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Abstract

Ten years after the identification of the gene responsible for fragile X syndrome, recent studies have
revealed a list of mMRNAs bound by the fragile X gene product and have identified specific sequences
required for the interaction between the fragile X protein and its targets. These results are a
breakthrough in understanding why absence of the fragile X protein leads to mental retardation.

With a prevalence of 1 in 5,000, fragile X syndrome is the
most common form of hereditary mental retardation [1].
Patients suffer from mild to severe mental retardation, mild
facial dismorphologies and macroorchidism (enlarged testi-
cles). In addition, behavioral problems like autism and
hyperactivity may be associated with the syndrome [2]. In
1991, defects in the FMR1 gene (fragile X mental retardation
gene 1) were identified as the cause of the syndrome [3]. An
expansion of a CGG repeat in the 5' untranslated region
(UTR) of the FMR1 gene causes transcriptional silencing,
resulting in absence of the fragile X protein, FMRP. It was
soon discovered that FMRP can bind RNA and plays a role in
the transport of mRNAs from the nucleus to ribosomes.
Several recent studies [4-6] have provided new insights into
the motifs responsible for RNA binding and revealed a list of
mRNA targets bound by FMRP.

RNA binding by FMRP

The FMR1 gene is ubiquitously expressed, with particularly
high expression in neurons but barely detectable expression
in glia [7]. The FMR1 gene product can be up to 631 amino
acids long and has five functional domains: two types of
RNA-binding structures, namely two KH domains (KH
denotes heterogeneous nuclear ribonucleoprotein K homo-
logy) and an RGG box (containing repeats of an Arg-Gly-Gly
motif - RGG, in the single-letter amino-acid code); a
nuclear localization signal (NLS); a nuclear export signal
(NES); and two coiled-coil domains. FMRP is predomi-

nantly cytoplasmic but shuttles between the cytoplasm and
nucleus, a process mediated by the nuclear import and
nuclear export signals. FMRP can bind 4% of all brain
mRNAs, including its own mRNA, presumably with the aid
of its RNA-binding domains [8]. In the nucleus, the FMRP
protein forms messenger ribonucleoprotein (mRNP) precursor
particles along with other proteins, including nucleolin (a
known component of other mRNPs) and the fragile
X-related proteins FXR1P and FXR2P [9,10]. The FXR1 and
FXR2 genes are autosomal paralogs of FMR1, and both
gene products have high overall sequence similarity to
FMRP, especially within the functional domains [11]. The
FMRP-mRNP particles are transported out of the nucleus
into the cytoplasm and to actively translating ribosomes
[12,13]. Tt has been hypothesized that, in neurons, FMRP
transports specific mRNAs along the dendrites towards
actively translating ribosomes near the synapses. Which
neuronal RNA targets are bound and why absence of the
FMRP protein causes mental retardation remained
unknown until recently, however.

Initially, the KH domains were thought to be crucial for the
function of FMRP, because an exceptional patient had been
described with a point mutation (Ile304 — Asn) in the
second KH domain [14]. This patient had a more severe
phenotype than any other patient lacking FMRP, including
profound mental retardation and excessive macroorchidism.
Experiments in vitro demonstrated that the FMRP KH
domains interact with high affinity with various mRNAs,
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including those of FXR1 and FXR2 [11,15]. FMRP is able to
suppress translation of mRNAs in vitro, presumably through
its KH domains [16,17]. Mutation of FMRP at position 304
abrogates its association with ribosomes and the mutated
protein does not suppress translation.

It came as a surprise, therefore, that a series of recent papers
[4-6] revealed that the RGG box, not the KH domains, is
responsible for the binding of a specific subset of mRNAs to
FMRP. RGG boxes are usually found within proteins in com-
bination with other RNA-binding domains [18]. Darnell et
al. [4] identified which RNAs were preferentially bound by
FMRP, by screening a pool of 96-mer RNAs containing 52
bases of random sequence. After multiple rounds of selec-
tion a limited set of RNAs was identified with a common
motif of [DWGGN(,_,], (where D is any nucleotide except C,
W is U or A, and N is any nucleotide). At the same time,
Schaeffer et al. [5] determined the minimal site within the
FMR1 mRNA necessary for FMRP binding. They concluded
that a 100-nucleotide fragment in the 3’ coding region of the
FMR1 gene is responsible for the specific binding of FMRP
with its own mRNA, in contrast to earlier experiments in
which FMRP was reported to bind to the 3’ UTR of the
FMR1 mRNA [19].

G-quartet structures

Both the random RNAs with the repeated DWGG motif that
are preferentially bound by FMRP and the 100 nucleotides
at the 3’ end of the FMR1 gene necessary for FMRP binding
have the ability to form planar structures, so-called G quar-
tets. G quartets are hydrogen-bonded structures formed
from four guanosine residues in a square-planar array stabi-
lized preferentially by K+ (Figure 1). G-quartet structures
have been observed in telomeric sequences and stabilize
chromosome ends; they dimerize the RNA genome of the
human immunodeficiency virus (HIV) and are also involved
in the site-specific recombination required for immunoglob-
ulin maturation [20]. The presence of a stable G-quartet
structure near the 3’ end of the coding sequence of FMR1
was investigated by reverse transcriptase (RT)-coupled PCR
[5]. Adding K* to the RT buffer caused an abrupt pause in
reverse transcription before and within the purine-rich
region and this block was resolved when Na* was added.
Binding of FMRP to a G-quartet-containing sequence was
strongly reduced when Na* and Li+* cations were used com-
pared with K*. Surprisingly, the mRNA-binding site of
FMRP that binds the G quartet overlaps with the RGG box,
which is responsible for the binding of specific mRNAs [4,5].
When translated, therefore, the product of the G-quartet
sequence, which is the RGG box of FMRP, is able to bind to
its own mRNA.

G-quartet-containing RNAs were also shown to be targets of
FMRP in vivo. Using microarrays, Brown et al. [6] identified
from total murine brain mRNAs associated with mRNPs that
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Figure |

Structure of a G quartet. In this schematic representation, the sequence
of sc/ RNA is used to illustrate the three-dimensional structure of a

G quartet; sc/ is one of a series of six random RNAs specifically bound by
FMRP [4]. Four guanines form hydrogen bonds with each other in a
symmetrical square planar arrangement. The G-quartet structure is
stabilized by cations such as K*.

interact with actively translating ribosomes. FMRP-RNP
particles were isolated from wild-type and knockout mouse
brains and hybridized to microarrays containing 25,181
RNAs with sequences taken from the UniGene database of
the National Center for Biotechnology Information [21] and
19,021 expressed sequence tags (ESTs) from the TIGR Gene
Indices database [22]. These experiments confirmed that
FMRP binds approximately 4% of total brain mRNA. After
rigorous selection, Brown et al. [6] obtained 432 different
mRNAs specifically associated with the mouse FMRP-RNP
complexes. Subsequently, comparing polyribosome fractions



from normal human lymphoblastoid cells with those from
cells isolated from fragile X patients on a microarray con-
taining 35,000 human genes or ESTs, they identified 251
human mRNAs that show abnormal polyribosome profiles
in fragile X patients. The set of genes whose mRNAs were
found in the mRNP complexes in mRNAs from total mouse
brain were compared with the set of human genes that gave
an abnormal polyribosomal profile in the absence of the
fragile X protein, using human orthologs of the mouse
genes and the murine orthologs of the human genes,
respectively. Of the genes found to be associated with the
murine FMRP-RNP complexes, 14 were also identified in
the abnormal polyribosomal fraction in the human study
[6]. A G-quartet structure was identified in 8 of these 14
genes. Thus, FMRP within cells binds preferentially to
mRNAs that contain G-quartet structures.

mMmRNA targets of the fragile X protein

Identifying the mRNA targets of FMRP in the cell may help us
understand the clinical consequences of the absence of FMRP.
Only around 0.01% of the sequences present in the UniGene
database are predicted to have a G-quartet structure; thus
only a minor fraction of all proteins may be transported
through the cell by FMRP [4]. Many of the predicted
G-quartet-containing genes identified have a role in
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synaptogenesis, a process that is impaired in fragile X syn-
drome [23]. The RNA that was the most enriched in the
FMRP-RNP particles isolated from normal mouse brain,
when compared with particles from fragile X mouse brain,
codes for a guanine-nucleotide exchange factor related to the
yeast secretion protein Sec-7 and is predicted to have a
G-quartet structure [6]. Several other members of GTPase
pathways, including genes encoding oligophrenin-1 (a Rho-
GTPase-activating protein), aGDI (a guanine nucleotide dis-
sociation inhibitor) and the guanine-nucleotide exchange
factor ARHGEF6 have been found mutated in patients with
non-specific mental retardation [24].

Of special interest are genes that have been isolated in more
than one study. Examples of genes that were identified in the
abnormal polyribosomal fractions in fragile X patients and
that were present in the murine FMRP-RNP complexes are
those encoding Munci13, a phorbol ester receptor involved in
the maturation of Golgi vesicles and vesicle transport in
neurons, and SAPAP4, which is involved in neuronal cell sig-
naling [6]. From the list of 14 mRNAs containing a G quartet
that bind FMRP, as identified by Darnell et al. [4], 5 were also
identified in the microarray studies by Brown et al. [6],
including those encoding NAP22, which is present in axon
terminals and dendritic spines and plays a role in maturation
or maintenance of synapses, and the microtubule-associated
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Figure 2

Comparison of consensus sequences in the human members of the fragile X gene family. (a) Protein sequence alignment of the RGG boxes of FMRP,

FXRIP and FXR2P. The consensus sequence is indicated in dark blue and differences are highlighted in light blue. We used the RGG-box consensus motif
determined by Burd and Dreyfuss [18] and the alignment of the three proteins generated by Zhang et al. [| 1]. Other possible RGG motifs for FXRIP and
FXR2P are boxed. (b, ) Transcript sequence comparison of the purine-rich region between FMR| and the autosomal paralogs FXRI and FXR2. Guanines
conserved between human, mouse and rat FMR/ genes are indicated in dark blue; some of these are not conserved in FXR/ and FXR2 (highlighted in light

blue). The sequences in (c) continue from (b).
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protein MAP1B, which is involved in transport within
neurons and is the human ortholog of the Drosophila futsch
gene [25]. Drosophila has only one homolog (dFXR) of the
fragile X gene family (consisting of FMR1, FXR1 and FXR2).
dFXR acts as a translational repressor of futsch, thereby reg-
ulating the synaptic microtubule cytoskeleton. Association of
dFXR with Futsch protein in vivo was demonstrated by
immunoprecipitation. Flies with dFXR mutations display,
among other symptoms, enlarged synaptic terminals,
whereas double mutants deficient in both dFXR and Futsch
have a normal phenotype, demonstrating the importance of
the dFXR-Futsch interaction in flies. It remains to be
resolved whether each of the identified FMR1 target genes is
responsible for a small effect, or whether a few genes will turn
out to be responsible for the majority of clinical symptoms of
fragile X patients.

Differences within the fragile X gene family

The identification of the RGG box as the site of RNA
binding and the role of secondary RNA structures could
perhaps explain some of the differences in function between
FMR1 and its autosomal paralogs FXRi and FXR2. We
compared the RGG boxes of FMRP, FXR1P and FXR2P, and
found that, although overall the sequences are reasonably
well conserved, FMRP has six repeated blocks of the con-
sensus motif RGG, whereas FXR1P and FXR2P each have
only a single RGG motif (Figure 2a). FXR1P and FXR2P
may have one additional RGG motif each when not aligned
with FMRP (boxed sequences in Figure 2a) and FXR1P has
two more motifs downstream of the RGG-box consensus
sequence. Although the RGG-box sequence is poorly
defined and the number of RGG-repeats necessary for RNA-
protein interaction is not known, it seems unlikely that the
RGG boxes of FMRP, FXR1P and FXR2P have identical
RNA-binding capacities.

We also compared the G-quartet sequences of FMR1, FXR1
and FXR2 mRNAs (Figure 2b,c). Of the 31 guanines con-
served between FMR1 genes in human, mouse and rat RNA
[5], only 20 were detectable in FXR1 and 15 in FXR2. In
FXR2 in particular, however, extra guanines at other posi-
tions may compensate for the absence of these consensus
guanines. It therefore remains to be verified whether FXR1
and FXR2 mRNAs are able to form a G-quartet structure
similar to that of FMR1 mRNA. Given the importance for the
function of FMRP of interactions between the RGG box and
the G-quartet structure, the differences in RGG-box
sequence between FMRP, FXR1P and FXR2P could perhaps
explain why FXR1P and FXR2P, which, unlike FMRP, are
present in the mRNPs of fragile X patients, cannot fully com-
pensate for the absence of the fragile X protein FMRP.
Further characterization of the mRNA targets of the fragile X
protein and possibly the identification of the mRNAs bound
by FXR1P and FXR2P will aid our understanding of the
complex mechanisms underlying fragile X syndrome.
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