motif secondary structure Comments References
RNP B~o-p-B-o-f The four-stranded antiparallel B sheet is packed against the two helices; [12,58]
the B sheet makes a flat, solvent-exposed RNA-binding surface and the
second and third § sheet makes up an electropositive edge to the platform
KH B-a~o~B~p-a The three-stranded antiparallel B sheet is packed against the three [18°]
helices; crosslinking and sequence conservation suggest a potential
surface for RNA binding centered on the loop between the first
two helices
dsRBD o—B-p-p-a The three-stranded antiparaliel  sheet is packed against the two helices; [15°,16°]
mutagenesis suggests that dsRNA binds in the cleft between the amino
terminus of the second helix and one face of the P sheet
St B~-p-p-o-p-p The structure of this domain, a five-stranded antiparallel B barrel, is [14°]
very similar to that of the cold-shock protein
Zinc finger (classic) B-p-o The two-stranded antiparallel B sheet is packed against the helix; (62}
although the a-helical element lying in the major groove of the DNA is the
primary determinant of DNA binding, little is known about the
RNA-binding surface
RGG box B-spiral Unstacks RNA bases and acts in destabilizing RNA secondary structures [63]
Arginine-rich motif*
BIV Tat f-hairpin The Tat peptide in a B-sheet conformation penetrates deep within a widened [64]
major groove of Tar RNA in an edgewise orientation
HIV Rev o-helical The Rev peptide in an a-helix conformation penetrates deep into a
a widened major groove of RRE
Ribosomal S6 B-o-p-p-a-p The four-stranded antiparallel B sheet is packed against the two helices; [66]
the folding scheme is identical to the topology of the RNP-type RBD
Ribosomalt S15 === 0=t The surface exposed by loop Il and the carboxy-terminal helices lll and IV [19]
is suggested to interact with rRNA
Ribosomal L11 o-B-o—a- Three o helices with two short-stranded parallel  sheet: the [20,21°]
general arrangement of the three helices is suggestive of the homeodomain
DNA-binding motif
Homeodomain (bicoid) o-0o—0 The end of the third helix of the bicoid homeodomain contains the basic, [22°]
arginine-rich peptide that may provide a Rev-like o-helical scaffold
Rop (Rom) oo Homodimer with a two-fold axis of symmetry forms the four-helix bundle; [67]
the RNA-binding determinants form a relatively flat recognition surface
APOBEC1 (p27) o-B-a The zinc-containing cytidine deaminase binds AU-rich sequences; zinc- {68}

binding is not necessary for RNA-binding

For more detailed information about RNA-protein interactions, see [9-11]. A number of enzymes interact with RNA. Hentze [69] identified a striking
common denominator in that their catalytic reactions involve mono- or dinucleotides as substrates or cofactors, or that their structures contain
occult nucleotide-binding sites such as those found in aconitase/iron-regulatory protein-1 and catalase. It has been suggested that the relationship
between (di)nucleotide-binding and RNA-binding provides an evolutionary pathway for the development of RNA-binding from a more simple mono-
or dinucleotide-binding function. *The arginine-rich motif may be a particularly versatile framework for recognizing RNA structures as the A phage

N peptide binds to its RNA site in an o-helical conformation and the HIV Tat peptide may bind in an extended conformation [53°].

roles in RNA-binding. The following examples serve to
illustrate this point. The double-stranded RNA-binding
domain (dsRBD) is a 65 amino acid motif that is found
in a variety of proteins that interact with double-stranded
RNAs. Structures for two dsRBDs, the Drosophila staufen
[15°] and Escherichia coli RNase III [16°], have been
reported. Although the structure with RNA ligands has
not been determined, the basic fold consists of three

antiparalle] B strands that pack to form two a helices on
one face (Fig. 2b), which bears some resemblance to the
RNP domain. Mutational analysis, however, suggests that
the well-conserved basic residues at the amino terminus of
the second o helix may have a direct role in RNA-binding
and that dsRNA interacts with one face of the domain, a
cleft between the amino terminus of the second helix and
one face of the second B sheet.
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Figure 2

Structures of two commonly found RNA-binding domains. (a) The RNP domain of the hnRNP C protein. The RNP domain folds into an

o~B-o-f-p-o-P structure, forming an antiparallel four-stranded [ sheet that is packed against two perpendicularly oriented a-helices which

are positioned on one side of the B sheet. The RNP1 and RNP2 consensus sequences are juxtaposed on the two central B strands ($3 and

B1) of the folded domain. The residues colored red probably come directly into contact with the RNA. The binding specificity of RNP domains

is found to reside mainly in the variable regions of the loops connecting the B-strands and in the terminal portions [13,58). (Adapted from [58]
and redrawn by Matthias Gérlach.) (b) The dsRBD of Drosophila staufen. The dsRBD has a very similar topology to the amino-terminal domain
of ribosomal protein S5 [156¢°]. The two domains also have similarity at the sequence level. The minimal segments of dsRNA needed for binding
is 11 base pairs (bp), equivalent to one turn of A-form dsRNA. Mutation experiments suggest that RNA interacts with one face of the domain.
The five amino acids that are likely to interact with RNA directly are indicated. The dsRNA shown in the lower half of the figure is a space filling
representation of a 14 bp A-type helix. Hydroxyl-radical footprinting experiments using the dsRBD of the human dsRNA-activated protein kinase
suggest that recognition of dsRNA by the dsRBD involves a series of minor-groove 2”-OH interactions [59]. (Adapted from [15°] and redrawn by

Stefan Griinert and Mark Bycroft.)

The KH domain (for hnRNP K homology domain) is
comprised of ~60 amino acids and is found in a wide
vaniety of RNA-associated proteins (Fig. 3a). The hnRNP
K protein, a major pre-mRNA-binding protein, has three
such motifs and was the first protein in which the
motif was recognized [17]. The structure of one of the
KH domains of human vigilin has been determined by
NMR spectroscopy [18°]. The KH domain contains three
antiparallel B sheets, which are packed against three a
helices on one face of the B sheet (Fig. 3b). Sequence
conservation and UV-induced RNA-protein crosslinking
experiments suggest that the helical side of the KH
domain interacts with RNA and the loop between the
first two o helices — which conrtains a strongly conserved
tetrapeptide, Gly-X-X-Gly, where X varies for different
KH domains but is often a positively charged amino
acid — plays an important role in RNA binding. The loop
may penetrate the widened groove or loop of RNA and
therefore, because of steric hindrance, a side chain could
not be accommodated at the positions of the glycines.

Very recently, the solution structures of two ribosomal
proteins, S15 and L11, have been determined. S15 is
a protein that binds rRNA directly and is solely o
helical in structure [19]. The rRNA-binding domain of
L11 conrtains three o helices, the arrangement of which
is strikingly similar to the homeodomain DNA-binding
motif [20°,21°]. In this context, it is of particular interest
that the Drosophila homeodomain protein bicoid represses
translation of another homeodomain protein, caudal, by
directly binding the 3’-untranslated region (3’-UTR) of the
caudal mRNA [22°°]. As bulges and mismatches within
an RNA helix can considerably alter groove dimensions,
these recent data suggest that an irregular RNA helix could
provide a contact surface for an o helix.

Function

How does the binding of a protein to RNA regulate
gene expression! Binding may alter RNA structure to
facilitate or hinder interactions with positive or negative
trans-acting factors (proteins or complementary RNAs)
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Figure 3
(a)
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The hnRNP K homology (KH) motif. (a) Sequence alignment of the KH motif-containing proteins. Highly conserved positions are highlighted on
a black background. The secondary structure indicated for the KH-6 domain of human vigilin [18°] is also shown at the bottom. Note that this
alignment does not show the third o helix region. The position of a single point mutation in FMRI(2) resulting in an lle304—Asp found in a very
severe fragile X-syndrome patient {39] is circled. Sites of known mutations in Gld-1 are also circled. All missense mutations in a C. elegans
gene Hex-3, which may contribute to anterior-posterior differences in muscle development, are also found in the KH domain [60). The site in
ribosomal $3 that crosslinks to rRNA [61] is double underlined. (b) The structure of one of the human vigilin KH domains. The structure shows
a mixed of fold similar to those of the RNP domain and the dsRBD, although the topologies are very different from one another. The strongly
conserved G-X-X-G loop between helices a1 and a2 is indicated in green. Conserved positively charged residues which are likely to interact
with RNA are colored light purple. Note that RNA binding could therefore extend to other parts of the a-helical side in addition to the G-X-X-G
loop. Interestingly, substitution of a highly conserved hydrophobic residue located on the second helix of the vigilin KH domain (lle32—Asn)
totally destroys the KH fold; a mutation at this position in FMRI (Ile304—Asn) is responsible for the aggravated phenotype of fragile X. (Adapted

from [18¢] and redrawn by Giovanna Musco.)

by bringing together disparate RNA sequences or by
preventing the formation of higher-order RNA structure
[23]. In addition, binding proteins may provide localization
or targeting signals for transport of RNA molecules to
distinct intracellular locations [24].

Signal transduction and activation of RNA

Developmental cues often regulate processing of pre-
mRNAs to generate functionally distinct protein isoforms
or to switch gene expression on or off. The regulation
of RNA by signalling could allow a cell to respond

very rapidly to external stimuli, much faster than protein
expression from de nove transcription. For example,
alternative splicing can switch a transcriptional activator to
a repressor, alter cell adhesion and cell type, and determine
sexual differentiation [8,25]. In addition, during many
crucial steps of development—such as in the specification
of cell fates and pattern formation and differentiation
of red blood cells and spermatocytes —the nucleus is
transcriptionally silenced. As a result, developmental
regulation of gene expression at these stages is dependent
on cytoplasmic events. Specific mRNAs are stored in the
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cytoplasm as mRNA-protein complexes and are repressed
through the action of proteins that mask them from the
translational apparatus. In response to a stimulus, the
masking proteins are removed or modified and the mRNA
is translated [2,3].

How, then, might a signalling pathway convey messages
directly to primary gene transcripts?! Cellular signalling
pathways could control, possibly via phosphorylation,
the function of frans-acting factors that preside over
RNA processing. The RINA-binding activity of a protein
involved in such a pathway could—for example upon
phosphorylation, be modified, either by altering binding
affinity or changing specificity of a protein—-RNA inter-
action. The consequences of such modulations might
be to activate translation of the unmasked RNAs or to
prepare a protein for interaction with specific mRNAs
to help target the mRNA to a specific site in the
cytoplasm. Phosphorylation and dephosphorylation may
also influence RNA-binding proteitns by changing their
subcellular location: the transported protein may direct
RNA to a special cellular compartment, or may bind
to specific RNAs and change their accessibility to RNA
processing machineries such as the splicesome. Recent
work has identified a transcription factor, Haclp, in the
yeast Saccharomyces cerevisiae, as a component of a pathway
that signals to the nucleus the presence of unfolded
proteins in the endoplasmic reticulum and has shown
that the regulation of Haclp synthesis occurs through
activation of pre-mRNA splicing which appears to be
mediated by a novel splicing mechanism involving a
tRNA ligase [26°%,27**]. It is also noteworthy that a
mitotic target of c-Src kinase is a KH-motif-containing
RNA-binding protein named Sam68 (for Src-associated
in mitosis 68 kDa) [28,29]. The RNA-binding activity of
this protein seems to be negatively regulated by tyrosine
phosphorylation [30%], suggesting that the Src-mediated
signalling pathway may involve activation of RNA through
modulation of its RNA-binding protein substrate [31].

The 3’-UTR as an important repository of regulatory
sequences

Although many nuclear RNA processing reactions are
mediated by interactions between proteins and relatively
short cis-acting elements which can be found almost
anywhere along the RNA molecule, many elements that
regulate expression of mRNAs in the cytoplasm reside in
the 3-UTRs. The spatially regulated synthesis of proteins
is important in cell organization, for example, in the
generation of a polarized cell type and in the assembly
of macromolecular structures. Although a variety of spatial
patterns of proteins can be achieved by post-translational
sorting of the proteins from their sites of synthesis, 1t has
become increasingly clear that the localization of mRNAs
constitutes an important means of localizing proteins [1].
Localized protein synthesis is a very efficient way not only
to ensure correct protein positioning but also to prevent
deleterious protein—protein interactions from occurring

elsewhere in the cell. The es-acting signals for mRNA
localization have been identified for a number of mRNAs
and all, without exception so far, lie within the 3’-UTR.

It has long been known that mRNA storage and transla-
tional control play prominent roles in many developmental
steps [2,3,22**]. The precise timing of translation of the
stored mRNAs which are sequestered in cytoplasmic
ribonucleoprotein particles also depends on the binding of
trans-acting factors to sequences in the 3’-UTR because al-
teration in the tuming of protein synthesis can be achieved
by modifying the 3’-UTR. For example, transgenic mice
that carry a protamine 1 transgene (Prml) lacking its
¥-UTR show premature translation of Prml mRNA,
which results in a failure to produce mature sperm [32°].
It appears that relatively large sections (>40 nucleotides) of
the 3’-UTRs are required for localization and translational
regulation of mRNAs, suggesting that these signals
are comprised of complex structures rather than short
sequence motifs. The prevalence of regulatory elements
in 3-UTRs for a myriad of developmental processes
may reflect the fact that 3-UTRs are unconstrained in
evolution and so provide fertile ground for the derivation
of new regulatory elements [3].

Dysfunction

The essential role of RNA-protein interactions for normal
cell function is highlighted by the severity of the defects
that result when these systems are perturbed (e.g. see
[33]). Post-transcriptional control is especially important
towards the end of spermatogenesis as the spermaud
pronucleus is highly condensed and transcriptionally in-
active. Indeed, chromosomal deletions of genes encoding
RNP motif proteins result in azoospermia (no sperm
in semen) in humans and Drosophila [34,35%,36]. A
particularly devastating example is that of the fragile X
syndrome gene FMRI [37] which encodes a cytoplasmic
ribosome-associated RNA-binding protein [33,38]. Muta-
tions in FMRI lead to fragile X syndrome, the most
common form of inherited mental retardation [33,38].
Although most of these molecular alterations appear to
be associated with transcriptional silencing of the FMR/
gene [33,38], in one case that has a severe phenotype, the
FMR]I protein is expressed but carries a point mutation
(I11e304—-Asn) in the second KH domain (Fig. 3a) [39]; this
mutation severely compromises the RNA-binding activity
of FMR1 [40]. Interestingly, KH motif mutations in the
Bicaudal-C gene in Drosophila and the Gld-1 gene in
C. elegans also lead to a phenotype that is more severe
than the null phenotype [41,42]. A point mutation in
the human vigilin construct equivalent to Ile304—Asn
in FMR1 has recently been shown by NMR analysis
in which the KH fold is destroyed woually [18%]. This
result might explain why murations within the KH domain
have stronger phenotypes than those observed for loss of
gene expression; namely, these mutations might not only
abolish their RNA-binding activity but also expose, and
thereby deregulate, other functional domains such as those
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involved in protein—protein interactions. These mutant
proteins could titrate out a limiting factor required for
normal development, thereby possibly acting as dominant
negative mutants.

Within the past several years, the molecular basis of
more than 10 human genetic disorders — including fragile
X syndrome, myotonic dystrophy and Huntington’s dis-
ease — has been established as the expansion of a simple
triplet nucleotide repeat from less than 15 copies of the
repeat in normal individuals to scores of copies in affected
cases [43]. Although, in the case of fragile X syndrome,
the gene FMRI itself encodes an RNA-binding protein,
recent experiments suggest that interaction between
RNA transcripts that contain large expanded repeats and
their RNA-binding proteins play an important role in
the pathological course of trinucleotide-repeat-associated
diseases [44°,45). In normal cells, there are several
RNA-binding proteins that specifically bind trinucleotide
repeats such as CAG or CUG. In patient cells, the
expanded repeats may act as a ‘sink’ to bind and titrate
out proteins that are normally associated with other cellular
mRNAs containing trinucleotide repeats, thus altering the
expression of these ‘downstream’ mRNAs by inhibiting
their processing, transport or translation [44®]. Support
for this sink hypothesis comes from an unexpected
finding that a short human genomic fragment containing
promoter sequences and exon 1 of the Huntington’s
disease gene with an expanded CAG repeat is sufficient to
cause a progressive neurological phenotype in transgenic
mice [46°°].

Conclusion and perspectives

More than 60 years ago, Himmerling observed that the
nucleus-derived information for the cap formation of
Acetabularia traveled several centimeters and was stored
at the apical tip of the stalk for several weeks. The
instructions for cap formation were later shown to be
mRNAs [47]. This may be the first known example of
localization and translational control of mRNAs. One can
envision a morphological similarity between Acetabularia
and the neuron (cap, stalk and rhizoid versus growth cone,
axon and cell body). In adult humans, each of over a
trillion neurons makes connections with, on average, over a
thousand target cells. It is believed that the strengthening
or ‘sensitization’ of neuronal connections is a crude form
of learning and memory [48]. How, then, can a neuron that
has many axons and many synaptic connections alter the
strength of only some of its synapses? It is hard to imagine
that all signals received at synapses travel all the way to
the nucleus —sometimes as much as several centimeters,
or more than a thousand times the diameter of the cell
body-—and that the changes in transcriptional activity can
affect just a few of a neuron’s many synapses. Therefore,
information that determines the strength of a synapse
may be stored in a regionalized way as mRNAs at the
synapse itself. Activation of the stored mRNAs through

modulation of RNA-binding proteins could generate
proteins important for navigaton and pathfinding in
response to environmental cues. Indeed, axons and growth
cones have been shown to contain mRNAs [49,50**] and
recent evidence suggests that synaptic transmission may
require local protein synthesis within either axonal or
dendritic compartments [51°].

Clearly, an understanding of the molecular basis of
interactions between RNA and proteins is a prerequisite
for understanding many physiological processes. Under-
standing how RNAs are activated through modulation
of RNA-binding proteins, not only in neurons but also
in other cell types, will be enhanced by knowledge
of the molecular basis of RNA-protein interactions. A
logical direction for future work is to resolve the relative
contributions of primary sequence and structure in the
recognition of RNA by proteins by determining co-crystal
structures. An important step towards understanding the
rules that govern RNA-protein interactions is also to
continue to identify critical ¢is-acting elements and their
binding proteins using molecular genetic approaches
and to sort out biochemical and functional changes
resulting from altered RNAs and proteins. In particular,
identification of RNA-binding proteins which specifically
bind cis-acting elements in the 3-UTR will shed light
on the molecular mechanisms of how mRNA localization,
activation of translation and selected mRNA stabilization
are achieved. To do so, we need to develop systems which
would allow the identification of proteins that interact
with relatively large regulatory elements in the 3-UTRs,
as recent methods to study RNA-protein interactions
[52°-54*] appear to be suitable mostly for relatively short
RNA elements.
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