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which adopts a novel all-a-helical fold and mediates homodimerization through
a substantial interface, are reported. Homodimerization creates a large and
highly negatively charged concave surface suggestive of a protein-binding
groove. The FMRP-interacting sequence motif forms an integral «-helix in the
dimeric Caprin-1 structure in such a way that the binding of FMRP would not
disrupt the homodimerization of Caprin-1. Based on insights from the structures
and existing biochemical data, the existence of an evolutionarily conserved
ribonucleoprotein (RNP) complex consisting of Caprin-1, FMRP and G3BP1 is
proposed. The JEV core protein may bind Caprin-1 at the negatively charged
putative protein-binding groove and an adjacent E-rich sequence to hijack the
RNP complex.

1. Introduction

The Caprin (cytoplasmic activation/proliferation-associated
protein) family has two members, Caprin-1 and Caprin-2,
which are characterized by two highly conserved homologous
regions (HR1 and HR2; Grill et al., 2004; Shiina et al., 2005;
Fig. 1a). A Drosophila protein, dCaprin, also contains an HR1
region. In both Caprin-1 and Caprin-2, a less conserved E-rich
region is present between HR1 and HR2. Caprin-1, Caprin-2
and dCaprin all contain RGG boxes and RG-rich sequences
characteristic of RNA-binding proteins (Fig. 1a). Caprin-2
also contains an identifiable domain (CRD; Clg-related
domain) at its C-terminus (Shapiro & Scherer, 1998; Gabor-
iaud et al., 2003; Garlatti et al., 2010; Venkatraman Girija et al.,
2013; Miao et al., 2014).

Caprin-1 is a positive regulator of cell proliferation. Its level
is highest in thymus and spleen and lowest in kidney and
muscle. A high level of Caprin-1 was observed in proliferating
mouse T or B lymphocytes and haemopoietic progenitors
(Grill et al., 2004). Caprin-1-null chicken B lymphocyte DT40
© 2016 International Union of Crystallography cells showed a marked reduction in the proliferation rate,
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which could be restored by the expression of human Caprin-1
(Wang et al, 2005). Suppression of Caprin-1 expression
resulted in defective proliferation, with a prolonged G1 phase.
Caprin-1 formed a stable complex with Ras GTPase-activating
protein-binding protein 1 (G3BP1; Solomon et al., 2007). This
complex localizes in cytoplasmic RNA granules and selec-
tively binds mRNAs of c-Myc and cyclin D2, two proteins with
essential roles in the G1/S transition (Chiles, 2004; Kaczmarek
et al., 1985; Pardee, 1989).

In the brain, Caprin-1 is highly expressed in the neuronal
RNA granules (Shiina et al., 2005), which contain mRNAs of
key proteins for synaptic plasticity, such as Ca**/calmodulin-
dependent kinase Ilo (CaMKIlw; Burgin et al., 1990), brain-
derived neurotrophic factor (BDNF; Tongiorgi et al., 1997),
tyrosine receptor kinase B (TrkB; Tongiorgi ef al., 1997) and
cAMP response element-binding protein (CREB; Crino et al.,
1998). The importance of Caprin-1 in brain development is
demonstrated by the observation that Caprin-I-knockout
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Caprin proteins and structure of the dimerization domain of Caprin-1. (a) Schematic representation of human Caprin-1 and Caprin-2, as well as of
Drosophila Caprin (dCaprin). HR1 and HR2, homologous regions 1 and 2. CRD, Clg-related domain. The thin red lines indicate the locations of the
RGG boxes. (b) Sequence of the human Caprin-1 dimerization domain aligned with the homologous sequences of Caprin-2 and dCaprin. The secondary
structures are indicated above the Caprin-1 sequence. Residues involved in dimerization are indicated with a + sign. (c, d) Structure of the Caprin-1
homodimer rendered in cartoon mode and surface mode, respectively, viewed from three different angles. The two protomers are colored red and blue,
respectively.
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mice died soon after birth owing to respiratory failure,
suggesting defects in the brain stem (Shiina et al., 2010).

Caprin-1 is also involved in the formation of cytoplasmic
RNA stress granules (SGs). Caprin-1 and G3BP1 localized
into SGs in response to oxidative stress. Overexpression of
Caprin-1 promoted SG formation (Solomon et al., 2007). The
formation of Caprin-1-containing SGs has been implicated in
several diseases.

Osteosarcoma (OS) is the most common primary bone
malignancy in children and adolescents (Sabile et al., 2013). In
cultured OS cells, Caprin-1 interacts with the OS-promoting
protein Cyr61. Overexpression of Caprin-1 led to the forma-
tion of Caprin-1-Cyr61-containing SGs and decreased the
sensitivity of the OS cells to cisplatin-induced apoptosis. In
SCID mice, the overexpression of Caprin-1 dramatically
enhanced primary tumor growth and remarkably increased
lung metastasis and mortality. In a group of OS patients,
increased Caprin-1 expression was correlated with shortened
survival. Moreover, patients with tumors co-expressing
Caprin-1 and Cyr61 showed poorer survival than patients
expressing one or neither of the proteins.

Caprin-1-containing SGs constitute a host antiviral
response against Japanese encephalitis virus (JEV). JEV
suppresses SG formation by using its core protein to bind
Caprin-1 and recruit several SG-promoting proteins to the
perinuclear region (Katoh et al.,2013). Mutations of Lys97 and
Arg98 to alanines (9798A mutant) in the core protein abolish
its interaction with Caprin-1. In cells infected with a mutant
JEV containing the 9798A mutant, viral inhibition of SG
formation was abrogated and viral propagation was impaired.

Caprin-1 may participate in the protective response to
ototoxic insults. In cochlear hair cells, Caprin-1 is down-
regulated by the transcription factor Pou4f3 (Xiang et al., 1997,
Towers et al., 2011). Poudf3 is essential for the survival of
auditory sensory hair cells. Several mutations in the human
Poudf3 gene cause hearing loss (Collin et al., 2008; Pauw et al.,
2008). Aminoglycoside-induced hair-cell damage results in a
decrease in the Pou4f3 mRNA level and an increase in the
Caprin-1 mRNA and protein levels, leading to the formation
of Caprin-1-containing SGs.

Huntington’s disease (HD) is a neurodegenerative disorder
caused by an expansion of a polyglutamine repeat within
huntingtin, the HD gene product (Ross et al., 1997). It was
found that expanded huntingtin interacted with Caprin-1 and
was redistributed to Caprin-1-G3BP1-containing SGs (Rato-
vitski et al,, 2012), suggesting a role of Caprin-1 in HD
pathogenesis.

The functions of Caprin-1 depend on its molecular inter-
actions. The Caprin-1-G3BP1 complex selectively interacts
with c-Myc and cyclin D2 mRNAs (Solomon et al., 2007).
Interestingly, although Caprin-1 and G3GP1 are both RNA-
binding proteins, Caprin-1 is mainly responsible for binding
the mRNAs through the C-terminal RGG and RG-rich
sequences.

Caprin-1 also interacts with many protein partners. Direct
interactions of Caprin-1 with G3BP1, the fragile X mental
retardation protein (FMRP) and the JEV core protein were

established by in vitro affinity pull-down assays (Solomon
et al., 2007; Katoh et al, 2013; El Fatimy et al, 2012). The
Caprin-1-G3BP1 complex has been implicated in virtually all
reported functions of Caprin-1. G3BP1 contains a nuclear
transport factor 2-like (NTF2) domain, an acidic region, an
RNA-binding domain (RBD) and a C-terminal RGG/G-rich
sequence. The crystal structure of the NTF2 domain has been
reported (Vognsen et al., 2013). Residues 352-380 of Caprin-1
and the NTF2 domain of G3BP1 are required for the inter-
action of Caprin-1 and G3BP1 (Solomon et al., 2007). FMRP
is present in all three major classes of RNA granules (SGs,
neuronal granules and P-bodies) and plays important roles
in mRNA metabolism (Kao et al., 2010; Darnell, 2011). The
absence of FMRP causes fragile X syndrome (FXS), the most
common form of inherited mental retardation (O’Donnell &
Warren, 2002). FMRP contains two Agenet-like domains, two
KH (hnRNP K homology) domains and an RGG region.
Several NMR or crystal structures are available for various
fragments of FMRP (Ramos et al., 2006; Valverde et al., 2007,
Musco et al., 1996, 1997; Phan et al., 2011). Residues 231-245
of Caprin-1 and residues 427-442 of FMRP are required for
the interaction between Caprin-1 and FMRP (El Fatimy et al.,
2012).

While significant progress has been made in unravelling the
functions and mechanisms of Caprin-1, no structural study of
Caprin-1 has been reported to date. This lack of structural
knowledge has hampered research efforts in related fields,
especially in view of the fact that Caprin-1 does not have
sequence similarities to any protein with a known structure. In
this paper, we present the crystal structures of a human
Caprin-1 fragment consisting of residues 132-251.

2. Materials and methods
2.1. Protein sample preparation and crystallization

The detailed procedures for molecular cloning, protein
expression, purification and crystallization have been reported
elsewhere (Wu et al., 2015). Briefly, a fragment of human
Caprin-1 (containing residues 112-260) was expressed as a
fusion protein with N-terminal Halo and His tags in Escher-
ichia coli BL21(DE3) cells. An octapeptide that can be
specifically recognized and cleaved by human rhinovirus
(HRV) 3C protease was engineered between the tags and the
Caprin-1 fragment. For the native protein, bacterial cells were
grown in LB medium. Recombinant protein production was
induced by isopropyl B-p-1-thiogalactopyranoside (IPTG; at a
final concentration of 0.2 mM) when the cultures reached an
ODgqp of 0.6-0.8. Protein expression was carried out at 10°C
for 24 h before harvesting. The fusion protein was purified
using cobalt-affinity resin. The tags were cleaved by His-
tagged HRV 3C protease and removed from the target protein
by a reverse immobilized metal-affinity chromatography
(IMAC) process. The untagged, purified protein was concen-
trated to a final concentration of ~10 mgml~' in a buffer
consisting of 25 mM Tris pH 7.0, 200 mM NaCl. For seleno-
methionine (SeMet)-labelled protein, the bacterial cells were

720 wuetal. -

Dimerization domain of human Caprin-1

Acta Cryst. (2016). D72, 718-727



research papers

Table 1

Data-collection and processing statistics.

Values in parentheses are for the highest resolution shell.

Native SeMet
Data collection

Space group C121 P3,21
Unit-cell parameters

a(A) 106.2 66.0

b (A) 77.31 66.0

¢ (A) 58.01 117.7

a=p6() 90.0 90.0

y (°) 90.0 120.0

Resolution (A)
No. of unique reflections

42.6-2.05 (2.16-2.05) 41.0-2.65 (2.79-2.65)
29397 (4258) 9085 (1292)

Completeness (%) 99.0 (98.8) 100 (100)
Ruerget (%) 9.6 (54.4) 7.6 (60.6)
(Ilo(1)) 5.4 (1.6) 11.5 (2.8)
CCy 0.99 (0.72) 1.0 (0.89)
Multiplicity 3.1 (3.0 5.4 (54)
Anomalous completeness (%) N/A 100 (100)
Anomalous multiplicity N/A 2.9 (2.8)
Refinement
Resolution (A) 42.6-2.05 41.0-2.65
No. of reflections 29397 9085
Ryork/Rireet (%) 19.6/23.1 20.9/26.5
No. of atoms
Protein 2989 1992
Water 269 38
B factors (A?)
Protein 37.9 51.0
Water 38.6 35.7
R.m.s.d., bonds (A) 0.005 0.007
R.m.s.d., angles (°) 0.940 1.170
Ramachandran plot
Favored (%) 97.0 97.0
Outliers (%) 0 0

T Rmerge = 2wt 2 WKL) — (I(RKD)| /3 D I(hKD), where (I(hkl)) is the average
intensity of reflection hkl. § Ryork = Y it ||1Fops| — [Feate] ‘/th, |Fopsl, Where Fps and

obs
F.a are the observed and calculated structure factors, respectively. Ry is calculated as
for Ryork but using a randomly selected subset of data (7%) which were excluded from
refinement.

grown in M9 minimal culture. When the cultures reached an
ODgp of 0.6-0.8, the six amino acids leucine, isoleucine, lysine,
phenylalanine, threonine and valine were added to the culture
to a final concentration of 50-100 mg 1~". After half an hour of
growth at 37°C, L-selenomethionine was added to the cell
culture to a final concentration of 50 mg1~'. The subsequent
steps were identical to those for the native protein. The
crystallization trials and optimization were carried out using
96-well plates at 22°C by sitting-drop vapour diffusion. Seven
sets of in-house-prepared crystallization screening solutions
(each containing 96 different conditions) were used in the
initial screen. To obtain native crystals in space group C121,
the well solution consisted of 22% PEG 750 MME, 0.1 M Tris
pH 8.0, 0.1 M potassium fluoride, 10% glycerol. To obtain
SeMet-labelled crystals in space group P3121, the well solu-
tion consisted of 12% PEG 600, 0.1 M Tris pH 8.0, 0.1 M
calcium acetate, 10% glycerol.

2.2. Data collection, data processing and structure
determination

Data collection was carried out on LS-CAT beamline
21-ID-G at the Advanced Photon Source, Argonne National

Laboratory. The data were processed using MOSFLM and
SCALA in CCP4 (Battye et al., 2011). The structure in space
group P3,21 was solved by SAD using a data set collected at
the peak wavelength of Se (0.97872 A) from a single crystal of
SeMet-labelled protein. Locating the Se atoms and building
the initial structure were performed using the PHENIX
package (Adams et al., 2011). Interactive model building was
carried out with Coot (Emsley et al., 2010). The structure was
refined using phenix.refine (Afonine et al., 2012). The structure
in space group C121 was solved by molecular replacement
using Phaser (Storoni et al., 2004) as implemented in the
PHENIX package. Structure-determination statistics are
shown in Table 1. The figures were prepared with PyMOL
(v.1.5.0.4; Schrédinger). Atomic coordinates and diffraction
data for the structures have been deposited in the Protein
Data Bank with accession codes 4wbp and 4wbe.

3. Results and discussion

3.1. The HR1 region of Caprin-1 contains a dimerization
domain

The sequence of Caprin-1 has no significant homology to
other protein sequences with known structure (a BLAST
search against the PDB matched fragments of the Caprin-1
sequence to several sequences with E-values worse than the
threshold). There are also no identifiable protein domains in
Caprin-1. Identification of the HR1 and HR2 regions was
solely based on sequence homology within the Caprin proteins
(Grill et al., 2004; Shiina et al., 2005).

To study the structures of human Caprin-1, we used a
divide-and-conquer approach. We prepared many different
protein constructs corresponding to different regions of
Caprin-1. As a first attempt, we tried a protein construct
corresponding to the HR1 fragment, as shown in Fig. 1(a)
(residues 56-248), using many different fusion tags and E. coli
host strains. However, this construct did not express. We then
tested a series of protein constructs starting at residues 64, 72,
80, 88, 96, 104, 112 or 120 and ending at residue 260 (at the
N-terminus of the E-rich region). Most of these constructs
were somehow problematic (no expression, low solubility or
unstable). The protein construct corresponding to residues
112-260 was successfully expressed as a fusion protein with
either a Halo or an MBP tag. The protein was stable after
removal of the tag and was purified and crystallized.

The SeMet-labelled and native proteins crystallized in two
different space groups. The structures were determined by
the SAD (in space group P3,21, with two molecules in the
asymmetric unit) and molecular-replacement (in space group
C121, with three molecules in the asymmetric unit) methods,
respectively (Table 1). Electron densities were observed for
residues 132-251 but not for residues 112-131 and 252-260,
indicating that residues 132-251 of human Caprin-1 contain a
stable domain. This domain mediates homodimerization (see
below for details) of Caprin-1. We therefore refer to it here as
the dimerization domain. As shown in Fig. 1(a), the dimer-
ization domain comprises the C-terminal two-thirds of the
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HR1 region. The lack of density for some residues suggests
that these residues are not well ordered. By SDS-PAGE
analysis of the protein from washed crystals, we confirmed that
the crystallized protein was not proteolytically cleaved.

The dimerization domain assumes a novel all-a-helical
protein fold (with no similar structure in the Protein Data
Bank) consisting of six a-helices (the last helix o6 has less than
one helical turn). The overall structure of the domain some-
what resembles a land snail. The N-terminal half and
C-terminal half of the longest helix a1 resemble the head and
foot, respectively, and the other helices («2—-a6) form the shell
(Figs. 1c¢ and 1d). The structure forms a head-to-head dimer,
which is mediated by residues on the ‘base’ side of the snail-
shaped molecule (Figs. 1¢ and 1d). The same dimer is present
in the two different crystal forms, although the crystal pack-
ings are different (Supplementary Fig. S1).

The dimerization interface is defined by about 60 residues
(30 in each protomer) and buries a total of 3398 A? of solvent-
accessible surface area from the two protomers. The extensive

®)

Figure 2

Molecular interactions that mediate the homodimerization of Caprin-1.
(a) Shape complementarity at the homodimerization interface. The two
protomers are rendered in surface mode (colored by element, with C, N,
O and S in green, blue, red and yellow, respectively) and cartoon mode
(colored magenta), respectively. (b) Intermolecular hydrophobic
contacts, salt bridges and hydrogen bonds at the homodimerization
interface. The side chains of some of the key residues belonging to the
protomer rendered in cartoon mode are shown as sticks. The residues
involved in the intermolecular interactions are indicated differently for
the two protomers: one-letter abbreviations and residue numbers in black
for residues belonging to the protomer rendered in cartoon mode and
one-letter abbreviations and residue numbers in white for residues
belonging to the protomer rendered in surface mode. Hydrogen bonds
are represented as yellow dashed lines. The small inserted figure at the
bottom right shows another area of the homodimerization interface that
is not visible in the view in the large figure.

dimerization interface is mainly defined by residues from the
o1 and a4 helices, as well as the loop regions N-terminal to the
a4 helix and C-terminal to the a6 helix (Figs. 1b, 3a and 3b).
The dimerization interface exhibits a high degree of shape
complementarity (Fig. 2a). Moreover, the charged and polar
residues form intermolecular salt bridges and hydrogen bonds
(such as Glul42-ArgldS, Lysl47-Glu208 and GInl53-
GIn153), and many hydrophobic residues (including Leul46,
Vall49, LeulS0, Tyrl54, Leu203, Tyr207, Leu214, Trp21S,
Phe241 and Phe246, as well as the aliphatic parts of the
Argl45 and Lysl47 side chains) mediate intermolecular
hydrophobic interactions (Figs. 2b, 3a and 3b). Most of the
residues involved in dimerization are conserved in Caprin-2
and dCaprin (Fig. 1b), suggesting that the corresponding
regions of Caprin-2 and dCaprin may be able to form similar
dimeric structures as seen in Caprin-1.

3.2. Caprin-1 homodimerization creates a highly acidic
putative protein-binding groove

The Caprin-1 dimer has an overall shallow V-shaped
structure with a short tail (Figs. 1d and 4a). The tail is
composed of the N-terminal ends of the two a1 helices. The
molecular surface of the dimeric structure is predominantly
negatively charged, with a few positively charged patches at
the end of the tail and in the region of Lys221 and Lys223
(Fig. 4a). Of particular interest is the large concave surface of
the V-shaped dimeric structure. This surface is dominated by
24 negatively charged residues, with 12 residues from each
protomer, including Aspl57, Aspl6l, Aspl62, Glul63,
Aspl67, Glul80, Glul81, Aspl87, Glul88, Aspl94, Glul96
and Asp198 (Fig. 4a). The presence of these residues defines a
highly acidic molecular surface. This concave surface has the
potential to function as a protein—protein binding groove.

In the crystal containing SeMet-labeled protein, the posi-
tively charged N-terminal end of one of the a1 helices (from
the protomer colored in blue in Fig. 4b) contacts a small area
in the putative protein-binding groove of a neighboring
dimeric structure, mainly on the surface area of the protomer
colored in red (Fig. 4b). The protein—protein interaction is not
substantial (burying only 781 A? of solvent-accessible surface
area from the two protomers) and it is not present in the
crystal containing the native protein. Therefore, this protein—
protein contact is probably owing to crystal packing. Although
this protein—protein contact is unlikely to be biologically
relevant, it shows the potential of the negative concave surface
of the dimeric Caprin-1 structure to participate in protein—
protein interactions. Interestingly, most of the Asp/Glu resi-
dues in this surface are not conserved in the Caprin-2 and
dCaprin sequences (Fig. 1b). Comparing the Caprin-1 and
Caprin-2 sequences, nine of the 12 Asp/Glu residues in the
negatively charged groove of Caprin-1 change to neutral or
positively charged residues in Caprin-2 (Aspl57—Gln,
Aspl61—Gln, Glul63—His, Glul80—Ser, Glul81—Lys,
Aspl87—1le, Glul88—Lys, Aspl94—Cys and Aspl98—
Asn). Assuming that Caprin-2 and dCaprin can form a
homodimeric structure similar to the Caprin-1 homodimer, the
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electrostatic surface properties of the concave surfaces of the
Caprin-2 and dCaprin dimers would be substantially different
from the Caprin-1 dimer. Dimerization of Caprin proteins has
not been reported. Our study suggests that the Caprin proteins
all have the potential to homodimerize. Homodimerization
may be critical for the biological functions of the Caprin
proteins, such as mediating protein—protein interactions.

3.3. The FMRP-interacting motif locates on the opposite side
to the homodimer interface

The region of Caprin-1 (residues 231-245) reported to be
required for interaction with FMRP (El Fatimy et al., 2012) is
located within the a5 helix (residues 230-245) (Figs. 15 and
5a). One face of the 5 helix is fully exposed in the dimeric
structure, readily accessible for protein—protein interaction. In

the crystals in both space groups P3;21 and C121, the exposed
surface of the o5 helix is involved in direct contact with an
adjacent dimeric structure (Fig. 5b). The connecting loop
between helices &3 and o4 in the orange protomer, together
with the sequence C-terminal to the a6 helix in the magenta
protomer, form the binding pocket for the a5 helix in the cyan
protomer. This protein—protein contact buries 791 A? of
solvent-accessible surface area from the three protomers
involved, and is present in the two different crystal forms. The
exposed surface of the a5 helix is located on the opposite side
to the dimerization interface of each protomer and the acidic
putative protein-binding groove of the dimeric structure
(Fig. 5a). Protein—protein interaction through the o5 helix
does not interfere with the homodimerization interaction of
Caprin-1, and also should not interfere with protein binding in
the acidic putative protein-binding groove.

:23
&‘“‘Qé
R138 M199  R202 s
L203 E208
2.58 2.99 2.88 2.90
gﬁw% w215 2.63 2.84
1212 A210 7544 E139
Y207  S211 s 3 183
E142
R145
2.99
N 2 M
Q143 L146 2L150 F246 S248 Tp40
Figure 3

LIGPLOT presentation of molecular interactions in the dimerization interface. Hydrogen bonds are designated with green dashed lines (the distance
between the two heavy atoms is indicated by a number in A). Hydrophobic interactions are represented as starbursts.
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It is not known whether the a5 helix-mediated protein—
protein interaction as depicted in Fig. 5(b), which would lead
to the multimerization of Caprin-1, is biologically relevant.
However, this interaction observed in the crystal structures
not only clearly shows the potential of the «5 helix to parti-
cipate in protein—protein interaction, but also suggests a
possible way that Caprin-1 might interact with FMRP. The
dimeric structure of Caprin-1 can interact with two FMRP
molecules on opposite molecular surfaces of the structure,
with each protomer using the o5 helix as the major binding site
to interact with an FMRP molecule (Fig. 5a).

3.4. The JEV core protein may interact with Caprin-1 through
the negatively charged groove of the Caprin-1 dimer and the
flanking E-rich regions

The JEV core protein contains only 105 residues. It is a
highly basic protein, with 25 Arg/Lys residues and only four
Asp/Glu residues. While the structure of this protein has not
been solved, a reasonable homologous structural model can be
constructed using the NMR structure of the dimeric Dengue
virus core protein (61% homologous and 31% identical) as
a template (Ma et al, 2004).
Guided by such a structural
model, alanine-scanning muta-
genesis revealed that a double
replacement of Lys97 and Arg98
(9798A) completely abrogated
the interaction with Caprin-1

D247 ¥ Diog E188

(Katoh et al, 2013). Moreover, i d A Sl

the 9798A mutant failed to pull
down G3BP1 in immunoprecipi-
tation assays.

The region of Caprin-1 that is
required for interaction with the
JEV core protein has not been o
identified. Because the JEV core ; Al -

©
R138

protein is predominantly posi- § _ge 4 Rigs. Ke2ms

tively charged, it may bind to the
putative  negatively  charged
protein-binding groove formed
by the homodimerization of
Caprin-1. Moreover, the E-rich

region of Caprin-1, which is  Boreres
C-terminal to the dimerization X .
domain (Fig. 1), should be posi-
tioned in close proximity to the
negatively charged groove and
may contribute to the interaction
with the JEV core protein
(Fig. 6). The sequence of the
dimerization domain and E-rich
region of Caprin-1 (residues 132-
322) is relatively rich in nega-
tively charged residues, with 51
Asp/Glu residues and 24 Arg/Lys
residues. About 60% of the

E180 D187 3

Figure 4

negatively charged residues of Caprin-1 reside within this
sequence, which accounts for only 31% of the full-length
protein.

In the model depicted in Fig. 6, binding of the JEV core
protein to the negatively charged groove and flanking E-rich
regions of the Caprin-1 dimer should not disrupt the inter-
action of Caprin-1 with FMRP and G3BP1 in the ribo-
nucleoprotein complex. This mode of interaction between
Caprin-1 and the JEV core protein is consistent with the
observation that the JEV core protein binds Caprin-1 directly,
leading to the suppression of SG formation through the
recruitment of several effector molecules promoting SG
assembly (including FMRP and G3BP1) to the perinuclear
region (Katoh et al., 2013).

3.5. The possible existence of an evolutionarily conserved
ribonucleoprotein complex consisting of Caprin-1, G3BP1
and FMRP

Two cellular proteins, G3BP1 and FMRP, are known to
directly interact with Caprin-1. All three of these proteins are
RNA-binding proteins that are known to be components of

Surface properties of the homodimeric Caprin-1 structure. (a) Electrostatic surface representation of the
Caprin-1 dimer. Blue and red represent regions of positive and negative potential, respectively. The top and
bottom figures show a large concave surface which is predominantly negatively charged. The locations of
the negatively charged (D/E) or positively charged (K/R) residues are indicated by one-letter residue
abbreviations and residue numbers. Residues belonging to the protomer on the left side are indicated in
italics. (b) The negatively charged groove mediates a protein—protein contact between two adjacent
Caprin-1 dimers (red/magenta and cyan/blue) in the crystals. The positively charged N-terminal end of the
protomer in blue contacts the negatively charged groove of the red/magenta dimer.
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ribonucleoprotein (RNP) complexes such as RNA stress
granules. Insights from the crystal structures of the Caprin-1
dimer, in conjunction with existing protein—protein interaction
data, have led us to posit the existence of a distinct RNP
complex consisting of Caprin-1, G3BP1 and FMRP. As
discussed in the previous section, the interaction of Caprin-1,
through the o5 helix, with FMRP should not disrupt the
dimeric Caprin-1 structure. The Caprin-1 sequence (residues
352-380) reported to be required for G3BP1 interaction
(Solomon et al., 2007) is separated from the dimerization
domain by ~100 residues (Fig. 1a). Therefore, the interaction
of Caprin-1 with G3BP1 should not disrupt the dimeric
Caprin-1 structure and the interaction between Caprin-1 and
FMRP. The Caprin-1 homodimer should be able to bind two
FMRP molecules and two G3BP1 molecules simultaneously
(Fig. 6). Each of the Caprin-1-bound FMRP and G3BP1
molecules might also be able to further engage in other
homomeric or heteromeric protein—protein interactions.

The RNA-binding domains or sequences in Caprin-1,
FMRP and G3BP1 do not participate in the protein—protein
interactions as depicted in Fig. 6. In the case of Caprin-1, it was
shown that the N-terminus (N-terminal to the dimerization
domain) was required for binding mRNAs in vitro (Shiina et
al., 2005; Shiina & Tokunaga, 2010). However, in a separate
study, it was shown that the C-terminus of Caprin-1
(containing the RGG and RG-rich sequence) interacted
directly and selectively with c-Myc and cyclin D2 mRNAs
(Solomon et al., 2007). These RNA-binding sequences are well
separated from the sequences involved in Caprin-1 dimeriza-
tion or in interaction with FMRP and G3BP1. Therefore,
Caprin-1 in a multi-protein assembly as depicted in Fig. 6

(@)

Figure 5

The o5 helix may represent a protein-binding site. () The known FMRP-interacting motif forms the o5
helix in the homodimeric Caprin-1 structure. The helices are rendered as cylinders. The two protomers are
colored red and blue, respectively, except for the two a5 helices, which are highlighted in cyan. The exposed
surface of the 5 helix may interact with an FMRP molecule. (b) The &5 helix mediates a protein—protein
contact between two adjacent Caprin-1 dimers (orange/magenta and green/cyan) in the crystals.

should be able to bind to mRNAs. In the case of G3BP1, an
RNA-binding domain (RBD) and an RGG/G-rich sequence
are present at the C-terminus (residues 268-466), separated
from the Caprin-1 binding NTF2 domain (residues 1-141) by
an acidic region (Vognsen et al., 2013; Solomon et al., 2007).
The RBD and RGG/G-rich sequences of G3BP1 should be
responsible for RNA binding, which should suffer no inter-
ference from protein—protein interactions mediated by the
NTF2 domain. In the case of FMRP, there are two Agenet-like
domains at the N-terminus, two KH domains in the central
region and an RGG sequence at the C-terminus. These
domains/sequences all have RNA-binding activities (Ramos et
al., 2006; Valverde et al., 2007; Musco et al., 1996, 1997; Phan et
al.,2011). The Caprin-1 interacting motif (residues 427-442) is
located C-terminal to the KH2 domain (El Fatimy et al., 2012).
Protein—protein interactions through this motif should not
interfere with RNA binding in other regions of FMRP. In
short, each of the three RNA-binding proteins in the complex
should have the ability to bind RNA. We propose that
Caprin-1 acts as a scaffolding protein to mediate the assembly
of a distinct RNP complex consisting of Caprin-1, FMRP and
G3BP1.

Caprin-1, FMRP and G3BP1 have all been implicated in the
pathogenesis of human diseases. For examples, while Caprin-1
is required for normal brain function (Shiina et al., 2005, 2010)
and the proliferation of immune B and T cells (Wang et al.,
2005; Grill et al., 2004), ectopic overexpression of Caprin-1 in
some other cell types has been linked to osteosarcoma (Sabile
et al., 2013), breast cancer (Gong et al., 2013) and hearing loss
(Towers et al., 2011). The absence of FMRP causes fragile X
syndrome (FXS; O’Donnell & Warren, 2002), which is the
most common form of inherited
mental retardation, affecting one
in 3600 males and one in 4000-
6000 females (according to the
World Health Organization).
Similar to Caprin-1, ectopic
overexpression of G3BP1 has
been linked to cancer (Winslow et
al., 2013; Meschenmoser et al.,
2013).

Despite the physiopathological
importance of these RBPs, their
functional mechanisms largely
remain elusive. Normally,
proteins do not act alone, but
interact with other proteins to
form cellular networks. A Caprin-
1-G3BP1 complex is present in
all known Caprin-1 functions. In
mouse brain neurons, Caprin-1
associates with FMRP in poly-
ribosomes and in trafficking
neuronal granules. In Drosophila
embryonic cells, dCaprin and
dFMRP collaborate to control
the cell cycle (Papoulas et al,
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Figure 6

A proposed model for a Caprin-1-mediated ribonucleoprotein complex
containing the three RNA-binding proteins Caprin-1, FMRP and G3BP1.
A possible mechanism for the JEV core protein to hijack the complex by
directly interacting with Caprin-1 is also proposed.

2010). A functional complex containing dCaprin, dFMRP and
dG3BP1 (also known as Rasputin) has been suggested based
on the colocalization of the three RNA-binding proteins and
their synergistic effect in cell proliferation (Baumgartner et al.,
2013). It is possible that the ternary Caprin-1-FMRP-G3BP1
complex depicted in Fig. 6 is evolutionarily conserved and is
involved in the functions of all three proteins.

4. Conclusion

The results of our crystallographic studies identify a stable
domain within the HR1 region of Caprin-1 that is capable of
mediating the tight homodimerization of Caprin-1. Based on
insights from the dimeric Caprin-1 structures, in conjunction
with existing biochemical data, we propose the existence of
an evolutionarily conserved ribonucleoprotein complex
consisting of Caprin-1, FMRP and G3BP1. Of course, the
model depicted in Fig. 6 is highly speculative at this point.
Further experimental work is necessary to substantiate this
model.
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