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10 Mutations or deletions of FMRP, involved in the regulation of mRNA metabolism in brain, lead to the Fragile X syn-
drome (FXS), the most frequent form of inherited intellectual disability. A severe manifestation of the disease has been
associated with the Ile304Asn mutation, located on the KH2 domain of the protein. Several hypotheses have been pro-
posed to explain the possible molecular mechanism responsible for the drastic effect of this mutation in humans. Here,
we performed a molecular dynamics simulation and show that the Ile304Asn mutation destabilizes the hydrophobic core

15 producing a partial unfolding of two α-helices and a displacement of a third one. The affected regions show increased
residue flexibility and motion. Molecular docking analysis revealed strongly reduced binding to a model single-stranded
nucleic acid in agreement with known data that the two partially unfolded helices form the RNA-binding surface. The
third helix, which we show here to be also affected, is involved in the PAK1 protein interaction. These two functional
binding sites on the KH2 domain do not overlap spatially, and therefore, they can simultaneously bind their targets.

20 Since the Ile304Asn mutation affects both binding sites, this may justify the severe clinical manifestation observed in
the patient in which both mRNA metabolism activity and cytoskeleton remodeling would be affected.
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Introduction

25 In brain, a variety of proteins contribute to the regulation
of gene expression at post-transcriptional level: among
the best characterized is the Fragile X mental retardation
protein (FMRP) (Bagni, Tassone, Neri, & Hagerman,
2012; De Rubeis, Fernandez, Buzzi, Di Marino, & Bag-

30 ni, 2012; Wang, Bray, & Warren, 2012). FMRP is an
RNA-binding protein that forms messenger ribonucleo-
particle (mRNP) shuttling from the soma to the synapses,
in order to regulate multiple steps of mRNA metabolism,
including dendritic transport, stability, and local transla-

35 tion(De Rubeis et al., 2012; Wang et al., 2012). Lack or
mutations in FMRP lead the Fragile X syndrome (FXS),
the most frequent form of intellectual disability (Hager-
man, 1996; Jacquemont, Hagerman, Hagerman, & Lee-
hey, 2007).The majority of FXS patients have an

40 expanded CGG triplet in the 5′-untranslated region
(UTR) of the Fragile X mental retardation gene FMR1
that leads to transcriptional silencing and the absence of
the FMRP (Oberle et al., 1991; Verkerk et al., 1991).

However, few cases of individuals carrying either dele-
45tions or point mutations within the FMR1 gene have also

been reported (De Boulle et al., 1993; Hammond,
Macias, Tarleton, & Shashidhar Pai, 1997).

FMRP has four independent RNA-binding domains.
In mammals, FMRP is able to recognize a large number

50of mRNAs (Brown et al., 2001; Darnell et al., 2011;
Miyashiro et al., 2003) and noncoding RNAs, including
the brain cytoplasmic RNA BC1/BC200 (Johnson et al.,
2006; Lacoux et al., 2012; Napoli et al., 2008; Zalfa
et al., 2003) and some microRNAs (Edbauer et al.,

552010; Muddashetty et al., 2011).
FMRP homodimerizes and interacts with several

cytoplasmic and nuclear proteins, including the two para-
logs FXR1P and FXR2P (Sjekloća et al., 2009; Tamanini
et al., 1999; Zhang et al., 1995). FMRP, FXR1P, and

60FXR2P share a common structure consisting of a
N-terminal domain with two Tudor motifs (Ramos et al.,
2006), a linker domain with a potential helix-loop-helix
motif (HLH) containing a nuclear localization signal
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(NLS), a central region with two KH domains (KH1 and
5 KH2) and a nuclear export signal (NES), and a C-termi-

nus with a RGG box (Bagni & Greenough, 2005). Each
of the four domains is able to bind RNA molecules indi-
vidually (De Rubeis et al., 2012). The entire N-terminal
region forms a novel RNA-binding domain that was

10 shown to interact with polyribonucleotides (Adinolfi
et al., 1999; Siomi, Choi, Siomi, Nussbaum, & Dreyfuss,
1994; Siomi, Zhang, Siomi, & Dreyfuss, 1996) as well
with neuronal RNAs (Lacoux et al., 2012; Zalfa et al.,
2003).The KH2 domain, located in the central portion of

15 the protein, is responsible for the binding to a series of
in vitro selected short RNAs characterized by a particular
structure defined kissing complex (Darnell et al., 2005).
Finally, the C-terminal region of FMRP has an RGG box
crucial for the interaction with some mRNAs containing

20 a G-quartet structure (Darnell et al., 2001; Schaeffer
et al., 2001; Ramos, Hollingworth, & Pastore, 2003a,
2003b), with G-rich regions (Zalfa et al., 2007), with
microRNAs (Muddashetty et al., 2011).

A few cases with FMR1 deletions or a mosaic of a
25 deletion and a full mutation in the FMR1 gene have also

been described and lead to the same Fragile X phenotype
(Gedeon et al., 1992; Lugenbeel, Peier, Carson, Chudley,
& Nelson, 1995; Mila et al., 1996; Petek, Kroisel,
Schuster, Zierler, & Wagner, 1999; Tarleton et al., 1993).

30 The most severe and best-characterized point mutation
identified so far is the Ile304Asn substitution in the KH2
domain of FMRP (De Boulle et al., 1993; Valverde,
Edwards, & Regan, 2008; Valverde, Pozdnyakova, Kaj-
ander, Venkatraman, & Regan, 2007). The patient with

35 FXS and such a mutation has a severe form of intellec-
tual disability, a pronounced macroorchidism and a
severe social and behavioral impairment (De Boulle
et al., 1993). Several studies have been carried out in
order to clarify the effect that the Ile304Asn mutation

40 has on the FMRP function. While FMRP carrying this
mutation is still able to bind mRNAs-containing a G-
quartet, its binding to the kissing complex structure is
reduced (Darnell et al., 2005). Furthermore, studies per-
formed in neurons did not show any difference in FMRP

45 Ile304Asn granular labeling and transport to dendrites
(Castrén, Haapasalo, Oostra, & Castrén, 2001) neither in
the binding to FXR1P. Finally, the human Ile304Asn
FMRP forms mRNPs altered in mass and density (Feng
et al., 1997), retains in vitro RNA binding to poly(G)

50 homopolymer but exhibits reduced binding to poly(U)
homopolymer (Brown et al., 1998; Siomi et al., 1994).

One of the modes FMRP regulates mRNA metabo-
lism is as repressor of translational initiation in vitro
(Laggerbauer, Ostareck, Keidel, Ostareck-Lederer, &

55 Fischer, 2001) as well as at neuronal synapses (Zalfa
et al., 2003). Importantly, Laggerbauer and colleagues
showed that FMRP Ile304Asn fails to suppress transla-
tional initiation (Laggerbauer et al., 2001). In addition to

the effect on the mRNA targets, it has been recently
60shown that both FMRP and FXR1P KH2 domains are

able to bind the Cdc42 effector PAK1 and that FXR1
(I304N) fails to bind PAK1 (Say et al., 2010).

Circular dichroism (CD) spectra and melting curves
of KH domains containing the Ile304Asn mutation

65showed a partial unfolding of the domain (Musco et al.,
1997; Pozdnyakova & Regan 2005; Ramos et al., 2003a,
2003b; Valverde et al., 2007). However, the precise
effect of the mutation on the structure is not known and
can be only speculated if it primarily affects (a) the intra

70and/or intermolecular interactions of FMRP; or (b) it
might impair FMRP’s interactions with its RNA
target(s).

Here, we clarified the structural rearrangements that
the KH2 domain undergoes as a consequence of the

75Ile304Asn mutation using molecular dynamics (MD) and
show that the mutation slightly opens the hydrophobic
core and distorts the nucleic acid-binding site. Conse-
quently, docking simulations show reduced affinity to
nucleic acid.

80Materials and methods

MD simulation

Forty nano second MD simulations of the FMRP KH2
domain and the Ile304Asn mutant have been carried out
with the GROMACS MD package version 4.0.7 (Van

85Der Spoel et al., 2005). Initial coordinates of the sole
KH2 domain were taken from the 2QND PDB file,
which contains the structure of human FMRP KH1-KH2
(Valverde et al., 2007). Thus, the KH2 domain variable
loop was not completely resolved due to its length and

90degree of flexibility; in this study, we have used the
structure of the KH2 domain with a shorter variable
loop, reconstructed by the crystallographers (Valverde
et al., 2007). The whole system consisted of the FMRP
KH2 domain molecule immersed in a box filled by 6057

95SPC water molecules (Darden, York, & Pedersen, 1993).
One solvent molecule was replaced by one Na+ counter-
ion to keep the system electrically neutral. Long-range
electrostatic interactions were calculated using the Parti-
cle-Mesh Ewald summation method (Berendsen, Grigera,

100& Straatsma, 1987), while short-range interactions were
taken into account by using 1.0 nm cutoff method. All
bonds were constrained using the LINCS algorithm
(Hess, Bekker, Berendsen, & Fraaije, 1997).

The overall thermalization procedure was as follows:
105the initial structure was subjected to a cycle of energy

minimization of the solvent and protein using the steep-
est descent algorithm with 100 kJmol�1 nm�1 tolerance,
using a step of 0.01 nm and position restraints on the
protein. A 100 ps restrained MD at 300K was then per-

110formed to equilibrate the water molecules around the
protein, followed by a second cycle of steepest descent
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energy minimization of 1000 steps on the whole system
with no restraints. Temperature was raised up to the final
300K value in a stepwise manner. A series of 50 ps MD

5 runs at the increasing temperature of 50, 100, 200, and
250K have been carried out. The system has been then
simulated for 40 ns at a constant temperature of 300K
using the Berendsen’s method (Berendsen, Postma, van
Gunsteren, Di Nola, & Haak, 1984) and at the constant

10 pressure of 1 bar kept constant using the Rahman-Parri-
nello barostat (1981) with a 2.0 fs time step. All coordi-
nates were saved every 0.25 ps. In order to evaluate the
structural perturbations induced by the Ile304Asn muta-
tion on the native KH2 structure, the last structure of the

15 wild-type protein that appeared with the MD simulation
(i.e. the structure taken at 40 ns) has been used to start
the simulation of the FMRP Ile304Asn mutant. The iso-
leucine 304 has been mutated into asparagine using the
SwissPDB-Viewer program (Guex & Peitsch, 1997).

20 After the residue substitution, another 100 ps restrained
MD at 300K was performed to equilibrate the water
molecules around the KH2 mutant structure. The KH2
domain with the Ile304Asn mutation was simulated for
40 ns under the same conditions previously described for

25 the simulation of the wild-type protein. The first 10 ns of
both simulations were discarded to take into account the
long-system equilibration. Root mean square deviations
(RMSD) and per-residue root mean square fluctuations
(RMSF) trajectory analyses were performed by using the

30 available GROMACS analysis tools (Hess, Kutzner, van
der Spoel, & Lindahl, 2008). Solvent-accessible surface
(SAS) has been calculated with the program Naccess
(Hess et al., 2008; Hubbard & Thornton, 1993), itera-
tively run using in house perl written code. CD spectrum

35 for the last structure extracted from the simulations of
the wild-type and mutant FMRP KH2 domain has been
simulated using the DichroCalc server (http://comp.
chem.nottingham.ac.uk/dichrocalc) (Bulheller & Hirst,
2009).

40 Principal component analysis

The Principal component analysis (PCA) (essential
dynamics) analysis (García, 1992) has been performed as
previously described (Di Marino, Oteri, Morozzo Della
Rocca, Chillemi, & Falconi, 2010). Briefly, higher fre-

45 quency fluctuations have been filtered out by diagonal-
ization of atomic positional fluctuations covariance
matrix calculated during the production run and the cor-
responding eigenvectors; eigenvalues have been used to
describe large-amplitude motions (Garcia, 1992).

50 Cumulative correlation analysis

The dynamic cumulative correlation analysis of the sys-
tems were carried out with in-house written code, taking
into account only the Cα atoms coordinates that contain
enough information to describe the largest system

55motions. The elements of the cumulative correlation
analysis (Cij) were computed as follows:

Cij ¼ hDri � Drjiffiffiffiffiffiffiffiffiffiffiffi
hDr2i i

p
�

ffiffiffiffiffiffiffiffiffiffiffi
hDr2i i

p� �

60where Δri is the displacement from the mean position of
the ith atom and the hi represent the time average over
the whole trajectory.

Positive Cij values represent a correlated motion
between residues i and j (i.e. the residues move in the

65same direction). Negative values of Cij represent an anti-
correlated motion between residues i and j (i.e. they
move in opposite directions). Cumulative positive and
cumulative negative correlations were computed by add-
ing separately the positive and negative terms. Graphs

70were obtained with Grace-5.1.10 (http://plasma-gate.
weizmann.ac.il/Grace/) program and images with the
MacPyMol (http://www.pymol.org) (DeLano, 2002).

Molecular docking

In order to assess the ability of the FMRP KH2 and
75FMRP KH2 Ile304Asn domains to bind ssDNA or RNA

substrates, two different docking experiments have been
performed. For the docking with ssDNA, we have cho-
sen as referring structure for our modeling studies, the
hnRNPK KH3 structure, since the structural alignment

80revealed an RMSD value between the hnRNPK KH3
and the FMRP KH2 structures of 1.8Å. The DNA mole-
cule for the docking simulations (sequence 5′-TCCCT-3′)
has been extracted from the available 3-D structure of
the hnRNP K KH3 domain (PDB code 1J5K) (Brad-

85dock, Baber, Levens, & Clore, 2002; Braddock, Louis,
Baber, Levens & Clore, 2002). A sequence alignment
between FMRP KH2 and hnRNPK KH3 domains was
performed with the program Needle (http://www.ebi.ac.
uk/Tools/emboss/align/index.html), obtaining an identity

90and a similarity of 28 and 49%, respectively. Further-
more, the 3-D structures of these two domains have been
aligned with the DaliLite web server v. 3 (Holm &
Rosenstrom, 2010) in order to evaluate the structural
similarity of the two domains.

95For the docking with RNA, we have chosen as a
reference structure the Nova-2 KH3 domain, cocrystal-
lized with a 20 nucleotide RNA molecule(5′-GAG-
GACCUAGAUCACCCCUC-3′) (PDB code 1EC6)
(Lewis et al., 2000). The sequence alignment between

100FMRP KH2 domain and Nova-2 shows an identity and
similarity of 24 and 38%, respectively, and the structural
alignment revealed an RMSD value between Nova-2 and
the FMRP KH2 structure of 2.6 Å.

The wild-type and mutant KH2 structures used as
105docking partners have been extracted upon clustering of

the two simulations. The clustering has been performed
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with the GROMACS g cluster tool, using the GROMOS
method with a cutoff of 1.8Å. The clustering gave rise
to 1 cluster for the wild type and to 12 clusters for the

5 mutant. In the mutant, the centroid of cluster two has
been selected for the docking, since the structures
belonging to this cluster correspond to the time window
comprised between 28 and 40 ns (Figure S1), after the
unfolding.

10 The wild-type and mutant KH2 structures used as
docking partners have been extracted at 40 ns, that is, the
last frame of the trajectories. The docking simulations, of
50 runs each, have been performed using the HAD-
DOCK program (Dominguez, Boelens, & Bonvin, 2003)

15 particularly suitable for the nucleic acids docking. The
structure with the smallest weighted sum has been
ranked first. The results of the docking runs have been
clustered based on the RMSD criterion, using a 4.5Å
cutoff. The effect of the mutations has been quantified

20 considering the HADDOCK score, that is calculated
according to the weighted sum of various energy terms:
van der Waals, electrostatic, restraints, diffusion anisot-
ropy, dihedral angle restraints, symmetry restraints, bur-
ied surface area, binding and desolvation energies (see

25 the HADDOCK manual for further information (Domin-
guez et al., 2003). Docking simulations of the wild-type
and the mutant Ile304Asn with ssDNA have generated
ten and nine families, respectively, while docking with
RNA have generated seven and five families for the wild

30 type and mutant, respectively. The complex with the best
HADDOCK score (Dominguez et al., 2003) has been
selected from the most populated families for each dock-
ing simulation. The docking results obtained for the
FMRP KH2 domain have been compared with the

35 hnRNPK KH3-DNA NMR structure (Braddock, Baber
et al., 2002; Braddock, Louis et al., 2002) and the Nova-
2 KH3-RNA X-ray structure (Lewis et al., 2000).

Results

Structural and dynamical analysis

40 The KH2 domain of FMRP is located in the central por-
tion of the protein (Figure 1(A)) and is formed by the
alternation of three α-helices (α1-α2-α′) and three β-
strands (β1-β2-β′) (Figure 1(B)). Ile304 is located at the
level of α-helix 2 (Figure 1(B) and (C)) and when

45 mutated in asparagine causes a severe manifestation of
the FXS (De Boulle et al., 1993).

The Ile304 substitution was introduced in the
resolved structure of the KH2 domain (Valverde et al.,
2007), and MD simulation was performed over 40 ns.

50 The RMSD, measure of the average distance between
the Cα atoms of the simulated structure and starting
structure, was calculated for the trajectories of wild-type
and mutant KH2 domains and reported in Figure 2(A).
The wild-type protein reaches a plateau after 10 ns, with

55an average value of 0.3 nm (Figure 2(A), black line). On
the contrary, the RMSD of the Ile304Asn mutant grows
up to 0.5 nm (Figure 2(A), gray line) indicating a desta-
bilization of the entire domain structure.

In a similar way, analysis of the SAS shows a clear
60difference between the two simulations (Figure 2(B)).

The value of the SAS calculated for the wild-type
domain (black line) is fairly constant along all the simu-
lation time and its average value is 14.6 nm2, while the
Ile304Asn mutant (gray line) fluctuates around an aver-

65age of 16.3 nm2. This indicates that the structure of the
mutant is more relaxed and loses its compactness. The
time dependence of the number of residues belonging to
secondary structure elements is shown in Figure 2(C).
The analysis indicates that the secondary structure con-

70tent remains fairly constant along the trajectory in the
wild-type simulation (black line), fluctuating around 60
of the 79 residues composing the KH2 domain. On the
contrary, in the mutant protein, a partial loss of second-
ary structure occurs along the time evolution of the sys-

75tem and, at 40 ns (gray line) only 45 structured residues
are left. In particular, helix α2 in the wild type is com-
posed of three turns, two of which are lost along the
simulation of the mutant due to loss of up to eight
intrahelical hydrogen bonds (see below). In order to fur-

80ther validate our findings, we have simulated the CD
spectrum (Bulheller & Hirst, 2009) of the structure after
40 ns of MD simulation (Figure 2(D)). Of note, the out-
come nicely reproduces the experimental result by Valv-
erde et al. (2007), indicating that our MD simulations

85are correctly sampling the physical behavior of the KH2
domain. Taken together, these results suggest that the
Ile304Asn mutation induces a partial unfolding of the
native KH2 domain.

Tertiary structure and hydrophobic core analyses

90In order to detect which secondary structure elements are
mainly affected by the mutation, the Cα atoms of 4 snap-
shots, extracted every 10 ns from both the wild-type and
mutant domain simulations, have been superposed and
reported in orange and blue color, respectively (Figure 3

95(A)). In the wild-type simulation, the helices α1, α2, and
α′ maintain their structure and position along the entire
trajectory. In the mutant domain, it appears that helices
α1 and α2 are partially unfolded so that helix α′ is dis-
placed from its original position causing the relaxation

100of the hydrophobic core. On the other hand, for both the
wild-type and mutant proteins, the β-sheet region does
not undergo significant changes over the simulation time.

To elucidate the molecular mechanism that induces
unfolding of the KH2 domain, we monitored the dis-

105tances between the hydrophobic residues of the α-helices
and those of the β-sheet. The following residues form
the hydrophobic core cluster: Val293, Val296, Leu303,

4 D.D. Marino et al.
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Ile304, Val308, and Leu358 for the α-helices and:
Val316, Ile318, and Phe335 for the β-strands (Figure 3

5 (B)). The centers of mass of the amino acids on the
α-helices and on the β-strands were calculated separately.
Their distance defines the compactness of the hydropho-
bic core. Figure 3(C) shows that this distance is constant
along the wild-type trajectory, while it notably increases

10 for the mutant (Figure 3(C), black vs. gray line). The
first interactions lost, along the simulation of the mutant,
are those ofAsn304 (on the a2 helix) that looses the
contact with Ile318 at around 6 ns and subsequently with
Val316 and Phe380 (both on the β strands) at

15 around 12 ns. Furthermore, Leu303 (located on α2 helix)
looses the interaction with Leu358 (on β′ strand) at
around 22 ns (Figure S2).This pattern indicates how
these residues play a crucial role in the maintenance of
the hydrophobic core.

20Per residue fluctuation analysis

Analysis of the average RMSF for each residue in both
simulations is reported in Figure 4 and shows how the
presence of the mutation (black dot) on helix 2 influences
the mobility of the entire domain. The amino acid fluctua-

25tion for the wild-type trajectory is low for the residues
that constitute the secondary structure elements, while it
reaches higher values for the loops regions (Figure 4,
black line). On the contrary, the fluctuation profile of the
mutant shows a general increase for all the residues, indi-

30cating that a single mutation on helix 2 is able to signifi-
cantly change the flexibility of the whole KH2 domain
structure (Figure 4, gray line) and consequently decreases
the domain stability. Large fluctuations occur just
upstream and downstream of the Ile304Asn mutation

35(boxed with a dashed line), as well as in the α′ region
(see discussion; see also Supplementary movies 1 and 2).
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Figure 1. Protein topology and structure. (A) Schematic representation of the FMRP domains according to (Adinolfi et al., 1999),
with the relative amino acid sequence number. The domains are reported with the following color code: Tudor domains 1 and
2 = yellow; NLS= blue; HLH motif = green; KH1 and KH2= red; NES= violet; RGG box = gray. (B) Succession of the secondary
structure elements composing the KH2 domain. (C) Three-dimensional structure from (Valverde et al., 2007) of the KH2 domain
represented as a red ribbon. The secondary structure elements and the N-terminus and C-terminus are labeled. The position of the
Ile304Asn mutation is reported in gray color on the red structure.
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Principal component and correlated/anticorrelated
motion analysis

The main dynamical features of the wild-type and the
5 mutant domains have been investigated through the

principal components analysis (PCA) on the atomic
positional fluctuations covariance matrix of the Cα
atoms (Garcia, 1992). The analysis extracts from the
complex fluctuations some simple underlying move-

10 ments that are mathematically described by the so-called
eigenvectors. Here, the first 10 eigenvectors describe,
respectively, for the wild-type and the mutant simula-
tions, about 75% and 85% of the total motion (Figure 5
(A)). In detail, the weight of the first eigenvector repre-

15 sents about 18 and 48% of the global fluctuations in
the wild type and mutant, respectively (Figure 5(A)).
The most significant eigenvector in the wild-type simu-
lation mainly describes the motions of the loop (Figure 5
(B), amplitude of motion from blue to red), while there

20 is little motion in the secondary structure elements (thin
ribbons). On the contrary, in the mutant simulation, the

first eigenvector indicates that also the motions of heli-
ces α2 and α′ significantly increase (Figure 5(C)),
explaining a higher percentage, as compared to the wild

25type, of total motion description in the essential space
(Figure 5(A)). The sum of correlated and anticorrelated
motions that a specific residue establishes with all the
other residues of the domain has been calculated and
the result is shown in Figure 5(D). Specifically, the sin-

30gle mutation Ile304Asn causes a change in the profile
of the cumulative correlation motions localized along
the entire KH2 domain. In particular, the residues
located on helix α2 that in the mutant protein harbors
the mutation, increase the cumulative positive correla-

35tion profile compared with wild-type simulation. This
result indicates a partial unfolding of this protein region,
which is primarily involved in the interaction with
nucleic acids. The loss of secondary structure allows
this region to be more flexible and mobile compared

40with the wild-type domain.

Figure 2. Analyses of domain structure stability. (A) RMSD calculated on the Cα atoms along the 40 ns simulations. The gray box
represents the equilibration time, which has not been considered for further analyses. (B) SAS. (C) Number of amino acids in
secondary structure. (D) CD spectrum calculated on the 40 ns simulation structures. In all the graphs, the wild-type (WT) and mutant
(Ile304Asn) values are reported in black and gray lines, respectively.
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Docking simulations of FMRP-KH2 to nucleic acid

The interaction determinants of the eukaryotic KH
domains with nucleic acids has been extensively studied
and are found to be conserved (Adinolfi et al., 1999;

5 Valverde et al., 2008).Sequence alignment between the
FMRP KH2 and the hnRNPK KH3 domains revealed an

identity of about 30% (Figure 6(A)). Moreover, the
structural alignment between the two structures carried
out using the DaliLite web server v.3 (Holm & Rosen-

10strom, 2010)gives an RMSD value of 1.8Å (data not
shown) and indicates that the residues directly involved
in the RNA/DNA recognition (Figure 6(A), boxed in

Figure 4. Residue flexibility. Average RMSF calculation for the wild-type (black line) and mutant domain (gray line) are reported
for every residue. The black dot indicates the position of the mutated residue. The dashed line outlines the regions around the
mutation. The secondary structures of the domain are reported at the bottom of the graph.
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Figure 3. Hydrophobic core stability. (A) Structural superposition of the wild-type (orange) and mutant (blue) domains extracted
from the trajectories every 10 ns. The helices are labeled. (B) Representative 3-D structure of the wild-type KH2 domain is reported
as a red ribbon. The side chains of residues forming the hydrophobic core are reported in blue licorice, while the mutated residue,
Ile304Asn, is reported in gray (C) Time evolution of the distance between the hydrophobic residues outlined in (B), in the wild type
(black line) and in the mutant (gray line) simulations.
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gray) are conserved in both sequence and three-dimen-
sional arrangement (Chothia & Lesk, 1986). The

5 hnRNPK KH3 domain (Braddock, Baber et al., 2002;

Braddock, Louis et al., 2002) has been selected as a
structural template to study the nucleic acid binding
properties of the FMRP KH2 domain because in this
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e

Figure 5. Domain concerted motion and PCA analysis. (A) Cumulative percentage of eigenvector weights in the wild-type (black)
and mutant (gray) total motions. Projection of the motion along the first eigenvector for the wild type (B) and the mutant (C). The
amplitude of the motion is reported with a color scale ranging from red to blue, while the residue of the mutation is indicated by an
orange sphere. (D) Cumulative percentage of the positive and negative correlations of the motion between each residue and the rest
of the domain. The black and gray lines represent the wild type and mutant, positive and negative, values of correlation for each
residue, respectively. The black circle underlines residue 304, the secondary structures of the domain are also reported at the bottom
of the graph.
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case a solution structure with a small ssDNA has been
5 solved (Braddock, Baber et al., 2002; Braddock, Louis

et al., 2002). Importantly, the same geometry of binding
has also been found in other KH domains (Braddock,
Baber, et al., 2002; Braddock, Louis, et al., 2002);
FMRP binds to single-stranded DNA in addition to RNA

10 (Ashley, Wilkinson, Reines, & Warren, 1993), similar to
other RNP family proteins (Matunis, Michael, & Drey-
fuss, 1992). In the case of hnRNPK, the conformation of
RNA and ssDNA binding to the KH domain appears to
be similar (Braddock, Baber et al., 2002; Braddock,

15 Louis et al., 2002).
Based on these informations, we performed

molecular docking simulations in order to verify if the
FMRP KH2 wild-type and mutant structures maintain

the interaction pattern observed in the hnRNPK KH3-
20ssDNA complex. The NMR structure of the hnRNP K

KH3-nucleic acid complex is reported in Figure 6(B),
while Figure 6(C) and (D) show the best FMRP KH2-
nucleic acid complex obtained by docking simulations
carried out on the most representative structure extracted

25from clustering the wild-type and the mutant trajectories,
respectively (Figure S1). Main interactions stabilizing the
hnRNPK KH3-ssDNA complex are represented by close
contacts that occur between α-helix 1, in particular
involving the Gly391 carbon atom belonging to the car-

30bonyl group, and the T5 and C6 bases (Figure 6(B),
DNA shown in black). Three isoleucines, 394, 401 and
414, are involved in the binding with bases C6, C7, and
C8 forming a hydrogen bonds network. The analysis of
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Figure 6. Docking experiments with ssDNA. (A) Sequence alignment between the hnRNP K KH3 and FMRP KH2 domains. The
line, the double points and the point represent: identity, conservation and partial conservation of residues between the two sequences,
respectively. The arrow indicates Ile304. The gray boxes underline the residues involved in the nucleic acid binding in the hnRNP K
KH3 domain, also conserved in the FMRP KH2 domain. A white box indicates the variable loop position. (B) Upper panel: NMR
structure of the hnRNP K KH3-ssDNA binary complex (Braddock et al., 2002). The protein domain is reported as a hazy blue
ribbon, with the residues forming the nucleic acid (ssDNA) binding site shown as a black segment. (C) Upper panel: Wild type and
(D) Upper panel: mutant KH2-ssDNA binary complex, obtained through molecular docking of the same ssDNA and the last structure
extracted from the two simulations. In this context, the FMRP KH2 domain is in red. (B-C) Lower panels: Network of interaction
between the ssDNA and the hnRNP K KH3, FMRP KH2, and FMRP KH2 Ile304Asn residues.
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the FMRP KH2 wild-type domain-ssDNA complex
5 shows that these interactions are also conserved between

hnRNPK and FMRP domain (Figure 6(B) and (C)). This
is due to the structural maintenance of all the residues
that establish the hydrogen bonds network (Figure 6(B)
and (C)). In detail, T5 and C6 are in close contact with

10 Gly294 and C6, C7, and C8 are bound through a hydro-
gen bond network by Ile297, Ile304, and Ile318. Further,
the distances between the atoms involved in the interac-
tions between the residues and the nucleic acid are all
lower than 4.5Å, as those observed in the NMR refer-

15 ence structure (Braddock, Baber et al., 2002; Braddock,
Louis et al., 2002).

On the contrary, the complex obtained using the
mutant domain (Figure 6(D)) shows substantial differ-
ences when compared with the wild-type KH2 and with

20 the hnRNPK KH3-ssDNA complexes. Indeed, the partial
destabilization of the α-helices causes a different position-
ing of the ssDNA on the domain. In the mutant complex,
the ssDNA structure appears shifted toward the top of the
domain and less tightly bound by the protein, causing the

25 loss of the interactions that are observed in the hnRNP K
KH3-ssDNA NMR structure and are conserved in the
wild-type FMRP KH2-ssDNA docked complex. Many of
the interactions established in the wild type are lost in the
mutant complex (Figure 6(C) and (D), lower panels) and

30 in particular, Ile304Asn causes a deep change in the inter-
action profile. Moreover, the comparison of the HAD-
DOCK (Dominguez et al., 2003) score is in line with the
hypothesis that the mutant is less suitable for the interac-
tion with the RNA/DNA. Actually, the best FMRP

35 Ile304Asn mutant domain – ssDNA docking complex
shows a HADDOCK score of �27.00, while the best
FMRP WT domain – ssDNA complex has a value of
�37.00. The higher HADDOCK value observed for the
complex with the mutant domain is mainly due to the

40 unfolding of the structure that, abolishing the shape com-
plementarity, increases the binding energy.

The Nova-2 KH3 domain binds with high affinity
and in vitro selected sequence, the structure that was
determined by a cocrystal (Lewis et al., 2000). We next

45 performed a docking experiment using a 20 nucleotide
long RNA bearing that sequence (see Methods). FMRP-
KH2 and Nova-2 KH3 share 24% of sequence identity
(Figure 7(A)) and the structural alignment gives rise to
an RMSD value of 2.6Å. Among the 20 nucleotides (nt)

50 of this RNA, the sequence AUCAC (nt 11–15) is crucial
for the binding with Nova-2 KH3 (Lewis et al., 2000).
Interestingly, the binding of Nova-2 involves residue
Leu28 that corresponds to FMRP KH2 Ile304. As shown
in Figure 7, our RNA-KH2 complexes (WT and

55 Ile304Asn) have been compared with the Nova-2 KH3-
RNA complex resolved by a crystal structure (Lewis
et al., 2000). Figure 7(B) shows the crystal structure of
the Nova-2 KH3-RNA, while Figure 7(C) and (D) show

the complexes obtained for the wild-type and mutant
60KH2 (right panel) with the docking having HADDOCK

scores of �104 and �87, respectively. While the binding
mode between Nova-2 KH3/RNA and FMRP KH2/RNA
is conserved (compare Figure 7(B) and (C)), the binding
of FMRP KH2 I304N/DNA or RNA is completely chan-

65ged (Figures 6D and 7(D)). In the case of the WT KH2,
most of the interactions occur at the level of nt 11–15,
while for the Ile304Asn KH3, the majority of the inter-
actions are found at the level of nt 1–5 and only few
interactions involve nt 11–15 (Figures 6(C) and (D) and

707(C) and (D)).

Discussion

The Ile304Asn mutation, located on α-helix 2 of the KH2
domain of FMRP, gives rise to a severe manifestation of
the FXS (De Boulle et al., 1993). The cause of the FMRP

75dysfunction due to such a mutation is still not clear; it
could be impaired nucleic acidic recognition (Darnell
et al., 2005; Feng et al., 1997; Musco et al., 1997; Ramos
et al., 2003a, 2003b; Siomi et al., 1994; Valverde et al.,
2007) or a defect in protein binding (Say et al., 2010).

80Preliminary biophysical experiments showed that the
mutation somehow destabilizes the KH2 domain.

MD and docking studies are valid tools to identify
the structural/functional consequences of a mutation
(Cambria, Di Marino, Falconi, Garavaglia, & Cambria,

852010; Chillemi et al., 2008; Di Marino et al., 2010).
Here, we use these simulations todissect, at atomic
level, the structural/dynamic consequences induced by
the Ile304Asn mutation on the KH2 domain and its
effects on nucleic acid binding. The 40 ns MD simula-

90tion of the wild-type KH2 domain shows that the com-
pactness of the hydrophobic core is maintained for the
entire trajectory, while the mutation of Ile304Asn desta-
bilizes the hydrophobic core producing a partial unfold-
ing of the domain (Figures 2 and 5 and Figure S2).

95Specifically, the RMSD analysis shows that the struc-
ture of the Ile304Asn mutant domain is unable to reach
the equilibrium, also after 40 ns of simulation, while
the wild-type domain reaches the stability after 10 ns
(Figure 2(A)). At the same time the SAS of the

100domain is higher indicating an opening of the structure
(Figure 2(B)). The reduced compactness of the hydro-
phobic core leads to augmented fluctuation (Figure 4),
increased internal motion (Figure 5(B)–(C) and Supple-
mentary movies S1 and S2), and impaired correlation

105of internal motion in the most affected regions (Figure 5
(D)). With our approach we are therefore able to see,
in atomic detail, where the unfolding occurs and which
part of the KH2 domain shows increased movement/
dynamics.

110A KH domain is a conserved compact structure of
three α-helices and three β-strands (Adinolfi et al., 1999;

10 D.D. Marino et al.
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Valverde et al., 2008). Importantly, we highlight here
that the unfolding process does not involve the entire
domain. The sequence of events (Figure 3(A)) shows a

5 primary unfolding of the α1 and α2 helices followed by
a deviation of the α′ helix from its original structural
position. The β-strands instead remain relatively stable.
This process is caused by the substitution of the hydro-
phobic isoleucine with the polar asparagine, which

10 impairs the network of hydrophobic interactions in the
domain core (Figure 3(B)). Loss of two interactions of
residue 304 with Leu318 and Val316 is the initial event
of the unfolding (Figure S2). The primary effect of the
Ile304Asn mutation is therefore a relaxation of the KH2

15 fold and the biological effects such as impaired nucleic
acid or protein binding would be a consequence of the
relaxation. Our structural model is validated by CD spec-

tra experimentally observed for the mutant proteins
(Musco et al., 1997; Ramos et al., 2003a, 2003b; Valver-

20de et al., 2007) that suggest apartial loss of helicity.
To analyze the contribution of the mutated KH2

domain, we performed docking simulations between our
structural model and a short ssDNA or RNA, using the
NMR structure of KH3 domain of hnRNP K with the

25same ssDNA as a paradigm in one case (Backe, Messias,
Ravelli, Sattler, & Cusack, 2005; Braddock et al., 2002)
and the crystal structure of the KH3 domain of Nova-2
with a short RNA in the other (Lewis et al., 2000). The
docking simulation (Figure 6) predicts that the FMRP

30KH2 domain can likewise stably associate to the model
ssDNA or RNA, which is achieved mainly through com-
plementarity to the surface of the α1 and α2 helices and
the adjacent β strand for the binding with the DNA and
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Figure 7. Docking experiments with RNA. (A) Sequence alignment between the Nova-2 KH3 and FMRP KH2. The line, the
double points and the point represent: identity, conservation and partial conservation of residues between the two sequences,
respectively. The arrow indicates Ile304. The gray boxes underline the residues involved in the nucleic acid binding in the hnRNP K
KH3 domain, also conserved in the FMRP KH2 domain. (B) Upper panel: crystal structure of the Nova-2 KH3 (green ribbon) -RNA
(black segment) (Lewis et al., 2000) (C) Upper panel: FMRP KH2 (red ribbon) and (D) FMRP KH2 I304N-RNA binary complex,
obtained through molecular docking of the same RNA and the last structure extracted from the two simulations are reported in red.
Lower panels: Network of interaction between the RNA and the Nova-2 KH3, FMRP KH2, and FMRP KH2 Ile304Asn residues.
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through the GXXG and variable loop structures for the
5 binding with RNA. In the case of the DNA binding, the

proper shape of the binding surface is ensured by a
group of hydrophobic interactions and Ile304, although
forming only a single hydrogen bond with the ssDNA
(Figure 6) is strictly required to maintain the correct

10 folding of the binding site. Consequently, docking simu-
lation of the ssDNA to the mutated KH2 structure pre-
dicts a strong reduction in binding (Figure 6(D)). In the
same way, the binding mode of the KH2 domain with
the RNA is comparable with the one observed for Nova-

15 2. In this case, the correct interaction is altered by the
introduction of the asparagine in position 304 (Figure 7
(D)). Interestingly, Lewis and colleague had hypothe-
sized that the Ile304Asn mutation could affect the bind-
ing of the FMRP-KH2 domain to the RNA (Lewis et al.,

20 2000), and indeed, our analyses confirms this hypothesis.
From this analysis, we suggest that the mutated KH2

domain has a drastically decreased DNA-/RNA-binding
capacity as a consequence of the partial unfolding of the
α1/α2 helices; FMRP is a multidomain protein, including

25 four RNA-binding domains (De Rubeis et al., 2012) and
therefore a platform for multiple RNA and protein inter-
actions (Wang et al., 2012). It is tempting to hypothesize
that the types of RNA that still bind to mutant FMRP,
such as poly(rG) (Brown et al., 1998; Siomi et al.,

30 1994), bind to one of the other RNA-binding domains
present in the full-length protein.

Interestingly, very recently, it has been observed that
the KH2 domain of FXR1 and FMRP can also bind the
PAK1 (p21 protein -Cdc42/Rac – activated kinase 1) pro-

35 tein (Say et al., 2010). The interaction occurs mainly with
the α′ helix (Say et al., 2010) which, in our simulation,
loses its spatial anchor due to the loosening of the hydro-
phobic core. In agreement with our analysis, the Ile to
Asn mutation abolishes PAK1 binding (Say et al., 2010).

40 The partial unfolding of the mutated KH2 domain is
mainly due to the destabilization of the hydrophobic
cluster between helices α1, α2, and β2, β′ which is cru-
cial for the correct arrangement of the nucleic acids bind-
ing sites. It is tempting to speculate that mimicking the

45 presence of the isoleucine in position 304 in the mutant
protein could protect the domain from unfolding. Future
investigations might identify compounds able to restore
the hydrophobic cluster altered by the mutation. This
compound, interacting with the asparagine, should stabi-

50 lize the pocket, and hence, the entire KH2 domain, in a
conformation, that is similar to the wild type, restoring
its ability to bind nucleic acids.

The docking analysis allows to hypothesize a mecha-
nism of selection for the interaction of the FMRP-KH2

55 domain with DNA or RNA molecules. The interaction
between KH2 and the ssDNA involves 4 bases and 4
amino acids with 3 hydrophobic residues and a glycine
establishing hydrogen bonds with the bases (Figure 6).

The docking performed on the basis of the Nova-2 KH3-
60RNA cocrystal (Lewis et al., 2000), suggest that this

scheme is still present (Figure 7), but is greatly improved
due to the high structural complexity of the RNA (Brad-
dock et al., 2002). Since other domains of FMRP are
able to interact with nucleic acids (Bagni et al., 2012;

65Lacoux et al., 2012), the ability of the protein to discern
between different sequences could be an effect of the
cooperation of KH2 with other FMRP domains.

In conclusion, this study suggests that the opened
hydrophobic core, consequence of the asparagine inser-

70tion, affects the shape of two distinct interaction surfaces
of the KH2 domain: the one binding to nucleic acids and
the other binding to PAK1 protein. The two activities of
the KH2 domain are not mutually exclusive and their
convergence may justify the severe clinical manifestation

75observed in the patient (De Boulle et al., 1993) in which
both mRNA metabolism activity and cytoskeleton
remodeling would be affected.
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