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Summary

FMRP, whose lack of expression causes the X-linked

fragile X syndrome, is a modular RNA binding protein
thought to be involved in posttranslational regula-

tion. We have solved the structure in solution of the
N-terminal domain of FMRP (NDF), a functionally im-

portant region involved in multiple interactions. The
structure consists of a composite fold comprising

two repeats of a Tudor motif followed by a short a helix.

The interactions between the three structural elements
are essential for the stability of the NDF fold. Although

structurally similar, the two repeats have different dy-
namic and functional properties. The second, more

flexible repeat is responsible for interacting both with
methylated lysine and with 82-FIP, one of the FMRP

nuclear partners. NDF contains a 3D nucleolar locali-
zation signal, since destabilization of its fold leads to

altered nucleolar localization of FMRP. We suggest
that the NDF composite fold determines an allosteric

mechanism that regulates the FMRP functions.

Introduction

Absence of the fragile X mental retardation protein
(FMRP) causes the fragile X syndrome, the most com-
mon form of inherited mental retardation in humans (Bar-
doni et al., 1999). FMRP is a predominantly cytoplasmic,
multidomain protein that is particularly abundant in neu-
rons, where it is involved in nuclear export, stability, and
localization of a subpopulation of mRNAs in the den-
drites (Brown et al., 2001; Schaeffer et al., 2001; Darnell
et al., 2001; Keene and Tenenbaum, 2002), and functions
as a negative regulator of translation (Li et al., 2001; Lag-
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gerbauer et al., 2001; Mazroui et al., 2002; Zalfa et al.,
2003).

FMRP has a complex functional cycle. After its syn-
thesis in the cytoplasm, the protein moves into the nu-
cleus and associates with several other proteins, with
RNAs, and, possibly, with ribosomes (Jin and Warren,
2003). It is then exported to the cytoplasm where it is de-
tected in the context of the large ribosome-containing
RNP particles that migrate along the dendritic axis to
reach the neural synapses (De Diego Otero et al., 2002).
Lack of functional FMRP affects the assembly of RNP
particles (Mazroui et al., 2002) and the regulation of
translation of several mRNAs (D’Agata et al., 2002;
Chen et al., 2003), leading to abnormal synapses (Zhang
et al., 2001).

The functions of FMRP in different cellular compart-
ments are mediated by its interaction with RNA (Brown
et al., 2001; Schaeffer et al., 2001; Darnell et al., 2001;
Zalfa et al., 2003; Jin and Warren, 2003) and with several
protein partners (Ceman et al., 1999, 2000; Bardoni and
Mandel, 2002; Bardoni et al., 2003; Caudy et al., 2002;
Ishizuka et al., 2002). Interestingly, manyof these protein-
protein interactions have been mapped onto the amino
terminus of the protein where an independently folded
domain, termed NDF (for N-terminal domain of FMRP),
was recently identified (Adinolfi et al., 2003): NDF has
been shown to interact with two nuclear partners of
FMRP, the 82 KDa FMRP Interacting Protein (82-FIP)
and the Nuclear FMRP Interacting Protein (NUFIP) (Bar-
doni and Mandel, 2002; Bardoni et al., 2003). Despite its
importance, however, no structural information is avail-
able yet for this region of FMRP or for its mode of recog-
nition of other proteins. In particular, a molecular insight
into how FMRP selects specific protein partners in differ-
ent phases of its functional cycle would be very impor-
tant to rationalize the regulatory role of the protein.

We have used NMR spectroscopy to determine the
structure in solution of NDF and to investigate its dy-
namic properties. This knowledge was used to identify
key residues that are either involved in protein-protein
interactions or determine the 3D arrangement of NDF.
We prove that the structure as determined in our study
reflects directly the in vivo 3D arrangement of the do-
main in full-length FMRP, since a double mutation de-
signed to destabilize the NDF fold leads to a different
cellular localization of FMRP and plays a role in subnu-
clear localization. The differences in the dynamic and
functional properties of the NDF subdomains described
hereby correlate the structural organization of NDF with
its functional role.

Results

FMRP NDF Has Nonuniform Dynamic Properties

Despite the relatively small size of the domain, structure
determination of NDF proved to be unexpectedly diffi-
cult, mostly because of its high tendency to be attacked
by proteases and its dynamic properties: each NDF
sample lasted no more than 5–7 days at room tempera-
ture after preparation, and the 15N-1H HSQC spectrum
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of NDF comprises a lower-than-expected number of
crosspeaks with a distinct differential intensity (Fig-
ure 1A). Even under optimized salt conditions (10 mM
NaCl), w30 amide resonances are significantly broader
than the rest. An additional increase of all of the reso-
nance line widths was observed at higher salt (150 mM
NaCl) or protein (>1 mM) concentrations, suggesting
the occurrence of aggregation and/or conformational
exchange phenomena. Little benefit could be obtained
from varying the temperature far from 27ºC, as line width
broadening was worse at low temperatures and higher
temperatures promoted an even quicker degradation
of the protein.

As a result, the spectral assignment of NDF proved un-
usually difficult and could be achieved only with the help
of selectively and triple-labeled samples (for details, see
Experimental Procedures). Despite this strategy, some
of the backbone resonances could not be identified.
After thebackboneassignmentwascompleted,themiss-
ing resonances were identified as being from loop resi-
dues, whereas the broad resonance amides were mostly
mapped into the second half of the protein. In this region
(around residues 90–111), both the TOCSY and NOESY
transfer was poor, and some spin systems could be iden-
tified only tentatively, when detected at all. As a conse-
quence, a larger number of restraints could be detected
for the amino-terminal half of the domain (an average of
13.5 intradomain restraints were detected for residues
1–50, as compared to 9.5 for the region 63–113), as re-
flected from the higher precision of the resulting bundle
of structures in this region (Figures 1B,C and Table 1).

Interestingly, no intermolecular NOEs could be identi-
fied in normal NOESY-HSQC experiments or in a 13C
half-filtered 2D NOESY (Otting and Wuethrich, 1989) re-
corded with an NDF sample obtained by mixing inde-
pendently produced batches of 12C- and 13C-labeled
protein. This is in contrast to the presence of the stable,
dimeric form expected on the basis of previous ultracen-
trifugation experiments (Adinolfi et al., 2003). A stable di-
mer is also hardly compatible with the high protease
susceptibility and with the apparent intrinsic flexibility
of the domain (see also the relaxation parameters dis-
cussed below). Possible, not mutually exclusive, ex-
planations are that dimerization is part of a process of
unspecific aggregation caused by the absence of other
regions of the protein that could stabilize the dimer, and/
or that the dimerization interface involves only a limited
surface. We are currently exploring these possibilities.
Meanwhile, the structure of the monomer constitutes
the best structural model available to investigate the
molecular interactions formed by NDF.

FMRP NDF Has a Complex Subdomain Organization
The solution structure of the NDF monomer consists of
two repeats, which we named NDF-1 (spanning residues
3–50 of FMRP) and NDF-2 (spanning residues 63–113),
joined by an unstructured linker and followed by a tail of
20 amino acids (Figure 2). Each repeat folds into a bent
four-stranded antiparallel b sheet, with a fifth strand
closing the cavity of the sheet, similar to a thumb across
a semiclosed hand. Although NDF-1 and -2 have qual-
itatively very similar features, NDF-2 is less compact
(300 Å2 extra exposed surface) well-defined, with a
root mean square deviation (rmsd) for the backbone
atoms of 1.66 Å, as compared to 0.74 Å calculated for
NDF-1. The relative orientation of the two NDF subdo-
mains cannot be precisely determined (Figure 2), and
the overall backbone rmsd is 2.98 Å. Some important
features are nevertheless common to all of the structures
of the bundle. First, the axis joining the b sheets of the
two repeats runs approximately parallel to the longitudi-
nal axis of NDF, and the two repeats are rotated by w90º

Figure 1. NMR Spectrum of NDF and Indicators of the Restraint Dis-

tribution and of the Structure Precision along the Sequence

(A) 15N-1H HSQC spectrum of NDF recorded at 27ºC and 600 MHz on

a 0.6 mM protein solution in 10 mM Tris-HCl (pH 7.4), 10 mM NaCl,

and 2 mM b-mercaptoethanol.

(B) Number of NOE restraints plotted versus the NDF sequence. Re-

gion 95–105 is relatively more poorly defined.

(C) Rmsd of the structure bundle versus the sequence. The two re-

peats are plotted separately to facilitate comparison.



The Structure of the FMRP N-Terminal Domain
23
Table 1. Structural Statistics for the NDF Domain of FMRP

Final NMR restraints

Total distance restraints 1466

Intraresidue 728

Sequential 408

Medium (I to I + j, 2 = j = 4) 115

Long (I to I + j, j = 4) 215

H bonds 34

c and f 146

Restraint violationsa

Distance restraint

violations > 0.5 Å

0.5

Angle restraint

violations > 5º

1.25

NDF-1 NDF-2 All

Coordinate precisionb

All residues 0.74/1.37 1.66/2.27 2.98/3.42

Secondary structure 0.38/1.05 0.56/1.36 2.06/2.54

WHATIF quality check

Packing 21.05 23.73 24.43

Ramachandran 21.18 22.92 23.33

c1/c2 22.98 24.39 22.90

Backbone conformation 22.40 23.47 24.27

Procheck Ramachandran

statistics

Most favorable 80.7% 71.0% 72.4%

Additionally allowed 14.2% 18.0% 17.8%

Generously allowed 3.7% 6.0% 5.5%

Disallowed 1.4% 5.0% 4.3%

a Average per structure of the bundle.
b Rmsd in Å to mean structure. Backbone/heavy atoms.
from each other. Second, direct contacts between the
two repeats are formed between the b1-b2 and b3-b4
loops of NDF-1, with the b3-b4 and b1-b2 loops of
NDF-2, respectively, burying a surface of 453 Å2. A key
role in these interactions is played by aromatic residues
(Phe15, Trp79, Trp80). The linker and the first six amino
acids of the C-terminal tail are sandwiched between the
two repeats (Figures 2B and 2C). Finally, the C-terminal
tail (amino acids 114–134) is unstructured, with the ex-
ception of amino acids 122–126, which fold into a one-
turn helix (a1) and whose side chains pack against
NDF-1, forming a small hydrophobic core. This interac-
tion buries a relatively extended patch of w360 Å2 and
confers a more globular shape to the entire domain.

Relaxation Analysis Allows Us to Study the

Dynamics of NDF
To investigate the dynamic behavior of NDF, 15N T1, T2

and 15N {1H} NOE experiments were recorded (Figure 3).
Analysis of NDF 15N {1H} NOE and T1 values indicates
that the two repeats are more rigid than the other ele-
ments. NDF-2 is more flexible than NDF-1, with an in-
crease of flexibility most noticeable in loop regions.
The C-terminal tail and the NDF-1/NDF-2 linker are over-
all very flexible, as shown by the heteronuclear NOE val-
ues, with the exception of residues Thr125 and Phe126
in a1, whose side chains pack against NDF-1. This sug-
gests that a1 is a stable structural element. Higher than
average 15N T1/T2 ratios and short T2 values were ob-
served for the residues of the b3-b4 loop of NDF-1, which
contacts NDF-2, and for ten NDF-2 residues, several of
which are located in secondary structure elements.
This indicates that these two regions undergo motions
in the millisecond timescale. This dynamic behavior is
often associated with the presence of a conformational
exchange on a biologically relevant timescale.

Analysis of the T1/T2 ratios in structured protein re-
gions reveals that the NDF has a correlation time (tc) of
approximately 14 ns. This value is larger than the one ex-
pected for a 15.5 kDa protein monomer and is between
that expected for a monomer and a dimer (Maciejewski
et al., 2000). This is consistent with what is discussed
above.

The NDF-1 and NDF-2 Repeats Belong to the ‘‘Royal’’

Domain Superfamily
A recent comparative study by Mauhrer-Stroh and co-
workers based on sequence analysis identified a new
family, named Agenet, of mainly plant protein domains

Figure 2. The Structure of NDF and the Interactions between Its

Subdomains

(A) NMR bundles of the best 20 XPLOR structures. The NDF-1 and

NDF-2 repeats were superposed separately, colored in dark blue.

The relative orientation of the two repeats is underdefined, shown

by displaying each repeat alternatively in the same orientation.

(B) Ribbon representation of the best energy structure. The orienta-

tion is the same as that shown for (A). The secondary structure ele-

ments and the N and C termini of the construct are labeled. Inset: De-

tails of the packing of a1 against NDF-1.

(C) Comparison between the experimental map of interresidue NOEs

(right) and the distance map as calculated from the energetically

best NDF structure (left). The distance map was generated by the

WHATIF program (Vriend, 1990). A cutoff of 2.5 Å was added to

the van der Waals radii.
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(Maurer-Stroh et al., 2003). Agenet domains were sug-
gested to share a four b strand fold with chromo, MBT,
and Tudor domains and to be part of a ‘‘Royal’’ domain
superfamily. In the same study, the N terminus of FMRP
was proposed to contain two repeats of the Tudor/
Agenet motif.

Accordingly, we observe two repeats in NDF, and,
when the coordinates of NDF-1 and NDF-2 were inde-
pendently submitted to the EBI Dali server, significant
matches were obtained almost exclusively with proteins
of the ‘‘Royal’’ family. The closest match to the better-
defined NDF-1 is the Tudor domain of the SMN protein
(Selenko et al., 2001) (1g5v). The two structures super-
pose on 47 residues over a total of 48 with a 1.9 Å
rmsd, despite the two domains sharing a fairly low se-
quence identity (15%). Superposition of the two do-
mains (Figure 4A) clearly shows that all five b strands of
NDF-1 align with the corresponding b strands of SMN,
thus suggesting redefinition of the boundaries of the
Tudor/Agenet domains to include an extra b strand (Fig-
ure 4B). The two next highest matches select the DNA
binding domain of HIV-1 integrase (Lodi et al., 1995)
(1ihv) and the transcription elongation factor NusG

Figure 3. Relaxation Data of NDF

Top to bottom, plots of backbone amides 15N T1, T2, and 15N {1H}

NOE values versus the NDF sequence. The data were collected at

27ºC and 800 MHz. The positions of NDF-1, NDF-2, and a1 are indi-

cated. The values of 15N T1, T2, and 15N {1H} NOE can be found in

Table S1 (see the Supplemental Data availablewith this articleonline).
from Thermus thermophilus (Reay et al., 2004) (1nz9),
which superpose with 2.0 Å and 2.4 Å over 45 and 48 res-
idues, respectively (Figure 4A).

NDF Interacts with Trimethylated Lysine through

a Hydrophobic Cavity of NDF-2
The structural similarity between other Tudor domains
(Figure 4A) and the NDF repeats suggests that they may
at least partially recognize structurally similar targets,
such as symmetrically methylated arginine and lysine re-
sidues. To investigate this hypothesis, 15N-labeled NDF
was titrated with symmetrically methylated arginine,
asymmetrically methylated arginine, nonmethylated
arginine, methylated lysine, and nonmethylated lysine
up to a 1:25 molar ratio. A similar test was successfully
used in a study of the binding specificity of the SMN
Tudor domain and provided evidence for the role of
methylation in the recognition of the SMN hydrophobic
cavity by its targets (Sprangers et al., 2003). Chemical
shift variations of the protein resonances were followed
by recording 15N-1H HSQC experiments at each titration
point. Nonmethylated amino acids and methylated argi-
nine did not cause significant chemical shift variations
(data not shown), whereas methylated lysine caused
small, but appreciable, shifts of selected resonances
(Figure 5A). When these variations are mapped onto
the NDF structure, they all correspond to residues that
cluster in the loops flanking a hydrophobic cavity of
NDF-2 and involve roughly the same surface found to in-
teract with methylated residues in the SMN Tudor and
HP1 chromo domains (Sprangers et al., 2003; Nielsen
et al., 2002) (Figure 5B). NDF-1 resonances were not
affected. Although both NDF repeats have similar hydro-
phobic cavaties, that of NDF-1 is protected by the C-
terminal tail and by the b1-b2 loop of NDF-2.

These results suggest a selective and specific role of
NDF-2 in the recognition of methylated lysine targets.

NDF-2 Mediates the Interaction with 82-FIP
A representation of the hydrophobic surface of NDF re-
veals other exposed hydrophobic patches in addition to
those responsible for interaction with methylated lysine,
which could, in principle, be available for molecular in-
teractions with other partners (Figure 6A). To investigate
the interaction between FMRP and 82-FIP, we sub-
cloned and expressed a peptide corresponding to amino
acids 255–411 of 82-FIP (82-FIP156), which spans the
region found to be necessary for binding (Bardoni
et al., 2003). 1H 1D and 15N-1H HSQC NMR spectra of
82-FIP156 showed that this peptide is largely unfolded
(data not shown). Titration of 15N-labeled NDF with unla-
beled 82-FIP156 to reach a 1:2 final molar ratio resulted
in the broadening and disappearance of all amide reso-
nances of NDF-2 and most of the ones at the NDF-1/
NDF-2 interface, while the majority of NDF-1 resonances
and those of the NDF-1/NDF-2 linker and of the C-termi-
nal tail were still clearly detectable (Figure 6B,C). This re-
sult was further confirmed by analysis of the aromatic
and aliphatic resonances in 13C-1H NDF spectra. For
comparison, titration of NDF with other largely unfolded
domains of FMRP (e.g., FMRP KH2 domain and a pep-
tide encompassing the RGG box) did not result in any
appreciable spectral variation (data not shown).
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Figure 4. Comparison between the Two NDF

Repeats and Other Tudor Domains

(A) Structure comparison of NDF-1 and NDF-2

and the three highest hits of a structure data-

base search. NDF-1 and NDF-2 are shown in

purple and pink, respectively. The Tudor do-

main of the SMN protein (1g5v), the DNA bind-

ing domain of HIV-1 integrase (1ihv), and the

transcription elongation factor NusG from

Thermus thermophilus (1nz9) are shown in

light blue, dark blue, and green, respectively.

The structures were all superposed pairwise

on that of NDF-1 and then translated.

(B) Comparison between the published align-

ment of Tudor/Agenet domains and that ob-

tained by using the structural information de-

scribed in this paper. The secondary structure

elements as observed in the NDF-1 structure

are indicated under the alignment.
The Tandem Arrangement of Three Structural Motifs
Is Essential for NDF Stability

The structure of NDF shows that this domain is consti-
tuted by three structural motifs, i.e., the two NDF repeats
and a1. Extensive interactions are observed between
these elements (see above), thus strongly suggesting
that their copresence is necessary for the stability of
the overall domain. To test this hypothesis, we tried to
express the two NDF repeats without the addition of
the tail containing a1. When a C-terminally shorter ver-
sion of NDF (amino acids 1–120) was produced, the con-
struct expressed with a very poor yield (by far insuffi-
cient for any structural characterization) and was
highly prone to aggregation. Another interesting, albeit
indirect, indication was obtained by observing that deg-
radation of NDF at 27ºC is slow and, initially, does not af-
fect drastically the fold of the protein. However, after ca.
1 week, the protein unfolds rapidly. Gel and mass spec-
trometry analyses showed that degradation initiates by
cleavage of a C-terminal fragment that spans residues
122–134. Given these indications, we did not attempt
to produce the isolated NDF-1 or NDF-2.

We designed instead a double mutant in which T125
and F126, the two residues involved in the interaction
between NDF-1 and a1, were mutated to alanines
(T125A/F126A double mutant). This choice should pre-
vent the formation of the two key hydrophobic interac-
tions essential for packing a1 against the NDF-1 hydro-
phobic cavity while preserving the secondary structure
of a1. Without this interaction, we expected a strong de-
stabilization of the 3D arrangement of NDF. Accordingly,
when the NDF T125A/F126A double mutant was pro-
duced in E. coli as a GST fusion protein, most of the pro-
tein went into inclusion bodies (data not shown). The su-
pernatant was nonetheless processed further, and an
affinity column (Ni-NTA gel) was used to purify the fusion
protein. A detectable amount of protein was present in
the eluted fractions from the affinity column but immedi-
ately precipitated, as confirmed by standard colorimet-
ric assays performed on the soluble portion after centri-
fugation.

These results confirm that all three structural motifs
are essential for the stability of the NDF fold.

Destabilization of the NDF Fold Causes a Different

Cellular Localization of FMRP
To understand how destabilization of the NDF fold, as
observed in the T125A/F126A double mutant, could af-
fect the functions of FMRP, we set up a functional assay
in which full-length FMRP localization was tested in a eu-
karyotic cell model. This assay was developed because
the N terminus of FMRP is known to be involved in cel-
lular compartmentalization of the protein (Bardoni and
Mandel, 2002). Both the well-characterized FMRP iso-
forms 7 and 12 (ISO7 and ISO12) were used. ISO7, the
most abundant isoform in adult tissues, is known to lo-
calize in the cytoplasm, whereas ISO12 lacks the nuclear
export signal (NES) and thus localizes prevalently in the
nucleus, mostly in the perinucleolar region (Bardoni and
Mandel, 2002; Willemsen et al., 1996; Khandjian, 1999).
For each isoform, in vitro-prepared COS cells were
transfected for 12 hr with two different clones of the dou-
ble mutant and of the wild-type, in separate experi-
ments. After cell fixation, immunofluorescence was per-
formed by using the 1C3 antibody, which recognizes the
amino-terminal region of FMRP (Devys et al., 1993). For
ISO7, no differences in localization of the two proteins
were observed: both localize in the cytoplasm. Con-
versely, while wild-type ISO12 localizes in the nucleus
and in particular around the nucleoli, as previously

www.ncbi.nlm.nih.gov
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Figure 5. Interaction of NDF with Trimethyl-

ated Lysine

(A) Superposition of the HSQC spectra of

NDF in the absence (red) and in the presence

(blue) of methylated lysine (1:25 protein:

amino acid ratio). The crosspeak of Trp80 at

9.90 ppm and 129.9 ppm is too weak to be

visible with the selected threshold.

(B) Mapping of the residues involved in the in-

teraction with methylated lysine on the NDF-2

surface. For comparison, the corresponding

residues of NDF-1 and those reported to

bind the Tudor domain of the SMN protein

(1g5v) and of HP1 chromodomain (1guw)

are reported. The structures have the same

orientation as in the left panel of Figure 2B.
reported (Bardoni and Mandel, 2002) (Figure 7), the peri-
nucleolar localization of the double mutant is almost
completely lost. Although still mainly localized in the nu-
cleus, the ISO12 double mutant localizes around the nu-
cleoli only in 2% and 6% of the cells as compared to
63% for wild-type ISO12. This indicates that the fold of
the isolated NDF as we observed in solution reflects
that of the full-length protein and that the domain is in-
volved in nucleolar localization of FMRP.

Discussion

FMRP is a modular protein thought to be involved in dif-
ferent cellular functions, as supported by the several
molecular partners identified so far (Bardoni et al.,
1999; Jin and Warren, 2003). Since many of these inter-
actions map to sequence-adjacent or overlapping re-
gions of the protein, a deeper understanding of how
they might be modulated is a prerequisite for dissecting
the regulatory mechanism of FMRP. One of the regions
known to be involved in several different protein-protein
interactions is NDF, which spans the first 134 N-terminal
amino acids of FMRP (Adinolfi et al., 2003). We have
shown here, through the structure determination of this
domain, that the isolated NDF is a relatively noncompact
domain, in line with the hypothesis that, in the full-length
protein, the N terminus of FMRP is stabilized by interac-
tions with other regions of the molecule and/or with
other molecular partners (Adinolfi et al., 2003). NDF com-
prises three structural motifs, the two NDF-1 and -2 re-
peats, and the C-terminal helix. Despite a relatively low
sequence identity, NDF-1 and NDF-2 share a significant

www.ncbi.nlm.nih.gov
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Figure 6. Mapping the Interaction Surface of 82-FIP onto the NDF Structure

(A) Exposed hydrophobic patches (green) are shown on two surface representations of the NDF structure (white) that differ by a 180º rotation

around the y axis. The orientation of the NDF structure on the left is the same as that in the right panel of Figure 2B.

(B) Residues involved in the interaction with 82-FIP156. The side chains of the residues that lead to marked (10, 13, 32, 64, 66, 67, 68, 70, 72–75,

79, 81–89, 91–95, 98, 101, 105, 107–110, 113) and minor (9, 14–16, 33, 69, 71, 80, 102) variations of the peak intensities in the HSQC are displayed

in dark blue and light blue, respectively.

(C) Same as in (B), but in a ribbon representation showing explicitly the side chains of the residues affected.
structural similarity with the SMN Tudor domain, in
agreement with fold predictions (Reay et al., 2004). Us-
ing the structural information obtained from our study,
we propose to redefine the domain boundaries of the
Tudor/Agenet domain family and suggest a consensus
sequence that could be used for identification of new
members of the ‘‘Royal’’ domain superfamily.

The NDF structure reveals hydrophobic pockets on
the surface of the two repeats, which, in analogy with
other Tudor domains, such as the SMN Tudor and the
HP1 chromo domains (Sprangers et al., 2003, Nielsen
et al., 2002), are likely to be involved in protein-protein
interactions. Indeed, our studies show that one of the
NDF hydrophobic pockets binds to methylated amino
acids with a clear target specificity: we observed no
binding between NDF and dimethylated arginine, the res-
idue suggested to be the preferential substrate of SMN,
but we observed specific recognition of methylated
lysine, the target of HP1 (Sprangers et al., 2003, Nielsen
et al., 2002). This indicates that methylation may play
a regulatory role in the interaction of FMRP with a func-
tional partner, as is the case for other proteins contain-
ing domains of the ‘‘Royal’’ superfamily. Interestingly,
only NDF-2 is involved in the interaction with the methyl-
ated amino acid. Binding to the nuclear 82-FIP protein is
also mainly mediated by the flexible NDF-2. This is in
agreement with an earlier report that showed that sub-
stitution of the amino acid 66–134 region of FMRP with
the equivalent region of the closely related FXR1P is suf-
ficient to abolish interaction with 82-FIP and NUFIP (Bar-
doni et al., 2003). Binding of both 82-FIP and methylated
lysine to the more open and flexible NDF-2 suggests
that the two NDF repeats, although structurally similar,
have very different functional and dynamic properties.
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Therefore, NDF-2 seems to be a stronger target for inter-
actions, possibly because of its plasticity and availabil-
ity of exposed hydrophobic cavities.

Finally, we have shown that mutation of two residues
of a1, T125 and F126, which are crucial for the interaction
with NDF-1 and therefore for determining the stability of
the NDF fold, results in loss of FMRP localization in
the perinucleolar region of COS cells, whereas it has
no effect on cytoplasmic or nuclear localization. A similar
alteration of nucleolar localization by using suitable
deletion mutants has been described for other proteins,
such as the Tudor-containing SMN (Lefebvre et al., 2002)
and nucleolin (Schmidt-Zachmann and Nigg, 1993). Peri-
nucleolar localization of a protein can be achieved either
by a nucleolar localization signal or by interaction with
other proteins containing this signal. An example of
this second mechanism is provided by nucleolin, which
‘‘piggy-backs’’ on nucleolar localization factors to reach
its RNA targets (Schmidt-Zachmann and Nigg, 1993).
FMRP, which does not contain a known nucleolar local-
ization sequence motif, could function in a similar way.

The NDF structure, with its complex modular fold
formed by three distinct structural motifs, suggests how
nucleolar localization and other functions could be me-
diated by this domain. Several single Tudor motifs are
able to fold as independently folded units (domains)
when separated from the protein context. The two Tudor

Figure 7. Loss of Nucleolar Localization of the ISO12 Double Mutant

in COS Cells

(A) COS cells were transfected with the wild-type FMRP ISO12

(ISO12-FT), or with two independent clones of double mutant

T125A/F126A ISO12 (ISO12-AA1 and ISO12-AA2). ISO12 is labeled

in red (column a). Nuclei are stained with Hoechst dye (column b).

The two images were then merged (column c).

(B) Percentage of cells exhibiting FMRP ISO12 perinucleolar staining

(wild-type and mutants). More than 85 transfected COS cells were

analyzed for each assay.
domains of NDF are instead rather flexible, and the pres-
ence of a1 seems to be necessary to achieve a relatively
compact domain with a relatively modest thermal stabil-
ity (52ºC) (Adinolfi et al., 2003). We may therefore spec-
ulate that the complexity of the NDF 3D arrangement
may constitute the basis of an ‘‘allosteric’’ regulatory
mechanism able to fine tune the selection of the different
protein partners of FMRP during the different phases of
its functional cycle. Under this hypothesis, the plasticity
and modularity of the three subdomain fold of NDF
could provide a simpler and more flexible mechanism
than that obtainable by a compact single domain: the
possibility of reorienting and stabilizing one or more of
the NDF subdomains would allow modulation of the in-
teractions with other cellular partners, directly or by me-
diation of other regions of FMRP. The example of NDF
may constitute a paradigm that is also valid for other
translational regulatory proteins that form different inter-
actions at different functional stages.

In conclusion, the work presented above illustrates
how a relatively short region of FMRP may have a com-
plex subdomain organization able to fulfill a range of
diversified functions. It also provides the structural
framework for the design of new experiments aimed at
a better understanding of the relationship between
FMRP and its ever-increasing group of cellular partners,
as these are gradually identified.

Experimental Procedures

Protein Preparation

The NDF construct, which spans amino acids 1–134 of FMRP, pre-

ceded by two residues added for cloning and purification purposes,

was overexpressed as a histidine-tagged GST fusion protein in

E. coli BL21 DE3 and was purified by using a two-step protocol. After

breaking the cells in the recommended buffer (Pharmacia), the solu-

ble fraction was loaded onto a Ni2+ semiaffinity column, and the ma-

trix was extensively washed. The protein was eluted in 300 mM im-

idazole, dialyzed against 10 mM imidazole buffer, and cleaved from

GST by overnight Tobacco Etch Virus (TEV) protease digestion at

25ºC. The digestion product was loaded on a fresh nickel-affinity

column to remove the histidine-tagged TEV protease and GST.

The NDF flowthrough was concentrated and dialyzed against the fi-

nal buffer. 15N-labeled and 15N-13C-labeled proteins were obtained

by expressing GST-NDF in M9 minimal media supplemented with
15N ammonium sulfate and, for the doubly labeled protein, 13C glu-

cose as the sole nitrogen and carbon sources, respectively. 2H,
15N, and 13C triply labeled NDF were also obtained by growing the

bacteria in 2H2O minimal media. The homogeneity and molecular

weight of unlabeled NDF were confirmed by electrospray mass

spectrometry.

An unlabeled shorter version of NDF (amino acids 1–120), a con-

struct spanning amino acids 255–411 of human 82-FIP (Bardoni

et al., 2003) (82-FIP156) and the T125A/F126A double mutant were

subcloned into the same GST fusion vector from the original clones

and expressed and purified by following the same strategy as de-

scribed above.

NMR Spectroscopy Studies

NMR spectra were recorded at 27ºC on Varian INOVA and UnityPlus

spectrometers operating at 500, 600, and 800 MHz 1H frequencies

and on a Bruker Advance spectrometer operating at 600 MHz 1H fre-

quency equipped with a cryoprobe. The experiments were recorded

with 0.6 mM samples of NDF in a 90% H2O/10% D2O mixture in

10 mM Tris-HCl (pH 7.4), 10 mM NaCl, and 2 mM b-mercaptoethanol.

Preliminary experiments to screen the experimental conditions were

also carried out in the same buffer as described above, but with

150 mM NaCl. Water suppression was achieved by WATERGATE

pulse sequences (Piotto et al., 1992). The spectra were processed
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and zero filled to the next power of two by using the NMRPIPE pro-

gram (Delaglio et al., 1995). Baseline correction was applied when

necessary. Spectral analysis was performed by using Felix (Accel-

erys) and XEASY (Bartels et al., 1995).

Because of the dynamic properties of the construct, the assign-

ment had to be assisted by specifically designed strategies. Sequen-

tial assignment was obtained by using a combination of TROSY-like

experiments, triple-labeled, and selectively labeled samples. TROSY

versions of HNCO, HNCA, and HNCACB experiments recorded on
2H, 15N, and 13C triply labeled samples proved essential for back-

bone assignment. The assignment was then confirmed by leucine

and valine individually 15N-selectively labeled samples. Side chain

assignment was mostly achieved by using data from 13C-edited

NOESY spectra, as through-bond correlation experiments failed to

give satisfactory results. Aromatic optimized HCCH-TOCSY and
13C-edited NOESY experiments were the basis for aromatic proton

assignment, while the success of (Hb)Cb(CgCd)Hd and (Hb)Cb(CgCd

C3)H3 experiments was limited. Even with the ad hoc strategy adop-

ted, some resonances were missing at the end or could only be as-

signed tentatively. They included the amides of S11, N12, N34, E90,

Y96, C99, and Y103 and some of the side chain protons of Y96, C99,

D100, Y103, and E105. Most of the uncertainties cluster in the C

terminus of NDF2. In total, w87% of nitrogen, amide, Ha, Ca, and

CO resonances and w75% of side chain resonances were finally

assigned.

Structure Calculation

Distance restraints were extracted from a 15N-edited 3D NOESY (150

ms mixing time) and two 13C-edited 3D NOESY experiments (one

with carrier and spectral width optimized for aromatic resonances)

with 100 ms mixing times. An HNHA experiment (Vuister and Bax,

1993) was recorded to obtain semiquantitative information on

HN-Ha J couplings.

Amide proton protection was obtained by recording a series of

80 15N-1H HSQC experiments (each with a 30 min acquisition time)

on a 15N-labeled sample of NDF freeze dried and redissolved in a

100% D2O solution. A 13C half-filtered 2D NOESY experiment (Otting

and Wuethrich, 1989) was recorded to detect a possible dimeriza-

tion surface, on a 0.5 mM sample of FMRP obtained by mixing two

samples of 12C and 13C protein. The experiment was repeated after

freeze drying the protein and resuspending it in a 100% D2O solution

to eliminate unwanted amide proton resonances.

Automatic calculation of NOE crosspeak volumes was initially at-

tempted by using SPSCAN (http://www.molebio.uni-jena.de/wrwg/

spscan) and the XEASY integration routine (Bartels et al., 1995).

Peak volumes were then converted into interproton upper limit dis-

tance restraints by the program CALIBA (Guntert et al., 1997). How-

ever, the strong variability of the resonance line widths and intensi-

ties and the relatively low signal-to-noise ratio experienced for some

peaks led to an inconsistent set of distance restraints, as judged

from equivalent distances measured on known secondary struc-

tures. We therefore adopted a semiautomated procedure, in which

the peak intensities were obtained by XEASY and the restraints

were manually calibrated by assuming known distances in second-

ary structure elements. A fixed correction was applied for peak over-

lap or very broad peaks. Angular restraints (f and c) were obtained

from chemical shift values of N, Ha, Ca, Cb, and CO resonances by

using TALOS (Cornilescu et al., 1999). Hydrogen bond restraints

were introduced only after the initial calculation phase. They were

imposed only if the corresponding proton was observed as pro-

tected in hydrogen exchange experiments and if, in the preliminary

calculations, the same hydrogen bond was formed in all of the 20

best structures.

Structure calculations were first performed by the program

CYANA (Guntert et al., 1997), by using a standard torsion angle dy-

namics protocol and upper-distance, angular, and hydrogen bond

restraints. The structures were then refined by using restrained mo-

lecular dynamics within the XPLOR program (Schwieters et al., 2003)

and a CHARMM22 water refinement protocol (Spronk et al., 2002).

The quality of the obtained set of structures was evaluated by the

PROCHECK (Laskowski et al., 1996) and WHATIF programs (Vriend,

1990).
Relaxation Studies
15N T1 and T2 experiments were recorded at 800 MHz proton fre-

quency on a 15N-labeled 0.8 mM NDF sample by using standard se-

quences (Kay et al., 1992). Peak intensities as a function of delay

time were extracted from the spectra and normalized to the intensity

of the first data point by using the NMRPIPE/NMRDRAW package.

The T1 and T2 values were determined by least-square fitting to a sin-

gle exponential decay for each peak. Experimental errors (signal-

to-noise) are reported in the Supplemental Data available with this

article online. 15N {1H} NOE values were obtained by recording inter-

leaved 15N-1H correlated experiments for a total acquisition time of

48 hr and calculating the peak intensity ratios as extracted from ex-

periments with and without presaturation. Indicative correlation

times were calculated from an average T1:T2 ratio in secondary

structure elements by using the model-free approach (Lipari and

Szabo, 1982).

NMR Binding Assays

82-FIP binding to NDF was tested by titrating unlabeled 82-FIP156

into a 0.3 mM sample of 15N-labeled NDF dissolved in 10 mM Tris-

HCl (pH 8), 10 mM NaCl, and 2 mM b-mercaptoethanol up to a 2:1

molar ratio and recording 15N-1H HSQC TROSY-type experiments

at each step of the titration. The titration was repeated on a 13C-

labeled NDF sample recording 13C-1H HSQC experiments, opti-

mized both for aromatic and aliphatic protons. Binding of methyl-

ated and nonmethylated arginine and lysine to NDF was tested by

adding a concentrated solution of the amino acid to a 0.3 mM sam-

ple of 15N-labeled NDF in 10 mM Tris-HCl (pH 7.7), 10 mM NaCl, and

b-mercaptoethanol up to a 25:1 amino acid:protein molar ratio.

In vivo mutagenesis

T125 and F126 of the FMRP ISO12 isoform were mutated into ala-

nines and cloned in the pTL1 vector (Sittler et al., 1996). The muta-

genesis was performed by using the QuickChange Site-Directed

Mutagenesis Kit (Stratagene) according to the manufacturer’s in-

structions and oligos 50-CCTGCCACAAAAGATGCTGCCCATAAGA

TCAAGCTGGATGTGC-30 and 50-GCACATCCAGCTTGATCTTATGG

GCAGCATCTTTTGTGGCAGG-30.

Immunofluorescence and Western Blots

Cells were transfected for 12 hr by using Effectene TM (Qiagene). Im-

munofluorescence and Western blots were performed as previously

described (Sittler et al., 1996). FMRP was detected by using the

monoclonal anti-FMRP antibody 1C332 as previously described (Sit-

tler et al., 1996).

Supplemental Data

Supplemental Data including a table of NMR relaxation parameters

are available at http://www.structure.org/cgi/content/full/14/1/21/

DC1/.
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