
 1999 5: 1248-1258RNA
 
S Adinolfi, C Bagni, G Musco, et al.
 
its structural and functional domains.
Dissecting FMR1, the protein responsible for fragile X syndrome, in
 
 

References
 http://rnajournal.cshlp.org/content/5/9/1248#related-urls

Article cited in: 

service
Email alerting

 click heretop right corner of the article or
Receive free email alerts when new articles cite this article - sign up in the box at the

 http://rnajournal.cshlp.org/subscriptions
 go to: RNATo subscribe to 

© 1999 RNA Society

 Cold Spring Harbor Laboratory Press on December 7, 2009 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/content/5/9/1248#related-urls
http://rnajournal.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=rna;5/9/1248&return_type=article&return_url=http://rnajournal.cshlp.org/content/5/9/1248.full.pdf
http://rnajournal.cshlp.org/subscriptions
http://rnajournal.cshlp.org/
http://www.cshlpress.com


Dissecting FMR1, the protein responsible for
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ABSTRACT

FMR1 is an RNA-binding protein that is either absent or mutated in patients affected by the fragile X syndrome, the
most common inherited cause of mental retardation in humans. Sequence analysis of the FMR1 protein has sug-
gested that RNA binding is related to the presence of two K-homologous (KH) modules and an RGG box. However, no
attempt has been so far made to map the RNA-binding sites along the protein sequence and to identify possible
differential RNA-sequence specificity. In the present article, we describe work done to dissect FMR1 into regions with
structurally and functionally distinct properties. A semirational approach was followed to identify four regions: an
N-terminal stretch of 200 amino acids, the two KH regions, and a C-terminal stretch. Each region was produced as a
recombinant protein, purified, and probed for its state of folding by spectroscopical techniques. Circular dichroism
and NMR spectra of the N-terminus show formation of secondary structure with a strong tendency to aggregate. Of
the two homologous KH motifs, only the first one is folded whereas the second remains unfolded even when it is
extended both N- and C-terminally. The C-terminus is, as expected from its amino acid composition, nonglobular.
Binding assays were then performed using the 4-nt homopolymers. Our results show that only the first KH domain
but not the second binds to RNA, and provide the first direct evidence for RNA binding of both the N-terminal and the
C-terminal regions. RNA binding for the N-terminus could not be predicted from sequence analysis because no known
RNA-binding motif is identifiable in this region. Different sequence specificity was observed for the fragments: both
the N-terminus of the protein and KH1 bind preferentially to poly-(rG). The C-terminal region, which contains the RGG
box, is nonspecific, as it recognizes the bases with comparable affinity. We therefore conclude that FMR1 is a protein
with multiple sites of interaction with RNA: sequence specificity is most likely achieved by the whole block that
comprises the first '400 residues, whereas the C-terminus provides a nonspecific binding surface.

Keywords: FMR1; fragile sites; fragile X; modular proteins; RNA-binding proteins

INTRODUCTION

Progress in gene mapping technology has recently
allowed identification of several genes involved in hu-
man genetic diseases and of the proteins encoded by
them+ This information has opened new avenues for
approaching hereditary disorders at a molecular level
and correlating their genetics with a more thorough
understanding of the biochemical mechanisms that dic-
tate the dysfunctions+ One such genetic disease, with a
huge impact on the world population, is the fragile X

syndrome (Hagerman, 1991)+ This syndrome is an X
chromosome-linked dominant disorder and the most
frequent cause of inherited mental retardation in hu-
mans+ The incidence is approximately 1 case in 4,000
males and 1 in 7,000 females (Imbert et al+, 1998)+ The
disease is characterized by mental retardation of vari-
able severity, autistic behavior,macroorchidism in adult
males, characteristic facial deformity and hyperexten-
sible joints (Hagerman, 1991)+ At the molecular level,
the gene responsible for the disease has been located
at the Xq27+3 locus (Verkerk et al+, 1991)+ Appearance
of the syndrome correlates with the presence in the
FMR1 gene of a large trinucleotide expansion (CGG)
and with hypermethylation of a CpG island within the
promoter region (Mandel & Heitz, 1992)+ The length of

Reprint requests to: Annalisa Pastore, The National Institute for
Medical Research, The Ridgeway,Mill Hill, London NW7 1AA, United
Kingdom; e-mail: apastor@nimr+mrc+ac+uk+

RNA (1999), 5:1248–1258+ Cambridge University Press+ Printed in the USA+
Copyright © 1999 RNA Society+

1248

 Cold Spring Harbor Laboratory Press on December 7, 2009 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


the trinucleotide expansion correlates with clinical se-
verity of the effect+

In normal individuals, the FMR1 gene encodes an
RNA-binding protein, FMR1 (Siomi et al+, 1993a)+ The
protein is absent or mutated in patients affected by the
syndrome (Pieretti et al+, 1991; Imbert et al+ 1998)+ Al-
though the full-length FMR1 protein is a 632-amino-
acid protein, several shorter forms have been observed
in vivo as a result of alternative splicing of several of
the 17 exons present in the gene (Verkerk et al+, 1993)+
Despite several attempts to identify the function of FMR1
in the cell, still far too little is known about this protein,
thereby preventing a more thorough understanding of
its role in the fragile X syndrome+

It is known that FMR1 is expressed in many tissues,
particularly in the brain and in testes, the major organs
affected in the fragile X syndrome (Abitbol et al+, 1993)+
The protein is usually localized mainly in the cyto-
plasm, but nuclear localization is observed for isoforms
lacking exon 14 (Devys et al+, 1993; Eberhart et al+,
1996; Sittler et al+, 1996; Bardoni et al+, 1997)+ RNA-
binding properties of FMR1 and the two homologs FXR1
and FXR2 have been demonstrated with synthetic RNA
homopolymers, as no in vivo RNA target has yet been
identified (Siomi et al+, 1993a, 1995)+ It has also been
shown that all proteins of the FMR family can be as-
sociated with translating polysomes in the form of mes-
senger ribonuclear particles (mRNP) (Corbin et al+, 1997;
Feng et al+, 1997)+

Sequence analysis of the FMR family shows the pres-
ence of three potential RNA-binding domains: an RGG
motif and two K-homologous (KH) modules (Siomi
et al+, 1993a, 1995) (Fig+ 1)+ The KH module is an
evolutionarily conserved sequence motif of about 70
amino acids (Gibson et al+, 1993)+ It is present in single
or multiple copies in a wide variety of quite diverse
proteins that all work in close association with RNA+
Because the presence of the KH motif is the only com-
mon sequence similarity among these proteins, it was
suggested that the domain itself is the region respon-
sible for RNA binding (Gibson et al+, 1993)+ Consider-
able evidence has now been accumulated in support of
this hypothesis (Leffers et al+, 1995; Urlaub et al+, 1995;
Dejgaard & Leffers, 1996; Kanamori et al+, 1998; Yang
et al+, 1998)+ Among other things, it was shown that an

Ile304 ^MDRV&rAsn missense mutation in the second
FMR1 KH, identified in a severe fragile X syndrome
patient, partially impairs RNA binding in vitro (De Boulle
et al+, 1993; Siomi et al+, 1994; Feng et al+, 1997; Brown
et al+, 1998)+ A nuclear export signal (NES) and a nu-
clear localization signal (NLS) were identified in the
region of the protein encoded by exon 14 and in the
N-terminus, respectively (Eberhart et al+, 1996; Fridell
et al+, 1996; Bardoni et al+, 1997)+

One of the fundamental questions that at this point is
worth addressing is which region(s) of the protein in-
teract(s) with RNA and whether they have sequence
specificity in the binding+We report here an exhaustive
study of the binding properties of FMR1 with the four
homonucleotides+ To map the sites of interactions and
the contribution to the binding of the different regions
along the sequence, we have produced recombinant
versions of FMR1 fragments+ The sequences of these
deletion mutants were selected according to a semi-
rational approach: the fragment boundaries were first
selected according to recognition of conserved regions
or modules in a multiple alignment of the FMR family+
The state of fold of each fragment, that is whether or
not they are able to adopt a tertiary fold and therefore
form structurally independent units (domains),was then
tested by suitable biophysical techniques+ This point is
essential in any study using deletion mutants for cor-
rect interpretation of functional assays, as it is the only
way to discriminate between a functional rather than
structural role of a given region of a protein+ Finally, the
fragments were probed in a band-shift assay for their
binding properties and specificities+ Full account of our
results is given in the following sections+

RESULTS

Can FMR1 be expected to fold into distinct
structural domains? A sequence analysis

Analysis of the multiple sequence alignment (Fig+ 2A)
carried out on the complete sequence of human FMR1
with related proteins from vertebrate shows high de-
gree of conservation+ A strongly conserved block of
approximately 450 amino acids is observed that goes
from the N-terminus to the end of the sequence en-
coded in exon 14 (residue 444 in Fig+ 2A)+ Within this
region, the first 214 amino acids form a conserved
stretch, delimited on one side by the N-terminus and on
the other side by the beginning of the first KH domain
(KH1), as identified by previous multiple alignments
and by structure determination (Musco et al+, 1996,
1997)+ This region designated FNT (FMR1 N-terminal
domain) shows 70–80% identity and 80–90% similar-
ity within the family and contains an amino acid distri-
bution typical of globular domains (Creighton, 1993)+

Several positively charged groups are present and
conserved along the sequence+ A secondary structure

FIGURE 1. Schematic representation of the FMR1 protein with the
position of the three putative RNA-binding motifs (KH1, KH2, and
RGG box)+ The nuclear localization signal (NLS) and nuclear export
signal (NES) are also indicated+ The domain boundaries of the two
KH domains are indicated as proposed in Musco et al+ (1996) and
supported by data presented in this article+
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A

FIGURE 2. (Figure continues on facing page.)
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prediction based on the multiple alignment shows high
propensity for secondary structure element formation
with helical predominance+ These observations sug-
gest that the N-terminal 200 residues of FMR proteins
should be folded into a globular domain either auton-
omously or together with other regions+ Two tandem
copies of the KH motif are observed directly following+
Sequence homology of the KH domains within the fam-
ily is very high (80% identity and 90% similarity) but, as
noticed elsewhere, there is an insertion 70 amino acids
long between residue 330 and residue 396 in FMR1 as
compared to FXR1 and FXR2 (Siomi et al+, 1995;Musco
et al+, 1996)+ This insertion was mapped in the KH1
structure as being expected in a loop between the sec-
ond and third b-strand of the b-sheet (Musco et al+,
1996, 1997)+

The short consensus sequences GXXG (where X
stands for any amino acid) suggested to be involved in
the interaction with the RNA is conserved in all the KH
domains+ The region directly adjacent to the C-terminus
of KH2 (that corresponds to exon 14) is differentially
spliced and will therefore not be present in some of the
isoforms (Sittler et al+, 1996)+ However, this region is
very well conserved+ In the C-terminus, from residue
445 to 625, conservation breaks down completely+How-
ever, although nonconserved, the C-terminus contains
copies of an RGG box and is rich in positively charged
stretches of arginines and in small hydrophilic resi-
dues+ In this region, the amino acid composition of all
the proteins in the family is not typical of globular do-
mains (37% charged residues, only 8% bulky hydro-
phobic residues, and 34% small amino acids, which

should be compared with the average occurrence of
25% charged residues, 23% hydrophobic, and 28%
small amino acids) (Creighton, 1993)+ Secondary struc-
ture predictions support absence of regular secondary
structure, thereby suggesting that this region, at least
in the absence of a ligand, should be unfolded in so-
lution+ The very last seven C-terminal amino acids are
again highly conserved+

On the basis of this analysis we designed a number
of constructs that should contain the minimal length
potentially necessary to retain the main structural fea-
tures of the full-length protein (Fig+ 2B)+ The potential
domain boundaries were defined by conserved pat-
terns and used either alone or in combination to un-
derstand the structure–function relationship of these
regions+

Do the different regions fold when produced
as isolated domains? A structural analysis

The folding status of the recombinant fragments was
analyzed by circular dichroism (CD), a technique that
provides overall indication about the secondary struc-
ture, and by NMR spectroscopies,which provide detailed
information along the sequence+ The FNT construct
shows a CD spectrum typical of a predominantly a-helix
structure even though its NMR spectrum has very broad
signals and low dispersion suggestive of severe aggre-
gation of the sample (Fig+ 3)+ Analytical gel-filtration
chromatography by fast pressure liquid chromatogra-
phy (FPLC) was performed to probe protein aggrega-
tion+ The experiment was performed immediately after
purification and repeated on the same sample after
three months+ As noticeable in Figure 3 the chromato-
grams show the presence of a unique species for the
freshly prepared protein but aggregation after three
months+ These results suggest that the FNT construct
is at least partially folded and monodispersed at high
dilutions but aggregates at relatively high concentra-
tions+ Whether the region forms only secondary struc-
ture elements or a proper three-dimensional globular
fold remains to be demonstrated+

The construct of KH1 used for the present studies
is the same one for which the three-dimensional struc-
ture has previously been reported (Musco et al+, 1997)+
Since the three-dimensional structure of the construct
is known, the state of folding of this construct is clearly
defined+ A construct containing both the KH1 and the
FNT provides a CD spectrum with a signal that corre-
sponds to a helical content approximately additive for
the two components (Fig+ 4)+ This is what should be
expected if, in the double construct, the secondary struc-
ture of each component was not detectably perturbed+

The results obtained for KH2 are interesting but
puzzling; in contrast to the KH1, a construct containing
the KH motif as defined in Musco et al+ (1996) resulted
in an unfolded protein, as observed both by CD and by

FIGURE 2. A: Multiple alignment of the FMR family, color-coded to
highlight similarities+ All G (orange) and P (yellow) residues are col-
ored+ Other coloring is by conserved property in more than 40% (or
more than 30% for K, R, H) of a column according to the following
convention: Blue, hydrophobic; light blue, partially hydrophobic; red
and pink, positive; purple, negative; green, hydrophilic+ The proteins
are identified by their Swiss-Prot entry names+ The secondary struc-
ture prediction as obtained by the PHD server (prediction) is dis-
played in the first line+ The sequence numbering (ruler) is displayed
according to the FMR1_HUMAN sequence+ B: Schematic diagram
summarizing the constructs used in the present study+ Each frag-
ment is indicated with a rectangle+ The numbers refer to the amino
acid sequence of the Swiss-Prot FMR1_HUMAN entry+ In addition to
the KH2 from FMR1 indicated in the figure, the corresponding region
from FXR1 (compare with A) was also prepared+
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NMR+ In the far-UV CD spectrum, the two expected
helical peaks at 208 and 222 nm collapse into a sin-
gle minimum shifted at 200 nm (Fig+ 4A)+ The one-
dimensional 1 H spectrum is typical of an unfolded and
monomeric peptide with very little resonance disper-
sion (Fig+ 4B)+ To explain this result, we then reasoned
that the long insertion present in a loop of KH2 (Musco
et al+, 1997) might interfere with correct folding of the
domain+ To test this hypothesis, KH2 of FXR1 was pro-
duced and characterized with the same techniques+
Unfortunately the new construct also showed the same

features+ Alternatively, another possible explanation is
that the presence of flanking regions (KH1 and/or the
exon 14) is necessary to stabilize the KH2 fold+ Two
constructs, one with both KH domains in tandem and
another with KH2 followed by exon 14 (from residue
423 to 446), were prepared+ CD and NMR spectra
showed conclusively that only KH1 is folded in the
KH1–KH2 construct, whereas KH2-exon 14 is unfolded
(Fig+ 4A)+ From these findings we must conclude that
KH2, as defined by the multiple alignment, does not
behave as an independently folded unit+

FIGURE 3. Structural data collected for the FNT region+ A: Comparison of the Far-UV CD spectra of FNT (continuous
line) and the FNT-KH1 (dashed line) construct+ The data were recorded at 27 8C and normalized for the concentration+
B: One-dimensional 1H-NMR spectrum of the FNT recorded at 600 MHz using 0+5 mM concentration at 27 8C+ C: Gel
filtration of 1 mg of freshly purified FNT construct+ The same profile collected for the protein after three months is shown in
the inset+
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Finally, the FCT was tested+ Its CD spectrum con-
sists of a single minimum around 200 nm (Fig+ 5), char-
acteristic of an unfolded state+ Titration of the solution
with heparin, a poly-anion typically used to mimic the
effect of DNA/RNA binding and to estimate the effect of
a highly charged species to promote folding, did not
lead to significant changes of the spectrum+

The constructs were then used for testing their RNA-
binding properties+

Do isolated domains bind to RNA?
RNA-binding assays

The different protein constructs shown in Figure 2b
were assayed for RNA-binding activity using RNA ho-
mopolymers immobilized on agarose beads+ The re-
sults of the binding assays are shown in Figure 6A; all
the constructs bind to RNA homopolymers at 150 mM
NaCl concentration+ When the constructs were as-
sayed in the absence of agarose beads, no signal was
detected+ To test possible interference of the His-tag
tail in the binding, the assay was repeated using as a
blank an His-tagged protein that is known not to bind to
RNA (cysteine string protein, kindly provided by Prof+
Benefenati, Rome)+ No signal was detected using the
specific anti-His-tag antibody+ Interestingly, only KH1
binds to RNA, whereas KH2 does not, even after over-
night incubation+Our results also provide the first direct
evidence that shows binding of the RGG box and, rather
unexpectedly, of the protein N-terminal domain+ To rule
out any possible doubt about interference of the His-
tag on the binding, the FNT was produced also as
fusion protein with glutathione-S-transferase (GST),
cleaved from this and assayed for RNA binding+ Com-
parison of the binding observed for the two constructs

FIGURE 4. Structural data collected for the KH domains+ A: Com-
parison of the Far-UV CD spectra of KH1 (continuous line), KH2
(dotted and dashed line), KH2–exon 14 (dotted line), and KH1–KH2
(dashed line)+ The spectra were all collected at room temperature+
B: Expansion of a one-dimensional 1H-NMR spectrum of the KH2–
exon 14 construct and comparison with the spectrum of KH1+ While
the resonances of KH1 are nicely dispersed in a larger spectral
range, the spectrum of KH2–exon 14 is typical of an unfolded species+

FIGURE 5. Far-UV spectra of the FCT construct recorded at room
temperature and 10 mM protein concentration+ The sample was ti-
trated with heparin up to a protein:heparin ratio of 1:5+ The dashed
line represents the last point of the titration+ No changes in the spec-
trum appearance were detected+
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is shown in Figure 6B+ The constructs show compara-
ble behavior (Fig+ 6B)+

In terms of nucleotide specificities, the different con-
structs have different polynucleotide preferences:most
of them are purine preferring+ The binding of the FCT
domain is so strong that it shows comparable affinity
for poly-(rA), (rG) and (rU)+ To test the contribution of
aspecific binding due to electrostatic interactions, the
assay was repeated at increasing ionic strength vary-
ing from 150 mM to 500 mM NaCl concentration+ The
fragments exhibit decreasing binding to RNA homo-
polymers+ The FNT completely loses its capability to
bind to RNA, whereas the FCT retains a weaker affinity
for purine homopolymers (data not shown)+

DISCUSSION

We have presented here data that characterize the
RNA-binding properties of FMR1+ In the absence of
any known specific FMR1–RNA sequence, RNA homo-
polymers were used to detect differential specificities
along the sequence+ In our study, we have taken ad-
vantage of the commonly used approach of producing
deletion mutants, but have complemented it with a char-
acterization of the folding state of the fragments tested

for RNA binding+ This step is essential for correct in-
terpretation of the binding assays: it is the only way to
understand whether an isolated protein fragment re-
tains a tertiary structure arrangement similar to that
adopted in the full-length protein and therefore if dele-
tion of a given region has a structural rather than a
functional effect+ Several deletion mutants of the full-
length FMR1 protein were produced, purified, and
probed for RNA-binding+ Selection of the construct
boundaries was made according to a semirational ap-
proach based on detailed inspection of the protein se-
quence and identification of regions conserved among
all members of the FMR family+

Several lines of evidence suggest that the whole
N-terminal region of FMR1 up to exon 14 is able to
adopt a well-defined tertiary structure: the amino acid
distribution is that typical of folded domains, the whole
block is strongly conserved in the family, and conser-
vation comprises residues that should be able to form
the hydrophobic core of the protein+ Within this region,
however, only KH1 was proven to form a globular fold
when produced as an isolated fragment+ For the FNT
construct, we have indications of secondary structure,
but not directly of a tertiary fold+ Because it tends to
aggregate, it is likely that, without other regions of the

FIGURE 6. RNA-binding assays using RNA homopolymers immobilized on agarose beads+ A: Comparison of the assay
performed at pH 7+5 and 150 mM NaCl concentration as indicated in Materials and Methods for the most significant
constructs+ B: Comparison of the assay performed for the FNT construct with and without the His-tag+ The His-tagged
construct was revealed on the gel using an anti-His-tag antibody, whereas the construct without His-tag was revealed by a
anti-N-terminus monoclonal antibody+ Each picture is the summary of at least three independent observations recorded in
different periods and with different protein batches+
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protein, a number of hydrophobic residues are ex-
posed in the isolated fragment+ This observation might
have important implications for interpreting the pre-
viously reported interaction between FMR1 and its
homologs mapped in a stretch 40 amino acids long
between residue 171 and 211 (Siomi et al+, 1996)+ The
results described by Siomi et al+ might also be ex-
plained either by an artefactual competition between
homo- and heteroaggregates or by deletion of residues
important for the fold but not directly involved in the
recognition+ Only further experiments and a structural
characterization of the complex will resolve this point+

KH2 does not form a globular domain, even when
produced with its flanking regions+ This is somewhat
surprising because the sequence similarity with KH1
would strongly suggest that the two motifs behave sim-
ilarly and form independently stable globular domains+
However, identification of domain boundaries in pro-
teins is not an easy task and there are examples in the
literature in which the same motif in different proteins
needs different regions to fold as a stable domain (e+g+,
Macias et al+, 1996)+ Our results could be explained by
the necessity of other partners of the RNP complexes
such as FXR1 and FXR2 to stabilize the KH2 fold or,
more likely, by the necessity of a spatial arrangement
that in the full-length protein brings together KH2 and
other nonsequential regions of the protein (e+g+, FNT)+
The data accumulated on the FCT confirm that the
region is nonglobular as expected from the large num-
ber of positively charged residues and glycines+

Although binding of FMR1 to RNA homoribonucle-
otides has been reported before (Siomi et al+, 1993a;
Dejgaard & Leffers, 1996), we have shown for the first
time that purified domains of FMR1 bind directly to
RNA with different specificities+ Novel RNA-binding mo-
tifs were characterized at the two ends of the protein,
both in the FNT region in which no previously recog-
nized RNA-binding motif could be identified a priori,
and in the arginine-rich FCT+ In our binding assays,
FNT with and without His-tag binds RNA with purine
preference (such preference becomes more evident at
short exposure times)+ Binding increases for the con-
struct with the FNT coexpressed with KH1+ Binding of
KH1 but not of KH2 strongly suggests that correct three-
dimensional arrangement is essential for this sequence
motif+ The binding of KH1 shows homopurine prefer-
ence in agreement with data previously reported by
Dejgaard and Leffers (1996) for a construct containing
KH1 and a truncated KH2+ It should be noted that KH
domains from different proteins have been described
to have different specificities,with a preference for poly-
(rG) (Siomi et al+, 1993a; Leffers et al+, 1995; Dejgaard
& Leffers, 1996; Buckanovich & Darnell, 1997)+ Finally,
the FCT region binds very strongly and almost without
nucleotide specificity+ It is reasonable to predict that the
interaction with nucleic acids will, in this region, be mostly
electrostatic according to the induced fit mechanism

observed in some other protein/nucleic acid complexes
(Puglisi et al+, 1995; Markus et al+, 1997)+ These obser-
vations support the hypothesis that, while the whole
region of FMR1 up to exon 14 provides specific se-
quence recognition, the FCT acts as an aspecific an-
choring surface+

At high ionic strength, binding of polynucleotides is
weakened for the FCT but disappears completely for
the other constructs (data not shown)+ Binding was also
found to disappear above 500 mM salt for the full-
length FMR1 protein (Siomi et al+, 1993a)+ Although
these results may look contradictory at first (it is ex-
pected that only specific binding is retained at high
ionic strength), it must be considered that, in the ab-
sence of the specific RNA sequence, we are forced to
probe binding with nucleotide homopolymers+ It is there-
fore plausible that binding will be destabilized more for
regions that would need a specific sequence to bind
than for highly charged stretches for which electrostatic
forces are the main driving force+ Different regions of
the protein seem to modulate the specificity mutually
so that the overall behavior is not simply additive+ The
full-length FMR1 has been previously reported to bind
to poly-(rG) but also, to a minor extent, poly-(rU) (Siomi
et al+, 1993a), which we do not observe+ Binding of the
KH1–KH2 construct seems less specific than that of
the KH1 alone+ This could suggest that, even if not
capable of binding when isolated,KH2 can provide some
contribution in the context of the double construct+

Demonstrating that both the N- and the C-terminus of
the protein are able to bind to RNA has important con-
sequences for understanding the functions of FMR1 in
the cell+ FMR1 has been proposed to be involved in the
shuttling of RNAs from the nucleus to the cytoplasm as
well as with actively translating polysomes (Eberhart
et al+, 1996; Kandjian et al+, 1996; Corbin et al+, 1997;
Feng et al+, 1997)+ Eberhart et al+ (1996) have sug-
gested a model for FMR1 in which the native cytoplas-
matic protein enters the nucleus transported by a yet
unknown NLS-binding carrier+ In the nucleus, FMR1
would assemble into an mRNP particle, interacting with
specific mRNA transcripts+ Once formed, the mRNP
particle would be exported to the cytoplasm where it
would associate with translating polysomes+ In the cy-
toplasm, FMR1 would bind to specific transcripts and
possibly influence translation+ Shuttling functions have
been proposed also for other KH containing proteins
such as vigilin (Engebrecht & Roeder, 1990; Siomi
et al+, 1993b; Kuegler et al+, 1996; Kruse et al+, 1998)+
Export through the nuclear pore of RNP complexes
has been shown for several NLS-containing proteins
(Nakielny & Dreyfuss, 1997; Nakielny et al+, 1997; Mat-
taj & Englmeier, 1998)+ Deletion data by Mandel and
coworkers conclusively demonstrate that both the N-
and the C-termini of FMRP are involved in the inter-
action with polysomes and that this is independent of
the presence of FXR1 and FXR2, thus excluding a

RNA-binding properties of FMR1 1255

 Cold Spring Harbor Laboratory Press on December 7, 2009 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


mediation of these two proteins (Bardoni & Mandel, in
prep+)+ On the basis of our data we can expand the
model by Eberhart et al+ (1996) suggesting a more
detailed description of the events involved+ The capac-
ity of the FNT to bind to RNA directly as demonstrated
in the present work strongly suggests a mechanism of
competition between the RNA binding site and the NLS,
both localized in the same region of the protein+ Once
in the nucleus, the protein would bind to an mRNA and
other proteins and form a mRNP (in agreement with
Corbin et al+, 1997)+ The role of the KH domains in the
interaction would be to confer specificity to RNA rec-
ognition, whereas the RGG box would increase affinity+
As a consequence of the complex formation, the NLS
present in the N-terminus would be masked, leading to
export of the complex to the cytoplasm+ Here, the com-
plex would transport the RNA to the polysomes where
binding would mostly occur via RNA (Corbin et al+, 1997;
Feng et al+, 1997)+ A higher binding affinity of the RNA
with the polysome would then result in the disassembly
of the RNA/FMR1 complex with the consequent re-
lease of the protein into the cytoplasm, completing the
cycle of FMR1 in its suggested role as RNA carrier+

MATERIALS AND METHODS

Sequence analysis

The sequences were retrieved from the Swiss-Prot database
using the sequence retrieval server (SRS)+ A multiple align-
ment was obtained with the CLUSTALX program (Thompson
et al+, 1997) and, when necessary, edited using the GDE
program+ Secondary structure prediction was obtained by the
PHD program (Rost & Sander, 1993) using the multiple align-
ment previously obtained as input+

Sample production

The DNA sequences coding for all the FMR1 fragments an-
alyzed were PCR amplified with engineered NcoI on 59 ends
and BamHI or Not I on 39 ends+ The constructs were cloned
into a pET9-derived plasmid vector following the encoding
histidine tag (MSHHHHHHSM), which was included for puri-
fication purposes and not removed+ The constructs were ex-
pressed in Escherichia coli strain BL21(DE3) and the proteins
were induced for 3 h in 8 L LB medium with Ampicillin
100 mg/L by addition of 0+2 mM isopropyl b-D-thiogalacto-
pyranoside (IPTG) after the cultures had reached an optical
density (OD) of 0+8 at 600 nm+ The cells were spun down
(5,000 rpm) in a Beckman centrifuge (model J2-21) with a
JA10 rotor+ The pellets were suspended with 200 mL of Tris-
HCl buffer 20 mM, pH 8, NaCl 300 mM, 0+2% Nonidet P40,
2 mM b-mercaptoethanol+ To the lysis buffer were added
Pefabloc (Boehringer Mannheim) as antiproteases, DNase I
(Boehringer Mannheim), and lysozyme (Sigma)+ Cells were
lysed by ultra-sonication (Branson sonifier, model 250/450),
for 5 min at amplitude 5+ The lysate was ultra-centrifuged in
a Beckman centrifuge (model l-70) with Ti-45 rotor for 1 h at

40,000 rpm at 4 8C+ The proteins were purified by Ni-NTA
column (Qiagen) chromatography+ The elution was carried
out in two steps: 50 mL of 50 mM imidazol and 50 mL of
300 mM imidazol in a standard lysis buffer+ The protein so-
lutions were dialyzed against 20 mM Tris-HCl buffer with
100 mM NaCl at pH 8, concentrated with Amicon concen-
trator (model 8050) and loaded on superdex 16/60 high
load gel-filtration column equilibrated with 20 mM Tris-HCl,
500 mM NaCl, 2 mM b-mercaptoethanol at pH 8+ The frac-
tions that contained the pure protein were pooled together
and stored at 4 8C+ The N-terminus tagless was obtained
cloning the fragment PCR amplified with engineered NcoI on
59 and Not I on 39 ends into a pET9-derived plasmid vector
following the encoding histidine tag and GST+ For each frag-
ment, more than one preparation produced samples to allow
comparison and ensure data reproducibility+

Gel filtration to detect aggregation was performed on HiLoad
column 10/30 Superdex 75 (Pharmacia Biotec) loading 1 mg
of protein+

Circular dichroism

CD measurements were performed on a Jasco J-710 spec-
tropolarimeter equipped with a thermostatically controlled cell
holder stabilized by circulating water from a Neslab RTE-110
water bath+ A rectangular quartz thermostated cuvette with
0+1 cm pathlength was used (Hellma)+ All the spectra were
baseline corrected by subtracting buffer spectra and the ob-
served ellipticity was then converted to mean residue weight
ellipticity [u]/(degree { cm2 { dmol21)+ The protein concen-
tration was determined by measuring the dilution into 6 M
guanidine hydrochloride of a concentrated protein stock so-
lution (1 mM) assuming tyrosine absorbance at 276 nm+ An
extinction coefficient of 1450 M21 { cm21 and of 145 M21 {
cm21 as reported for Gly-L-Tyr-Gly at 276 nm and for Gly-
L-Cys-Gly at 276 nm respectively was used+ The protein con-
centrations were 5 mM, 17 mM, and 10 mM for the FNT, KH1,
and FCT, respectively+ CD spectra were averaged over five
scans obtained by collecting data at 0+5-nm intervals from
250–190 nm+ The temperature-dependent folding and unfold-
ing were followed, monitoring the ellipticity at 215 nm from 4
to 73 8C at a heating rate of 20 8C/h+

NMR measurements

The NMR experiments were performed on a UNITY VARIAN
600 MHz spectrometer equipped with z-shielded gradient coils
using 0+5–1+0 mM samples in 90% H2O/10% D2O+ The ex-
periments were performed at 27 8C+

RNA-binding assay

Binding of His-tagged fusion mutant proteins to RNA homo-
polymers was carried out as described in Swanson and
Dreyfuss (1988) with minor modifications+ Agarose-bound
polyribonucleotide-binding reactions were carried out with
3 mg of different purified protein constructs in a total volume
of 0+5 mL of binding buffer (10 mM Tris, pH 7+4, 2+5 mM
MgCl2, 0+5% Triton, 150 or 500 mM NaCl) for 20 min at 40 8C+
The beads were pelleted with a brief spin in a microfuge and
washed three times with binding buffer prior to resuspension
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in SDS-PAGE loading buffer+ Bound proteins were eluted
from the nucleic acid by boiling and resolved on a SDS-
polyacrylamide gel and visualized by immunoblot+

Western blot analysis

Proteins were resolved on an SDS-polyacrylamide gel and
transferred to PVDF membrane (Amersham)+ Filters were
processed according to the instructions of the manufacturer
and probed with either the anti His-tag antibody (Sigma) or a
polyclonal anti-FMR1 antibody or a mouse monoclonal raised
against the amino-terminal domain (courtesy of J+L+ Mandel
and B+ Bardoni)+
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