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(Background: Caprin-2 is a newly identified regulator in canonical Wnt signaling.
Results: Mutants targeting trimer contacts of Caprin-2 CRD rather than calcium-binding sites affect the function of Caprin-2

Conclusion: Caprin-2 CRD forms a flexible homotrimer mediated by calcium, and this trimeric assembly is required for the

Significance: This work facilitates our understanding of how Caprin-2 functions in canonical Wnt signaling.
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Previously, we have identified Caprin-2 as a new regulator
in canonical Wnt signaling through a mechanism of facilitat-
ing LRP5/6 phosphorylation; moreover, we found that its
C-terminal Clq-related domain (Cap2_CRD) is required for
this process. Here, we determined the crystal structures of
Cap2_CRD from human and zebrafish, which both associate
as a homotrimer with calcium located at the symmetric cen-
ter. Surprisingly, the calcium binding-deficient mutant exists
as a more stable trimer than its wild-type counterpart. Fur-
ther studies showed that this Caprin-2 mutant disabled in
binding calcium maintains the activity of promoting LRP5/6
phosphorylation, whereas the mutations disrupting Cap2_
CRD homotrimer did impair such activity. Together, our
findings suggested that the C-terminal CRD domain of
Caprin-2 forms a flexible homotrimer mediated by calcium
and that such trimeric assembly is required for Caprin-2 to
regulate canonical Wnt signaling.

Caprin-1 and Caprin-2 were initially identified as cytoplas-
mic activation/proliferation-associated proteins, and share two
homologous regions (HR1 and HR2)* (1). Compared with
Caprin-1, Caprin-2 contains an extra Clq-related domain
(Cap2_CRD) at its C terminus. C1q domain was first identified
as the recognition subunit of the C1 complex complement and
was later identified in other proteins with a variety of functions
(2, 3). Clq family proteins share a homologous three-dimen-
sional folding and a trimeric assembly with the TNF family
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despite low sequence identity. The trimeric assembly is essen-
tial for the function of TNF family proteins (4, 5), although it
remains unclear whether this is also the case for the C1q family.
Interestingly, most C1q family proteins contain one or multiple
calcium ions at their trimetric centers, whereas their structur-
ally homologous TNF family proteins usually do not bind any
metals. It is proposed that calcium may contribute to the stabi-
lization of C1q family proteins as well as their trimeric assem-
blies (6, 7). Calcium may also function in mediating and regu-
lating the interactions between C1q family proteins and their
ligands (8 -10). However, experimental evidence supporting
these proposals is very limited, and the significance of calcium
for the trimerization and function of Clq proteins remains to
be determined.

So far, most well characterized Clq family proteins are
extracellular ones, whereas knowledge regarding the struc-
tures and functions of intracellular ones remains scant.
Caprin-2 is an intracellular protein that was identified as a
new regulator of canonical Wnt signaling (11). In canonical
Wnt signaling, upon Wnt stimulation, LRP5/6 is aggregated
and forms a large ensemble with Frizzled, Dvl, Axin, and
GSK3 (also known as LRP5/6 signalosomes) (12), which trig-
gers LRP5/6 phosphorylation and initiates the signal trans-
duction. Previously, we found that Caprin-2 binds to LRP5/6
and facilitates its phosphorylation, thus playing a positive
role in canonical Wnt signaling (11). Further studies have
revealed that Caprin-2 is associated with several compo-
nents in LRP5/6 signalosomes, such as Axin and Dvl (data
not shown), implying that Caprin-2 may serve as a scaffold
protein in LRP5/6 signalosomes. Importantly, our previous
data suggested that the C-terminal Clq-related domain
(CRD) is required for the function of Caprin-2 in canonical
Wnt signaling (11): 1) only Caprin-2 with an extra CRD
domain, but not Caprin-1, can co-immunoprecipitate LRP5;
2) the HR2 and CRD region of Caprin2 is required to interact
with LRP5; and 3) the functional effect of Caprin-2 knock-
down can only be rescued by full-length Caprin-2 but not the
truncation mutant missing CRD domain.
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To get a better understanding of the role of the CRD domain
in the regulation of Caprin-2 of LRP5/6 phosphorylation, we
determined the crystal structures of Cap2_CRD from human
and zebrafish. In both cases, CRD domain associates as a
homotrimer with a typical jellyroll topology. Interestingly,
human Cap2_CRD (hCap2_CRD) binds two calcium ions
mediated by residues Asp'®”® and Glu'®* and zebrafish
(zCap2_CRD) binds one through Glu®*”*. We also determined
the crystal structure of the hCap2 CRD double mutant
D1078A/E1084A (Cap2_DAEA), which is disabled in binding
calcium. Surprisingly, Cap2_DAEA retains the trimeric assem-
bly and exists as an even more stable trimer in solution than its
wild-type counterpart. In line with it, the full-length Caprin-2
DAEA double mutant maintains the activity in promoting
LRP5/6 phosphorylation. However, the mutants targeting
Cap2_CRD trimeric interface show reduced activity toward
promoting LRP6 phosphorylation, although their bindings with
LRP6 are not significantly affected. Collectively, our findings
indicated that hCap2_CRD exists as a flexible trimer mediated
by calcium and that its trimerization is essential for the function
of Caprin-2 in promoting LRP5/6 phosphorylation.

EXPERIMENTAL PROCEDURES

Cloning of Constructs, Protein Expression, and Purification—
zCap2_CRD (amino acids Ala”®*—Asp®'* of zebrafish Caprin-2)
was amplified by PCR. After being cleaved by Ncol and Xhol,
the PCR product was inserted into PET-28a (Novagen) cut with
the same two restriction enzymes. After being verified by DNA
sequencing, the plasmid was transformed into BL21-Codon-
Plus-RIL (Agilent Technologies), which provides extra copies
of argll, ileY, and leu W tRNA genes. Protein expression was
induced at 16 °C for 22 h or 37 °C for 3 h after A4y, arrived ~0.6.
The pellet was dissolved in buffer A containing 20 mm Hepes,
500 mm NaCl, 1 mm DTT, 20 mm imidazole. After sonication,
the lysate was centrifuged, and the supernatant was applied to a
nickel affinity column (GE Healthcare). The target protein
eluted from the nickel column was concentrated and applied to
Superdex 75 10/300 GL gel filtration column (GE Healthcare)
using buffer A but with a lower NaCl concentration of 150 mm
plus 0.1% CHAPS. The protein after Superdex 75 was con-
centrated into ~7.4 mg/ml and used for crystallization.
hCap2_CRD (amino acids Arg”’—Asp''*” of human Caprin-2)
and its double mutant D1078A/E1084A (Cap2_DAEA) were
expressed and purified in a way similar to that of zCap2_CRD
and were concentrated into ~3.3 and ~8.6 mg/ml, respectively,
for crystallization. The HA-tagged and GFP-tagged full-length
human Caprin-2 constructs were conducted as described
before (11)

Mutagenesis—Mutants 11048R, D1078A/E1084A, 11091S,
W1114S, and Y1122S were introduced into hCap2-CRD using a
method similar to that described in the Stratagene QuikChange
kit manual, among which 11048R, D1078A/E1084A, and 11091S
were also introduced into the full-length HA-hCaprin2. All the
mutants were subsequently confirmed by DNA sequencing.

Crystallization and Structure Determination—zCap2_CRD
crystals were obtained under the condition of 4.0 M sodium
nitrate, 0.1 M Bis-Tris propane, pH 7.0. Crystals were flash-
cooled at liquid nitrogen in mother liquid containing 25%

SASBMB

DECEMBER 5, 2014« VOLUME 289+NUMBER 49

Crystal Structures of Cap2_CRD

glycerol. Diffraction data were collected at Shanghai Syn-
chrotron Radiation Facility Beamline BL17u and processed
with the HKL2000 software (13). zCap2_CRD crystals
belonged to space group 123 with cell parametersa = b =c =
94.985 A. The crystal structure was determined by molecular
replacement using Phaser as part of the CCP4 suite (14—16)
and Protein coordinates of Collagen Viii Nc1 Domain mono-
mer structure (Protein Data Bank code 1091) was used as
the search model (17). Refinement steps were firstly per-
formed using REFMAC (18) with data up to 1.5 A, and model
corrections were carried out using Coot (19). Next, anisotropic
refinement was conducted using SHELX package by randomly
selecting 5% of the observed reflections as cross-validation (20).
Using data in resolution range 10—1.5 A, the model was first
refined to convergence with an R factor of 20.57% and a free R
factor of 23.65%. Then thermal factor refinement was added,
and water molecules were also added gradually, accompanied
with the gradual extension of resolution limit up to 1.05 A.
Alternative conformations were modeled for eight residues:
Pro®%, Thr®'!, Met®'¢, Val®3?, 11e%®, 11e%%%, Ser®”*, and Lys®°*
using 2F, — F_, as well as clues in the diagnostic table output by
SHELXL. Riding hydrogen atoms based on stereo-chemical
requirements were added at the last refinement step.

hCap2_CRD WT and hCap2_DAEA double mutant crystals
were grown under the condition of 15-20% PEG 8000, 0.2 M
calcium acetate, 0.1 M carcodylate, pH 6.6, and 100 mMm sodium
citrate, pH 5.6, 12% 2-propanol, 11% PEG 4000, respectively.
hCap2 CRD WT crystals belonged to space group P1 with cell
parameters a = 48.353 A; b = 48.342 A; ¢ = 80.884 A; o =
89.509°; B = 87.241°% and y = 71.743°, whereas hCap2_DAEA
double mutant crystals belonged to space group R3 with cell
parameters a = b = 77.498 A; ¢ = 53.447 A; a = B = 90.000%;
and y = 120.000°. Both structures were determined and refined
in a similar way as that of zCap2_CRD with zCap2_CRD as a
search model except without thermal factor refinement in
SHELX.

Buried surface areas were calculated with PDBePISA. The
final R, /R;.. factors were 0.152/0.161, 0.204/0.249, and
0.186/0.217, respectively, for zCap2_CRD, hCap2_CRD, and
hCap2_DAEA. The quality of these models was examined with
the program MolProbity (21). The data collection and refine-
ment statistics are presented in Table 1.

Light  Scattering  Experiments—W'T  and  mutant
hCap2_CRD proteins (~1 mg/ml) were filtered firstly
through 0.45-um cellulose acetate membranes before used
for light scattering studies on DynaPro NanoStar (WYATT
Techology). Each sample was measured 50 times with an
acquisition time of 10 s at 5 °C. The data were then analyzed
with the DYNAMICS software package. The dispersity of the
solution was assessed, and the average of the hydrodynamic
radius (R;;) was calculated.

Native Gel—6% native gel was prepared in a similar way to
that of the conventional SDS-PAGE gel, except removing SDS
from both running buffer and sample loading buffer. The run-
ning buffer was prechilled on ice. Then the gel was put in an ice
bucket under a constant current of 20 mA.

Cross-linking Analysis—Cross-linking analysis using BS®
(Thermo Scientific) was carried out according to the product
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TABLE 1

Data collection and refinement statistics

hCap2_CRD

zCap2_CRD

hCap2_CRD_EADA

Data collection
Space group

Unit cell parameters (A)

a, b, c(A)
a,B,v() .
Resolution range (A)

Total reflections

P1

48.35, 48.34, 80.88
89.51, 87.24, 71.74
50.0-1.95 (1.98-1.95)
223,387

123

94.99, 94.99, 94.99
90, 90, 90

50-1.05 (1.09-1.05)
826,345

R3

77.50, 77.50, 53.45
90, 90, 120

50.0-1.49 (1.54-1.49)
181,859

Unique reflections 21,926 66,313 19,550
Completeness (%) 90 (96.7) 95.2 (100) 99.3 (100)
Redundancy 1.9 (2.0) 3.9 (4.1) 5.3(5.2)

merge 0.024 (0.251) 0.092 (0.445) 0.054 (0.207)
<Ilol> 24.22 (2.52) 17.86 (3.26) 29.27 (12.31)

Refinement

R/ Risee 0.204/0.249 0.152/0.161 0.186/0.217
No. atoms

Protein 6276 1065 1070

Ligand 4 1 64

Water 139 130 82
r.m.s. deviations

Bond lengths (A) 0.008 0.005 0.007

Bond angles (°) 1.29 1.13 1.19
Ramachandran

Favored (%) 94 97 96

Outliers (%) . 0.52 0 0
Average B factors (A?) 36.2 11.7 22.6

“ The values in parentheses are for the highest resolution shell.

manual. Briefly, the proteins (~1 mg/ml) of wild-type and
mutant hCap2_CRDs were mixed with BS® (1 mm) and incu-
bated at room temperature for 30 min. The cross-linking reac-
tion was quenched by 20 mm Tris buffer, pH 7.5.

Cell Culture and Transfection—HEK-293T cells were propa-
gated in DMEM (Invitrogen) plus 10% FBS (Invitrogen). Cells
were seeded in plates 24 h before transfection. Plasmids were
transfected using Lipo2000 (Invitrogen) according to the man-
ufacturer’s instructions.

Immunoprecipitation and Western Bolt Analysis—After
transfection, the cells were harvested and lysed in protein lysis
buffer (50 mm Tris-HCI, pH 7.4, 150 mm NaCl, 1% (v/v) Triton
X-100, 5 mm EDTA, and proteinase inhibitors) and centrifuged
at 16,000 X gfor 15 min at4 °C. The lysates were incubated with
primary antibody for 1 h at 4 °C. Protein A/G PLUS-agarose
(Santa Cruz Biotechnology, Inc.) was added and incubated at
4 °C for 3 h. Samples were washed three times, eluted by SDS
loading buffer, separated by SDS-PAGE, transferred to nitro-
cellulose membrane, and probed with antibodies. The results
were visualized using ImageQuant™ LAS 4000 biomolecular
imager (GE Healthcare). Anti-GFP (Roche), anti-HA (Cova-
nce), anti-Flag (Cell Signaling), and anti-Actin (Santa Cruz)
antibodies were used in this work. Anti-LRP6 and anti-phos-
pho-LRP6 antibodies were obtained from Cell Signaling
Technology.

RESULTS

Crystal Structures of Cap2_CRD—As introduced previously,
Caprin-2 is composed of three domains: HR1, HR2, and CRD
(Fig. 1A). HR1 and HR2 have been implicated in a function
related to RNA binding (22—24). In addition, HR1 plays a role in
mediating oligomerization of the Caprin proteins (1). Com-
pared with HR1 and HR2, the function of CRD domain—pres-
ent only in Caprin-2 but not in Caprin-1—remains largely
unknown. In human, there are four isoforms of Caprin-2, and
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the longest one contains 1127 amino acids, whereas in
zebrafish, only one isoform of Caprin-2 exists, encompassing
914 amino acids. These two proteins share ~36% sequence
identity over the full length but ~85% over their CRD domains,
indicating a possibly significant role of this highly conserved
domain in the function of Caprin-2. To better understand the
function of Caprin-2, we determined the crystal structures
of the CRD domain of human and zebrafish Caprin-2.
zCap2_CRD contained one molecule in each asymmetric unit
and formed a crystallographic 3-fold axis related trimer,
whereas hCap2_CRD contained six molecules in each asym-
metric unit, forming two noncrystallographic symmetry related
homotrimers (Fig. 1, B-D). The crystal structures of zCap2_
CRD and hCap2_CRD are highly similar with an r.m.s. devia-
tion of 0.3656 A for the main chain atoms. For brevity, we here-
after use hCap2_CRD for discussion unless noted otherwise.
hCap2_CRD exhibited a classic 10-stranded jelly roll folding
topology similar to that of Collagen Viii Nc1 (r.m.s. deviation of
1.3471 A; Protein Data Bank code 1091) (17), although the
sequence homology between them is low (35.4%).

The homotrimerization of Cap2_CRD buried a total surface
of ~5600 A (~40% of total accessible molecular surface) (Fig.
2, A and B). The homotrimeric interaction of Cap2_CRD is
largely mediated by hydrophobic packing. Specifically, residues
1161048, Tyrl%l, Leu1071, V311072, TYI'1075, Hi51089, 1161091,
Leu'®??, Tyr''??, Leu'"**, and Tyr''*® from one subunit inter-
acted with Leu'%?%, Leu'9%¢, 1le'®*8, His'®*°, Leu'%*?, His'®3,
Trp''™, Lys'''®, Tyr''%, and Tyr''** from the other one
through hydrophobic interaction (Fig. 2, C—F). Meanwhile, side
chains of residues Ser'®”?, Tyr'%”, Asn'®””, Ser'%%”, Asn'°%8
His'%°, Tyr''??, and Tyr''*® and main chains of residues
Ser'®”®and Leu'®”" from one subunit formed hydrogen bond or
ion pair with side chains of Ser'®®!, His'%>°, Asp'®%?, Lys''!>,
Thr''*8, Ser’*?°, and Tyr'**? and main chains of Va'?%, Trp***4,
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FIGURE 1. Structures of hCap2_CRD and zCap2_CRD. A, schematic repre-
sentation of domain organization of Caprin family proteins. B, hCap2_CRD
(green) and zCap2_CRD (blue) superimposed well, with an r.m.s. deviation of
0.3656 A over 130 pairs of Ca atoms. C and D, hCap2_CRD exhibited a classic
10-strand jelly roll folding topology and a trimeric assembly characteristic for
both C1q family and TNF family proteins. E, there are two calcium ions, des-
ignated as Ca(l) and Ca(ll), aligned along the 3-fold axis of hCap2_CRD trimer.

Ca(l) was coordinated by Asp'®’® in a unidentate way and three water mole-

cules, whereas Ca(ll) interacted with Asp'®* in a bidentate way and three
water molecules. The Ca®*-oxygen distances spanned a range from 2.29 to
2.81 A with the average distance being 2.49 A.

Lys'''?, and Leu'"?® from the other subunit (Fig. 2, C-F). Inter-
estingly, the molecular surface of the Cap2_CRD homotrimer
exhibits patches of residues that may participate in recognizing
ligands or binding partners.

Two metal ions were found to align along the 3-fold symme-
try axis, which were coordinated by the carboxylate groups of
residues Glu'®** and Asp'°®° from all three subunits, as well as
by six water molecules (Fig. 1E). Because calcium is the only
metal reported so far for Clq family proteins, we therefore
assigned these two metal ions as calcium. The identity of the
calcium was subsequently confirmed by structural refinement
and chemical analyses. Ca(I) was coordinated by Asp'®’® in a
unidentate way and three water molecules, producing a coor-
dination number of 6, whereas Ca(II) interacted with Asp'®**in
a bidentate way as well as three water molecules, resulting in a
coordination number of 9. The Ca** -oxygen distances spanned
arange from 2.29 to 2.81 A with the average distance being 2.49
A. Moreover, the average B factor of Ca®>* matched that of the
solvent atoms (8.8 A% versus 8.7 A? for zCap2_CRD and 35.7 A2
versus 35.5 A2 for hCap2_CRD), and difference maps for cal-
cium ions were featureless. Ca(Il) bound by Glu'®* in
hCap2_CRD was also observed in zCap2_CRD through Glu®”",
whereas Ca(I) bound by Asp'°”® in hCap2_CRD was absent in
zCap2_CRD.
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hCap2_DAEA Disabled in Binding Calcium Retains a Trim-
eric Assembly—Because calcium is believed to be important for
the stabilization of Clq family trimer (6, 7), we generated a
calcium binding-deficient double mutant, D1078A/E1084A, to
disrupt the trimer of hCap2_CRD, and next we determined its
crystal structure. However, unexpectedly, hCap2 DAEA
exhibited a trimeric assembly that is almost identical to that of
the wild-type hCap2_CRD (r.m.s. deviation of 0.415 A for the
main chain atoms) (Fig. 34). The 2F_ — F_ map contoured at 1.5
verified the replacement of residues Asp'®”® and Glu'%** by two
alanines and also clearly demonstrated the absence of densities
corresponding to the two calcium ions observed in wild-type
hCap2_CRD (Fig. 3, B and D). Despite overall similarity, local
conformational changes around residue Asp'®”® and Glu'°®*
were observed in hCap2_DAEA, compared with its wild-type
counterpart (Fig. 3, A, C, and E), whereas the three-dimensional
conformation of these areas are rather conserved between
human and zebrafish Cap2_CRD, despite their relatively low
sequence homology (Fig. 3C). These results indicated that
replacement of Asp'®’® and Glu'°®* with alanine has an impact
mainly restricted to the regions close to Asp'®’® and Glu'***
and that hCap2_DAEA without binding calcium maintains the
ability to form a trimer.

Calcium-mediated Wild-type hCap2_CRD Trimer Is an
Unstable One—To explore the potential role of calcium for
Cap2_CRD, we examined the oligomeric state of wild-type
Cap2_CRD with the presence or absence of EDTA. EDTA
forms complex with metals and thus could deplete Cap2_CRD
of calcium. First, we observed on native gel that wild-type
Cap2_CRD, when untreated with EDTA, showed two bands
(Fig. 4A) that were very likely the trimetric and monomeric
band. By contrast, hCap2 DAEA only displayed one band.
Notably, wild-type Cap2_CRD, when treated with 1 mm EDTA,
showed only the monomeric band, which could be shifted sub-
stantially to the trimeric one when 5-fold more calcium was
added.

To investigate the oligomeric state of wild-type hCap2_CRD
and the DAEA mutant in solution, we next checked their appar-
ent molecular masses on gel filtration column Superdex 75
10/300 GL (GE Healthcare). hCap2_DAEA was eluted as a sin-
gle peak with an apparent molecular mass of ~25 kDa calcu-
lated from gel filtration standard (Bio-Rad) (Fig. 4B), whereas
the elution peak of wild-type hCap2_CRD lagged significantly
behind that of the DAEA mutant with an apparent molecular
mass of ~14 kDa (Fig. 4C). We next subjected wild-type
Cap2_CRD treated with excessive EDTA to Superdex 75 col-
umn pre-equilibrated with buffer containing 1 mm EDAT.
EDTA-treated wild-type Cap2_CRD was eluted with an appar-
ent molecular mass of ~9 kDa (Fig. 4D). This indicated that
wild-type Cap2_CRD exists most likely as a mixture of trimer
and monomer on gel filtration, whereas hCap2_DAEA tends to
form stable trimer. For unknown reasons, these MWs calcu-
lated from gel filtration strand are obviously lower than the
theoretical molecular masses (~48 kDa and ~16 kDa for trim-
etric and monomeric states, respectively). Because Clq family
proteins normally exist as trimers, we speculated that the
monomeric form of wild-type hCap2_CRD observed in the
experiments of gel filtration and native gel was probably due to
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11048 Y1122

Y1061  S1073

FIGURE 2. Details of the interface of hCap2_CRD trimer. A, C, and D, cartoon views of hCap2_CRD trimer interface. The trimer interface of hCap2_CRD is
mediated by both hydrophobic and hydrophilic interactions. B, £, and F, surface view of hCap2_CRD trimeric assembly with a total buried surface of ~5600 A2,

Surfaces were colored by electrostatic potential.

partial dissociation of hCap2_CRD trimer caused by these con-
ditions. To address this concern, we turned to dynamic light
scattering, a more gentle and noninvasive technique, to further
examine the oligomeric state of hCap2_CRD in solution. As
shown in Fig. 4 (E and F), the results of DSL showed that the
average hydrodynamic radius of wild-type hCap2_CRD is sim-
ilar to that of the DAEA mutant, both of which show an appar-
ent molecular mass of ~60 kDa, indicating that wild-type
hCap2_ CRD exists as a trimer in solution. However, we
observed a polydispersity value for wild-type hCap2_ CRD
(25.6%) on dynamic light scattering higher than that of its
DAEA mutant (17.2%), supporting the possibility that wild-
type hCap2_CRD trimer is indeed less stable and thus appeared
to be less monodisperse than the DAEA mutant. Overall, these
results suggest that calcium is essential for the stabilization of
Cap2_CRD trimer; however, the calcium-mediated wild-type
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Cap2_CRD trimer is an unstable one compared with its DAEA
mutant.

Residues at Trimer Interface but Not Calcium Triggers the
trimerization of Cap2_CRD—To further explore the role of cal-
cium during trimerization of Cap2_CRD, we next carried out
cross-linking analyses using BS® (Thermo Scientific). BS® is a
regent that is capable of capturing a transient complex by con-
necting the interacting partners covalently. Only if the trim-
erization could be initiated in a similar way, the trimeric state
would be captured and secured by BS® in a similar manner
regardless of its subsequent stability. That is, both the stable
and the transient trimer, after BS® treatment, would display
similar trimeric bands on SDS-PAGE gel. To investigate the
role of calcium in the formation of Cap2_CRD trimer, we
treated Cap2_CRD with EDTA or calcium and then subjected
these samples to cross-linking analysis using BS®. As shown in
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zCap2_CRD
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FIGURE 3. Cap2_DAEA mutant retains a trimeric assembly in crystal structure. A, Cap2_DAEA mutant surprisingly exists as a trimer. Shown is a side view of
the superimposed structures of WT hCap_CRD (green), zCap2_CRD (blue), and DAEA mutant (yellow). B and D, zoomed in view of the calcium-binding region
of hCap2_CRD and Cap2_DAEA, respectively. The 2F_ — F_density map is contoured at the 1.5 o level. Cand E, the superimposed structures of zCap2_CRD and

Cap2_DAEA with that of wild-type hCap2_CRD.

Fig. 54, all of these samples, regardless of whether they con-
tained calcium or not, displayed similar trimeric bands, indicat-
ing that calcium is not required for the initial formation of
Cap2_CRD trimer.

Next, to disrupt Cap2_CRD trimerization, we generated a
group of mutants targeting Cap2 CRD trimeric interface
(I1048R, 11091S, W1114S, and Y1122S). We purified these
mutants and subjected them to BS® cross-linking. Among these
mutants, the trimeric bands for I11048R and I11091S decreased
markedly compared with that of other mutants, indicating that
11048 and 11091 may play an important role in the initial for-
mation of Cap2_CRD trimer, and thus single mutation of them
impairs significantly the ability of Cap2_CRD to form a trimer
(Fig. 5B).

To further confirm the disruption of Cap2_CRD trim-
erization by 11048R or 11091S, we performed co-immuno-
precipitation assay and co-transfected HEK293T cells with
the GFP-tagged full-length Caprin-2 and HA-tagged Cap2_
CRD wild type or the related mutants. The lysates were
immunoprecipitated using anti-HA and then immuno-
blotted with anti-GFP. As shown in Fig. 5C, compared with
wild-type Cap2_CRD, [1048R, and [1091S showed decreased
binding with the full-length Caprin-2, supporting our notion
that 11048R and 11091S leads to disruption of hCap2_CRD
homotrimerization. Meanwhile, we observed an increased
binding of DAEA or E1084A with the full-length Caprin-2,
which is also consistent with our finding that replacement of
Glu'®* with alanine could increase the stability of
Cap2_CRD trimer. Finally, we did a large scale purification
for the mutant 11091S and checked its oligomeric state on
Superdex 75 column. As shown in Fig. 5D, the elution peak of
11091S lagged behind that of its wild-type counterpart and
showed a similar elution profile with that of Cap2_CRD
treated with EDTA, further supporting the possibility that a
single mutation like 11091S could disrupt Cap2_CRD trimer
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as did the EDTA, although through different mechanisms;
11091S did it through disrupting trimer contacts and EDTA
through removing calcium from Cap2_CRD. Together, these
results indicated that trimer contacts rather than calcium
are required for mediating the initial trimeric assembly of
Cap2_CRD, and mutations targeting the trimeric interface,
such as I1048R and I1091S, could effectively disrupt the
Cap2_CRD trimer.

Trimerization Is Essential for Caprin-2 to Facilitate LRP6
Phosphorylation—To investigate the role of calcium as well as
trimerization for the function of Caprin-2 in canonical Wnt
signaling, we then transfected HEK293T cells with HA-tagged
full-length Caprin-2 harboring the mutation of I1048R, 110918,
or DAEA. As described before, DAEA is a double mutant dis-
abled in binding calcium. I1048R and I1091S are two single
mutants targeting and disrupting Cap2_CRD trimeric inter-
face. As shown in Fig. 64, compared with wild-type Caprin-2,
DAEA double mutant maintained the activity in terms of facil-
itating Wnt3a-induced LRP6 phosphorylation; by contrast, the
two single mutants, I1048R and 110918, displayed a remarkable
decrease of such activity.

Our previous data indicated that both the C-terminal CRD
and the middle HR2 region of Caprin-2 are involved in medi-
ating Caprin2-LRP5/6 association, but CRD plays a major
role in mediating Caprin2-LRP5/6 interaction (11). To
investigate whether trimerization of Cap2_CRD is required
for its interaction with LRP5/6, the HEK293T cells were
transfected with LRP6-C3 (intracellular fragment of LRP6)
together with Capin-2 wild type or the above mutants. Axin,
a known LRP-binding protein, was used as a positive control.
As shown in Fig. 6B, consistent with our previous result,
Caprin-2 truncation without CRD exhibited markedly
decreased binding with LRP6-C3. However, the interaction
of I1048R or I1091S with LRP6-C3 showed no obvious
decrease compared with their wild-type counterpart. These
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FIGURE 4. Wild-type hCap2_CRD trimer mediated by calcium is unstable. A, native gel analysis showed that wild-type Cap2_CRD exists as a mixture of
trimer and monomer, which could be shifted substantially to monomer by EDTA treatment or trimer by calcium. Sample 1 is obtained by loading EDTA-treated
wild-type hCap2_CRD on Superdex 75 in a buffer containing 0.5 mm EDTA. Sample 2 is obtained from adding a final concentration of 5 mm CaCl, to sample 1.
B-D, DAEA mutant, wild-type Cap2_CRD and the latter treated with EDTA were eluted from gel filtration column as trimer, a mixture of trimer and monomer,
and monomer, respectively. However, their apparent molecular masses (25, 14, and 9 kDa) calculated from gel filtration standard are obviously lower than
expected for unknown reasons. E and F, dynamic light scattering analysis showed that wild-type hCap2_CRD and hCap2_DAEA both exhibit a single peak, and
they have a similar average hydrodynamic radius with an estimated molecular mass (M) of 60 kDa.

observations indicated that trimerization of Cap2_CRD is
not necessary for Caprin-2 to interact with LRP6. Taken
together, these results indicated that trimerization of the
CRD domain is crucial for Caprin-2 to prompt LRP5/6 phos-
phorylation rather than interact with LRP5/6.

DISCUSSION

Most C1lq family proteins identified so far are extracellular
membrane-associated receptors. They play important roles
in cell development, apoptosis, and immunological pro-
cesses. Compared with extracellular ones, few intracellular C1q
family proteins have been characterized. Caprin-2, as an intra-
cellular protein, comprising a C1q domain, provides an oppor-
tunity to extend our knowledge about C1q family proteins. Our
previous data indicated that the C-terminal Clq-related
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domain is required for the function of Carpin-2 in the canonical
Wnt pathway (11). In the present work, we conducted crystal-
lographic and biochemical studies on this domain of Caprin-2.
To our knowledge, Cap_CRD is the first crystal structure of an
intramolecular Clq protein, and our findings present direct
evidence for the involvement of an intracellular Clq-related
protein in regulating cell signaling.

According to our results, the homotrimerization of
Cap2_CRD is most likely triggered by hydrophobic and hydro-
philic interactions among residues on the homotrimeric inter-
face in a manner independent of calcium. However, upon
homotrimerization, the negatively charged residue (Glu'®** in
hCap2_CRD) from three protomers is brought closer, resulting
in electrostatic repulsion and/or steric hindrance. Such homo-
trimer is hence unstable and tends to dissociate as in the case of
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FIGURE 5. Mutations targeting trimeric interface disrupt Cap2_CRD
trimer. A, BS® cross-linking analysis showed that the trimetric bands are sim-
ilar for all hCap2_CRD samples regardless of whether they contain calcium or
not. Sample 1 is obtained from adding EDTA to WT Cap2_CRD. Sample 2 is
obtained by further purification of sample 1 on Superdex 75 in a buffer con-
taining 0.5 mm EDTA. Sample 3 is obtained from adding a final concentration
of 5mm CaCl, to sample 2.V1062lis a nonsense point mutant also as a positive
control. B, BS? cross-linking analysis for mutants targeting the trimeric inter-
face. C, HEK293T cells were co-transfected with GFP-tagged full-length
Caprin-2 and HA-tagged Cap2_CRD wild type or the mutants as indicated.
Thelysates were thenimmunoprecipitated (/P) using anti-HA and then immu-
noblotted with anti-GFP. Compared with wild-type Cap2_CRD, 11048R and
11091S showed decreased binding affinities with the full-length Caprin-2,
whereas DAEA and E1084A showed an increased binding with the full-length
Caprin-2. D, the elution peak of 11091S lagged behind that of its wild-type
counterpart and showed a similar position with the EDTA-treated wild-type
Cap2_CRD.

EDTA treatment. However, binding of calcium by these three
glutamine residues balances the charge and stabilizes their con-
formations, thus leading to a relatively stable trimer. This inter-
pretation is further supported by the fact that substitution of
the bulky polar residue Glu'®®* by alanine significantly stabi-
lized the homotrimer as shown in the case of the double mutant
hCap2_DAEA.

Clq and TNF family proteins are thought to derived from a
common ancestor. However, calcium binding is an inherent
property for Clq family proteins. TNF family proteins usually
contain no metals, with few exceptions (25). According to our
results, the conserved polar residue corresponding to Glu'®** of
hCap2_CRD is responsible, at least partially, for the intrinsic
calcium binding nature of Clq family proteins. When this cal-
cium ion was replaced by alanine in hCap2_DAEA mutant,
local structural rearrangement occurs around the calcium-
binding sites (Fig. 3, A, C, and E), leading to a more stable
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trimer. Thus, we speculate that the TNF domain may generally
form a more stable trimer than the Clq domain. In fact, for
most members of C1q family, the C1q domain is preceded by a
collagen-like region, which may help to stabilize the Clq
homotrimer such as in the case of mouse adiponectin (26). The
Clq domain of mouse adiponectin, when expressed alone,
exists as both monomer and trimer but forms trimers and hex-
amers when the collagen-like region is included for expression
(26). Such collagen-like region is not present in Cap2_CRD.
The amount of buried molecular surface upon Cap2_CRD
homotrimerization is comparable with that of mouse adiponec-
tin globular domain (5600 A* versus 5150 A?) and is signifi-
cantly smaller than that of the collagen X NC1 (7610 A?), which
maintains a stable homotrimer even under very harsh condi-
tions such as 2 M urea containing 2% SDS (6, 7). The lack of an
N-terminal collagen-like region and a relatively small trimeric
interface suggest that instability is probably an intrinsic nature
of Caprin-2 homo-oligomer that could be exploited for a regu-
latory function. This assumption is reminiscent of human
GITRL, a member of TNF family, which also modulates its
function through changing its oligomeric states via its C-termi-
nal tail (27).

In addition to LRP5 cytoplasmic domain (11), we found
that Cap2_CRD can also bind several other components in
the LRP5/6 signalosomes, such as Axin and Dvl (data not
shown), indicating that Cap2_CRD may act as a scaffold pro-
tein to recruit a diversity of partners. In fact, Clq family
proteins are well appreciated for their activities in binding
amazingly diverse ligands. Based on mutagenesis analyses, as
well as the available three-dimensional structures of Clq
protein-ligand complex, some ligands appear to bind to the
surface of single subunit of Clq homotrimer (10, 28-31)
rather than to a cleft formed by two neighboring subunits as
observed in TNF family (28, 32). Consistent with this ligand-
binding model, we found that mutants of Cap2_CRD dis-
rupting its homotrimerization showed no apparent decrease
in binding with LRP6, indicating that Cap2_CRD may also
interact with LRP5/6 through the exposed molecular surface
of protomer, instead of the homotrimeric interface. How-
ever, these mutants exhibited a dramatic decrease in the
activity of promoting LRP6 phosphorylation, indicating that
homotrimerization is required for Caprin-2 to regulate Wnt
signaling. Moreover, the oligomerization state of Caprin-2
could probably be regulated by Wnt stimulation, thereby
facilitating LRP5/6 function dynamically. Indeed, we
observe a shift of Caprin-2 wild type, but not that of the
11091S mutant, to higher molecular mass fractions on gel
filtration column Superose 6 in response to Wnt stimulation,
and importantly this change of Caprin-2 is concordant with
a shift of LRP6 to the same fractions (data not shown). Given
that LRP5/6 aggregation is essential for LRP5/6 phosphory-
lation (12), it is conceivable that Caprin-2 may act as a scaf-
fold protein mediating LRP5/6 aggregation at least partially
through a homointeraction of its CRD domain. As such,
monomeric Cap2_CRD maintains the ability to interact with
LRP5/6,butitfailstofacilitatetheaggregationand phosphory-
lation of LRP5/6. In the future, structural information of
Cap2_CRD in complex with LRP5/6 and other Wnt signaling
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FIGURE 6. Trimerization of Cap2_CRD is essential for the function of Caprin-2. A, HEK293T cells were transfected with HA-tagged full-length Caprin-2
harboring the mutation of I1048R, 11091S, or D1078A/E1084A, and the cells were treated with control or Wnt3a CM for half an hour before lysis. Compared with
WT Caprin-2, hCap2_DAEA maintained the activity in facilitating Wnt3a-induced LRP6 phosphorylation. By contrast, 11048R and 11091S displayed a remarkable
decrease of activity. B, HEK293T cells were transfected with LRP6-C3 (intracellular fragment of LRP6) together with Capin-2 wild type or the above mutants.
Axin, a known LRP5/6-binding protein, was used as a positive control. The interaction of 11048R or 11091S with LRP6-C3 showed no obvious decrease compared
with the wild type. IP, immunoprecipitation; /B, immunoblot.

components will help to clearly address these questions. In
summary, our studies here not only provide structural
insights into the function of Caprin-2 in canonical Wnt sig-
naling but may also facilitate understanding about the func-
tion of intracellular C1lq proteins as well as the role of cal-
cium for Clq family proteins.
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