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SUMMARY

The CYFIP1/SRAL gene is located in a chromosomal
region linked to various neurological disorders,
including intellectual disability, autism, and schizo-
phrenia. CYFIP1 plays a dual role in two apparently
unrelated processes, inhibiting local protein synthe-
sis and favoring actin remodeling. Here, we show
that brain-derived neurotrophic factor (BDNF)-driven
synaptic signaling releases CYFIP1 from the transla-
tional inhibitory complex, triggering translation of
target mRNAs and shifting CYFIP1 into the WAVE
regulatory complex. Active Racl alters the CYFIP1
conformation, as demonstrated by intramolecular
FRET, and is key in changing the equilibrium of the
two complexes. CYFIP1 thus orchestrates the two
molecular cascades, protein translation and actin
polymerization, each of which is necessary for cor-
rect spine morphology in neurons. The CYFIP1 inter-
actome reveals many interactors associated with
brain disorders, opening new perspectives to define
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regulatory pathways shared by neurological disabil-
ities characterized by spine dysmorphogenesis.

INTRODUCTION

Genetic alterations of the pathways controlling local protein syn-
thesis in neurons contribute to diverse intellectual disabilities (ID)
and autism spectrum disorders (ASDs) (Ehninger and Silva,
2009). These disorders are synaptopathies (Ehninger and Silva,
2009) in which dysgenesis of dendritic spines is a recurrent
anatomical feature (Penzes et al., 2011). Fragile X syndrome
(FXS) is the most common form of inherited ID and a frequent
monogenic cause of ASD (Belmonte and Bourgeron, 2006;
Hatton et al., 2006; Jacquemont et al., 2007; Turk, 2011).
Patients with FXS display dendritic spine defects (Irwin et al.,
2001), neurodevelopmental delay, and autistic-like phenotype
(Jacquemont et al., 2007). FXS is due to loss of function of the
RNA-binding protein FMRP (Bagni et al., 2012; Bassell and War-
ren, 2008), which regulates dendritic targeting of mRNAs (Dic-
tenberg et al., 2008) and controls protein synthesis and mRNA
decay in neuronal soma and at synapses (Bassell and Warren,
2008). High-throughput screenings (Brown et al., 2001; Darnell
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Figure 1. CYFIP1 Participates in Two Distinct Complexes
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(A) Analysis of the crystal structure of the WRC. Upper panel: the elF4E-binding site (light red, aa 733-751 of the human protein) of CYFIP1 (red) is partially occluded
by NCKAP1 (green). Lower panels: left, a detail showing the interaction between CYFIP1 (red) and elF4E (yellow); right, a detail showing that Lys743 is covered by
NCKAP1 (green) when CYFIPL1 (red) is within the WRC. Lys743 that is crucial for the interaction with elF4E is highlighted with an arrowhead in both panels.

(B) CYFIP1 IP from synaptoneurosomes. Lane 1, input (1/100); lane 2, CYFIP1 IP; lane 3, control IP (rabbit IgGs). Lanes shown belong to the same blot, n = 6.
(C) NCKAP1 and elF4E IPs from synaptoneurosomes. Lane 1, input (1/100); lane 2, NCKAP1 IP; lane 3, control (rlgGs) IP; lane 4, elF4AE IP; lane 5, control (mIgGs)

IP. Lanes shown belong to the same blot, n = 3.
See also Figure S1 and Table S1.

et al., 2011; Klemmer et al., 2011; Liao et al., 2008; Miyashiro
et al., 2003) have revealed that a wide array of neuronal mMRNAs
is targeted by FMRP, suggesting that simultaneous dysregula-
tion of many proteins contributes to FXS.

A key functional partner of FMRP is the cytoplasmic FMRP-
interacting protein 1, CYFIP1 (Napoli et al., 2008; Schenck
et al., 2003; Schenck et al., 2001) also known as “specific
Racl-activated” (SRAL) protein (Kobayashi et al., 1998). CYFIP1
is located within a hot spot for ASD (chr15q11.2), close to a re-
gion critical for two ASD-related syndromes: the Angelman and
Prader-Willi syndromes. Microdeletions or microduplications of
the region, including CYFIP1 and three other genes, cosegregate
with cognitive disabilities and ASD (Cooper et al., 2011; Door-
nbos et al., 2009; Leblond et al., 2012; Nishimura et al., 2007;
van der Zwaag et al., 2010; von der Lippe et al., 2010). CYFIP1
messenger RNA (mRNA) is downregulated in a subgroup of
FXS patients who have the Prader-Willi phenotype and show
severe ASD and obsessive-compulsive behavior (Nowicki
et al.,, 2007). In addition, CYFIP1 has recently been linked to
schizophrenia (SCZ) (Tam et al., 2010; Zhao et al., 2012).

Together with FMRP, CYFIP1 represses neuronal protein syn-
thesis: FMRP tethers specific mRNAs to CYFIP1, which in turn
sequesters the cap-binding protein elF4E, thereby preventing
initiation of translation (Napoli et al., 2008). Upon activation of
the brain-derived neurotrophic factor (BDNF)/NT-3 growth factor
receptor (TrkB) or group | metabotropic glutamate receptors
(mGIuRs), CYFIP1 is released from elF4E and translation ensues
(Napoli et al., 2008). Furthermore, CYFIP1 is part of the Wave
Regulatory Complex (WRC), a heteropentamer containing also
WAVE1/2/3, ABI1/2, NCKAP1 and HPSC300 (Takenawa and
Suetsugu, 2007). The WRC regulates the actin-nucleating activ-
ity of the Arp2/3 complex and it can be activated through the
small GTPase Racl, kinases, and phospholipids (Chen et al.,
2010; Eden et al., 2002; Lebensohn and Kirschner, 2009). In

particular, the Racl signaling can activate the WRC through
CYFIP1 (Chen et al., 2010; Eden et al., 2002; Kobayashi et al.,
1998; Schenck et al., 2003; Steffen et al., 2004). Rearrangements
of the actin cytoskeleton strongly influence the formation, retrac-
tion, motility, stability, and shape of the dendritic spines (Tada
and Sheng, 2006), and genetic ablation of WRC components
affects spine morphology and excitability (Grove et al., 2004;
Kim et al., 2006; Soderling et al., 2007; Wiens et al., 2005). How-
ever, the interplay of this process with other events regulating
spine function, such as local translation, is still unknown.

Here, we demonstrate that active Rac1 changes the equilibrium
between two distinct CYFIP1 complexes, activating the translation
of MRNAs important for synaptic structure and function, such as
Arc/Arg3.1 mRNA. This switch occurs through a conformational
change in CYFIP1, detectable by Forster resonance energy
transfer (FRET). Knockdown of Cyfipl or mutations in the regions
interacting with elF4E or WRC produce dendritic spine defects
resembling those found in FXS and other synaptopathies. These
findings shed light on the molecular mechanisms that tune the
balance between translational control and actin remodeling at
synapses. The identification of interaction partners of CYFIP1
suggests that neurological disorders characterized by spine
dysmorphogenesis might be due to perturbations in the balance
between these two CYFIP1 interconnected pathways.

RESULTS

CYFIP1 Is Part of Two Complexes

To dissect the CYFIP1 function and its possible crosstalk with
the FMRP-elF4E translational complex and the actin-regulatory
complex WRC, we investigated the structural organization of
the two CYFIP1 complexes. According to the crystal structure
of the WRC that includes CYFIP1 (Chen et al., 2010), NCKAP1
interacts with CYFIP1 over a large surface (Figure 1A, upper
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panel); the lysine critical for the binding to elF4E (Lys743) (Napoli
et al., 2008) is covered by NCKAP1 and therefore is not acces-
sible to solvent when CYFIP1 is in the WRC (Figure 1A, bottom
panels, Table S1). These structural data indicate that the same
CYFIP1 molecule cannot simultaneously interact with the WRC
and elF4E.

Synapses are severely affected in FXS and other neurological
disorders (Fiala et al., 2002; Penzes et al., 2011, Valnegri et al.,
2012). Electron microscopy (EM) and biochemical studies
revealed that CYFIP1, at synapses, is enriched in postsynaptic
compartments (Figure S1 available online). In mouse cortical syn-
aptoneurosomes, CYFIP1 coimmunoprecipitates with FMRP,
elF4E, NCKAP1, and WAVEL1 (Figure 1B). Furthermore, immuno-
precipitation of NCKAP1 revealed the presence of CYFIP1 but
not elF4E, whereas immunoprecipitation of the elF4E complex
detected CYFIP1 but not NCKAP1 (Figure 1C). We conclude
that CYFIP1 engages in two distinct complexes.

Synaptic Stimulation Changes CYFIP1 Distribution
between the Two Molecular Complexes

Synaptic activity leads to an increase of protein synthesis as
well as actin remodeling (Bramham, 2008). Given the presence
of CYFIP1 in the FMRP-elF4E translational complex and the
actin-regulatory complex WRC, we investigated whether its dis-
tribution over these two complexes might change after synaptic
stimulation. Therefore, we stimulated cortical neurons with
BDNF at 15 days in vitro (DIV) (Figure S2A), a stage when
FMRP, CYFIP1, and elF4E are highly expressed and neurons
are mature (Figure S2A). We stimulated neurons with BDNF,
which induces translation (Aakalu et al., 2001; Schratt et al.,
2004; Takei et al., 2004) and actin remodeling (Bramham,
2008), and followed the subsequent changes in the colocaliza-
tion of CYFIP1 with elF4E or NCKAP1. Stimulation by BDNF
significantly reduced the degree of CYFIP1-elF4E colocaliza-
tion, and concomitantly increased the number of CYFIP1-
NCKAP1 puncta, suggesting that CYFIP1 distribution changes
between these complexes upon TrkB receptor activation (Fig-
ures 2A and S2B). The magnitude of these changes is similar
to those observed with manipulations that alter interactions of
elF4E with canonical elF4E-BPs (Costa-Mattioli et al., 2009;
Richter and Klann, 2009; Sonenberg and Hinnebusch, 2009).
These changes were observed 15 min after BDNF stimulation
(Figure S2C). Only a very small proportion of CYFIP1 remained
not engaged within these two complexes ( 15% according to
the colocalization data). Consistently, blue native PAGE (BN-
PAGE) revealed that the majority, if not all, of CYFIP1 is part
of high molecular weight complexes (Figure S2D). Based on
these data, we infer that a “free” CYFIP1 pool is minor.

We then aimed at identifying the factors regulating this equi-
librium. A candidate is Racl, because in its active form (GTP-
Racl), it interacts with CYFIP1 (Kobayashi et al., 1998) and
favors WRC activation (Chen et al., 2010; Eden et al., 2002;
Schenck etal., 2003; Steffen et al., 2004). To test this hypothesis,
we used NSC23766, a specific inhibitor of Rac1 activation (Gao
et al., 2004) (Figure S2E). Addition of NSC23766 before BDNF
stimulation prevented the redistribution of CYFIP1 (Figure 2A),
indicating that active Racl is needed for the effect of BDNF on
the CYFIP1 complexes. To further monitor the dynamics of

CYFIP1 redistribution, we quantified the changes in fluores-
cence of EYFP-CYFIP1, Cerulean-NCKAP1, and elF4E-mCherry
in spines of BDNF-stimulated primary neurons over time (Fig-
ure S3). We observed that the ratio of Cerulean-NCKAP1 over
EYFP-CYFIP1 steadily increases, indicating a build-up of WRC
(Figure S3C).

CYFIP1 redistribution between elF4E- and NCKAP1-contain-
ing complexes was further corroborated by biochemical evi-
dence in isolated synaptoneurosomes: BDNF stimulation
increased the amount of CYFIP1 coprecipitating with NCKAP1,
and conversely reduced its binding to elF4E; the Racl inhibitor
was able to prevent the CYFIP1 redistribution (Figure 2B).

To investigate whether active Racl directly changes the ability
of CYFIP1 to bind elF4E, we used GTP-Racl as exogenous
competitor in m’GTP chromatography on cortical lysates.
Indeed, increasing concentrations of GTP-Racl reduced the
degree of binding of CYFIP1 to elF4E, whereas inactive Racl
(GDP-Racl) had no effect (Figure 2C). The association of FMRP
to elF4E was also reduced, whereas no changes were observed
forelF4G. NCKAP1 did not copurify at all with elF4E, showing that
the assay specifically allowed isolation of elF4E-associated com-
plexes. These data indicate that exogenous active Racl partially
dissolves a preassembled CYFIP1-elF4E complex. To address
whether Racl also drives the distribution of CYFIP1 over the
two complexes in other physiological and cellular contexts, we
monitored the CYFIP1-elF4E complex upon serum restoration
in serum-deprived HEK293T cells (Figure S4A). In agreement
with our findings in brain, CYFIP1 and FMRP were rapidly
released from elF4E upon addition of serum, and then slowly
reassociated (Figure S4B), whereas Racl inhibitor abolished
the release of the translational inhibitory complex (Figure S4C).

Finally, we investigated how active Racl changes the binding
affinity of CYFIP1 for elF4E and thereby favors the association of
CYFIP1 with the WRC. A possibility is that CYFIP1 exists in two
different conformations, and that GTP-Racl triggers a transition
between the two. The crystal structure of the WRC showed
that CYFIP1 has a planar conformation (Chen et al., 2010). We
extracted CYFIP1 from the WRC and let it evolve in a molecular
dynamics simulation for 135 ns. We obtained a CYFIP1 molecule
with a predicted more “globular” conformation and a reduced
distance between the N and C termini ( 7 nm instead of
12.8 nm measured for CYFIP1 in the WRC crystal structure) (Fig-
ure 2D). The consequence of this conformational change is that
the domain carrying the elF4E-binding site moves toward the
outside (Figure 2D), allowing Lys743 to interact with Glu132 of
elF4E (Figure 1A) (Napoli et al., 2008). To validate the predicted
second CYFIP1 conformation, we applied intramolecular FRET
on HEK293T cells transfected with a CYFIP1 harboring mCherry
and EGFP at its N and C termini (mCherry-CYFIP1-EGFP) (Fig-
ure 2E). The presence of two fluorescent tags did not inhibit
the interaction of CYFIP1 with elF4E and NCKAP1 (Figure 2E).
FRET was revealed by measuring the donor’s fluorescence life-
time (for details, see legend to Figure S4D). Only the globular
conformation might result in FRET, due to a distance between
the termini of 7 nm, whereas the separation of 12.8 nm in
the planar conformation would not allow substantial Forster-
type resonance (Ro = 5 nm) (Albertazzi et al., 2009).
mCherry-CYFIP1-EGFP exhibited significant FRET, indicating
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Figure 2. Upon BDNF Treatment CYFIP1 Shifts between elF4E and WRC through a Conformational Change Induced by Active Racl

(A) BDNF changes CYFIP1-elF4E and CYFIP1-NCKAP1 colocalization in a Racl-dependent manner. Left: representative dendrites costained for CYFIP1-elF4E
(yellow, upper row) and CYFIP1-NCKAP1 (cyan, lower row; scale bar represents 5 mm). See Figure S2B for single staining (green, CYFIP1; red, elF4E; blue,
NCKAP1). Neurons treated with vehicle or BDNF (100 ng/ml for 30 min) with/without NSC23766 (200 mM for 10 min pretreatment) are shown. Right: percentage of

(legend continued on next page)
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