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The Clq family is characterized by the C-terminally
conserved globular Clq (gClq) domain. Although
more than 30 Clq family proteins have been identified
in mammals, many of them remain ill-defined with
respect to their molecular and biological properties.
Here, we report on a novel Clq family protein specif-
ically expressed in the central nervous system (CNS),
which we designated neural Clq-like protein (nCLP) 2.
nCLP2 was secreted as disulphide-bonded multimers
comprising trimeric units. The multimers were stabi-
lized by interchain disulphide bonds involving the
cysteine residues in the N-terminal variable region
and the C-terminal gClq domain. The expression of
nCLP2 was restricted to several brain regions and
retina, including regions associated with memory for-
mation (i.e. hippocampus, entorhinal cortex, anterodor-
sal thalamic nucleus). Immunoelectron microscopy
revealed that nCLP2 was localized in the mossy fibre
axons of hippocampal granule cells and their synaptic
boutons and clefts, implying that nCLP2 was antero-
gradely transported in mossy fibres and secreted from
the presynaptic termini. These results suggest that
nCLP2 plays roles in synaptic function and mainte-
nance in the CNS.

Keywords: Brain/complement/neuron/secretion/
self-assembly.

Abbreviations: BDNF, brain-derived neurotrophic
factor; BS?, bis(sulphosuccinimidyl) suberate; BSA,
bovine serum albumin; Cbln, cerebellin; CNS, central
nervous system; DIG, digoxigenin; gClq, globular
Clq; HMW, high molecular weight; ISH, in situ
hybridization; MALDI-TOF-MS, matrix-assisted
laser desorption ionization time-of-flight mass spec-
trometry; nCLP, neural Clq-like protein; ORF, open
reading frame.

The Clq family is a group of proteins characterized by
a C-terminally conserved globular Clq (gClq)
domain, which was first identified in the q subcompo-
nent of the complement C1 complex (/). Currently,
more than 30 genes encoding Clq family proteins
have been found in mammals (2). Most Clq family
proteins are secreted proteins with a domain structure
comprising an N-terminal secretion signal peptide, col-
lagen triple helical repeats and a C-terminal gClq
domain (2, 3). The gClq domain has a 10-strand
jelly-roll folding topology that is similar to the fold
of the tumour necrosis factor family proteins, suggest-
ing an evolutionary link between these two families (4),
both implicated in immunity and energy homeostasis
(3). The gClq domain forms a trimer of B-sandwich
protomers. The trimeric units of Clq family proteins
often associate via disulphide bonds to yield hexamers,
which in turn assemble into multimers with a
bouquet-like configuration (3, 5). Multimer formation
is crucial for exerting the biological functions of par-
ticular Clq family proteins (6, 7).

The Clq family proteins have been shown to play
roles in diverse aspects of physiological and patholog-
ical processes (/). The complement Clq protein acts as
the target recognition protein of the classical comple-
ment pathway and is a major link between innate and
acquired immunity (/,3). The deficiency of this protein
is a likely cause of systemic lupus erythematosus,
resulting in an impaired clearance of apoptotic cells
(8). Adiponectin, a serum protein abundantly
expressed in adipose tissue, has been extensively stud-
ied due to its anti-diabetic, anti-atherogenic and
anti-inflammatory activities (9). Decreased serum
levels of adiponectin have been associated with type
2 diabetes (/0). Cartducin, a paralog of adiponectin,
is induced during chondrogenic differentiation and
stimulates the proliferation of mesenchymal chondro-
progenitor cells in skeletal development (/7). Given
their nature as secreted proteins, some Clq family pro-
teins have been localized at extracellular matrices
including elastic fibres and subendothelial and cartilag-
inous matrices (3). For example, EMILIN-1 is asso-
ciated with elastic fibres in blood and lymphatic
vessels and deficiencies of this protein in mouse
models results in increased blood pressure due to
increased transforming growth factor-f signaling
(12). Collagen X is a short chain collagen containing
the gClq domain, mutations in which have been clo-
sely associated with Schmid metaphyseal chondrodys-
plasia (7), an autosomal dominant skeletal disorder
characterized by growth plate abnormalities, short
stature and a waddling walk.

Some Clq family proteins are selectively expressed
in the central nervous system (CNS). Cerebellin (Cbln)
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1, a Clq family protein predominantly expressed in
cerebellar granule cells, is implicated in the formation
and stabilization of synaptic contacts and the control
of functional synaptic plasticity by regulating the post-
synaptic endocytosis pathway (/3). Other Cbln mem-
bers, Cblns2—4, are expressed in various regions of
developing and mature brains (/4), likely exerting
their functions similar to those of Cbinl (/5). Besides
Cbln members, a Clq family protein termed
‘Clq-related factor’ is highly expressed in the brain
regions involved in motor function, including
Purkinje cells, the accessory olivary nucleus, the pons
and the red nucleus (/6). Clqg-like 3, another Clq
family protein closely related to the Clg-related
factor, has been compiled in the public database as a
protein predominantly expressed in glial cells
(LOC684921; http://www.ncbi.nlm.nih.gov); however,
the function of Clg-like 3 remains unexplored. Some
other Clq family proteins have also been shown to act
on brain regions. Thus, adiponectin enhances the
activity of AMP-activated protein kinase in the arcuate
hypothalamus and thereby stimulates food intake (/7).
Complement Clq protein is transiently expressed in
postnatal neurons and mediates synapse remodelling
in the developing brain (/8, /9). However, it remains
to be explored whether other Clq family proteins are
also expressed in the CNS and regulate brain
functions.

In this study, we report a hitherto functionally
unknown Clq family protein, which we identified in
our transcriptome-wide systematic screening for novel
secreted proteins expressed at high levels in the CNS.
This protein, which we designated ‘neural Clq-like
protein (nCLP) 2’, is highly expressed in the hippocam-
pus and localized in the synaptic termini and synaptic
clefts at the stratum lucidum of the hippocampus. We
provide evidence that nCLP2 is a secreted protein
forming high molecular weight (HMW) multimers in
a trimer assembly manner, as has been demonstrated
for adiponectin and other Clq family proteins.

Materials and Methods

Animals

ICR mice and Sprague Dawley rats were purchased from Japan SLC
(Hamamatsu, Japan). The animals and procedures used in this study
were in accordance with the guidelines approved by Animal Care
and Use Committees of Aichi Medical University and Osaka
University.

Transcriptome-based systematic screening for extracellular
proteins predominantly expressed in the CNS

Complementary DNA clones encoding novel extracellular proteins
were computationally screened from the RIKEN mouse full-length
enriched cDNA collections as described previously (20). Briefly,
cDNAs encoding putative secreted proteins were selected from
>75,000 entries of the RIKEN’s mouse ¢cDNA collections (21),
based on the presence of a secretion signal sequence at the
N-terminus and the absence of any other transmembrane anchor
sequences in an entire open reading frame (ORF), as judged by
PSORT II (22) and SOSUI (23), respectively. Functionally known
proteins were eliminated by homology searches using FASTA (24).
cDNA clones predominantly expressed in CNS tissues were then
selected by in silico differential display using EST datasets compiled
in the RIKEN FANTOM databases (http://fantom3.gsc.riken.jp/)
and UniGene databases (http://www.ncbi.nlm.nih.gov). For details,
see the ‘Results’ section.
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cDNA cloning, plasmid construction, and recombinant protein
expression and purification

Standard PCR techniques were used in cDNA cloning and mutagen-
esis. The oligonucleotide primers used in this study are listed in
Supplementary Table SI. cDNAs encoding the entire ORFs of
nCLPI, nCLP3 and nCLP4 were obtained by RT-PCR using the
RNA extracted from the mouse brain (Clontech, Mountain View,
CA, USA) as templates. The nucleotide sequences of the PCR prod-
ucts were verified by DNA sequencing from both directions. The
cDNAs were subcloned into pFLAG-CMV-5a (Sigma, St. Louis,
MO, USA) at EcoRI/Kpnl (for nCLP1, 2, 3) or EcoRI/BamHI
(for nCLP4) sites. The cysteine-substituted mutants of nCLP2 and
adiponectin were generated by standard PCR-based mutagenesis
using primer pairs listed in Supplementary Table S1. Recombinant
proteins were exprressed and purified as described previously (25).
Briefly, Freestyle™ 293F cells (Invitrogen, Carlsbad, CA, USA)
were transfected with pFLAG-CMV-5a constructs encoding
full-length proteins with a C-terminal FLAG tag and cultured in
Freestyle™ 293F medium (Invitrogen) containing 50 pg/ml ascorbic
acid for 2 days. The recombinant proteins were purified from the
conditioned media by immunoaffinity chromatography using an
anti-FLAG M2 monoclonal antibody (Sigma).

RT-PCR

The transcripts of nCLPs were reverse-transcribed from total RNA
extracted from various mouse tissues (Clontech) and amplified by
PCR wusing the pairs of forward and reverse primers (see
Supplementary Table SI) and LA Taqg DNA polymerase (Takara
Bio Inc., Otsu, Japan) with the following cycling conditions: 94°C
for 30s, 58°C (nCLPs 1-3) or 56°C (nCLP4) for 30s and 72°C for
2min. The PCR cycle was repeated 30 times for nCLP1-3 and 35
times for nCLP4. The expression of mouse B-actin transcripts was
monitored as a control under the same PCR conditions.

Antibodies

Two anti-nCLP2 antibodies, anti-nCLP2-V and anti-nCLP2-S, were
raised in rabbits using synthetic peptides GPSTAALEVMQDLSA
NPP (amino acids 53—70) and GGDTEGEVTSALSAAFSG (amino
acids 139—156) as immunogens after conjugation to keyhole limpet
hemocyanin. Antibodies were purified by affinity chromatography
using antigenic peptides immobilized on Thiopropyl Sepharose™
6B (GE Healthcare, Piscataway, NJ, USA). Bound antibodies were
eluted with 100 mm glycine, pH 2.5, neutralized with Tris-HCI (pH
8.5), and then dialysed against phosphate buffered saline (PBS).
Specificities of affinity-purified antibodies were verified by immuno-
blot analyses of conditioned media and cell extracts of 293F cells
transfected with individual nCLP cDNAs.

SDS—-PAGE and immunoblotting

SDS—PAGE was carried out according to Laemmli (26). Samples
were dissolved in Laemmli’s sample treatment buffer and heated to
95°C for 10 min prior to loading on gels. Dithiothreitol was added to
the sample treatment buffer at a final concentration of 100 mM when
samples were reduced. For immunoblotting, proteins separated on
10—20% gradient gels were transferred to Hybond-ECL membranes
(GE Healthcare). The membranes were then blocked with 5% (w/v)
skim milk in TBS containing 0.05% Tween 20 (TBS-T) and incu-
bated with anti-FLAG M2 antibody (1:1,000 dilution) or the
affinity-purified anti-nCLP2 antibody (5 pg/ml) in TBS-T containing
5% skim milk for 1h at room temperature. After washing with
TBS-T, the membranes were incubated with horseradish
peroxidase-conjugated anti-mouse immunoglobulin G F(ab’), frag-
ments or horseradish peroxidase-conjugated anti-rabbit immunoglo-
bulin G F(ab’), fragments (1:4,000 dilution) for 30 min at room
temperature and then washed thoroughly. Bound antibodies were
visualized using ECL Western blotting detection reagents (GE
Healthcare).

Chemical crosslinking

Recombinant proteins dissolved in PBS at 20 pg/ml were mixed with
an equal volume of PBS containing bis(sulphosuccinimidyl) suberate
(BS?) (Thermo Scientific, Rockland, IL, USA) at increasing concen-
trations (0.002, 0.02, 0.2, 2, and 20 mg/ml), and incubated for 30 min
at room temperature. Reactions were quenched by incubation with
S0mM Tris—HCl (pH 8.0) for 15min at room temperature.
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Crosslinked proteins were analysed by SDS—PAGE and the follow-
ing immunoblotting.

In situ hybridization

nCLP2 transcripts were detected by in situ hybridization (ISH)
using digoxigenin (DIG)-labelled antisense riboprobes. The cDNA
templates for antisense probes were amplified by PCR using different
pairs of primers (nCLP2-5'probeF/R and nCLP2-3'probeF/R; see
Supplementary Table SI) and subcloned into pCR-Blunt I TOPO
with a Zero Blunt TOPO PCR Cloning Kit (Invitrogen).
DIG-labelled single-stranded riboprobes were prepared by transcrip-
tion of linearized plasmids using T7 or Sp6 RNA polymerase and a
DIG RNA labelling kit (Roche, Basel, Switzerland). ISH staining
was performed as reported previously (27). Briefly, 10 um sections of
adult mouse brains were fixed with 4% formaldehyde in PBS, per-
meabilized with 10 pg/ml proteinase K in 50 mM Tris—HCI (pH 7.5)
and 5mM EDTA, and acetylated in 0.1 M triethanolamine buffer
containing 0.2% acetic anhydride. The sections were then hybridized
with 0.5 pg/ml DIG-labelled probes in hybridization buffer contain-
ing 50% formamide, 20mM Tris—HCI (pH 7.5), 600 mM NacCl,
ImM EDTA, 10% dextran sulphate, 200pg/ml yeast tRNA,
1 x Denhardt’s solution and 0.25% SDS at 65°C overnight. The
sections were washed three times with 1 x SSC containing 50% for-
mamide at 65°C, followed by 0.1 M maleic buffer (pH 7.5) contain-
ing 0.1% Tween 20 and 0.15 M NaCl. The DIG-labelled probes were
visualized by overnight incubation with an anti-DIG antibody con-
jugated to alkaline phosphatase (1:2,000 dilution), followed by
colour development with nitro blue tetrazolium chloride (NBT)/
BCIP  (5-bromo-4-chloro-3-indolyl phosphate, toluidine salt)
solution (Roche). Both probes gave similar results, verifying the
specificity of our ISH probes.

Immunohistochemical staining

Unfixed tissue specimens obtained from 9-week-old ICR mice were
embedded in an OCT compound (Sakura Finetechnical, Tokyo,
Japan) and were subsequently frozen. Cryosections (10 pm thick)
were blocked with 5% (w/v) bovine serum albumin (BSA) in PBS
for 30min at room temperature and then incubated with
affinity-purified antibodies against nCLP2 (1 pg/ml) overnight at
4°C, followed by incubation with AlexaFluor 488-conjugated
anti-rabbit IgG (1:200 dilution; Molecular Probes, Eugene, OR,
USA) for 1h. The sections were counterstained with Hoechst
33342 (1:100,000 dilution). The specificity of the antibodies used
was verified by their almost identical staining patterns and by the
absorption of their immunoreactivities with antigenic peptides.

Immunoelectron microscopy

Deeply anesthetized 9-week-old ICR mice were transcardially per-
fused with 100 ml of PBS, followed by 100 ml of 4% paraformalde-
hyde in PBS, and dissected. Fixed brains were sliced as horizontal
vibratome sections (50 pum thick) in ice-chilled PBS. The sections
were blocked with 5% BSA and incubated with the anti-nCLP2
antibody (5ug/ml) overnight at 4°C. After washing with PBS, the
sections were incubated with a secondary goat anti-rabbit 1gG con-
jugated to Inm gold particles (1:50 dilution; British Biocell
International, Cardiff, UK) in PBS containing 5% BSA. Signals
labelled with gold particles were enhanced with a silver intensifica-
tion kit (British Biocell International). The immunogold-labelled sec-
tions were postfixed with 1% osmium tetroxide in 0.1 M phosphate
buffer (pH 7.4) for 1h at 4°C and dehydrated in a stepwise manner
with 80, 90, 99, 100% ethanol and propylene oxide. Sections were
mounted with Epon 812 on siliconized glass slides. Sections contain-
ing stratum lucidum of the hippocampus were cut out under a light
microscopic observation and ultrathin-sliced with an ultramicrotome
(LKB, Bromma, Sweden) at a thickness of 80 nm. Ultrathin sections
were stained with lead citrate and examined using a JEM-2000EX
transmission electron microscope (JEOL Ltd, Tokyo, Japan).

Gel filtration chromatography

Purified proteins (50 pg in 100 ul PBS) were loaded onto a Cosmosil
SDiol-II column (300 x 7.5mm, 11 ml void volume; Nacalai Tesque,
Kyoto, Japan) which had been equilibrated with 0.02 M phosphate
buffer (pH 7.0) containing 0.1 M NaCl. Proteins were eluted with the
same buffer at a flow rate of 1 ml/min and monitored by absorbance
at 280 nm. The column was calibrated using the molecular weight
marker proteins: bovine carbonic anhydrase (MW, 29,000), bovine

C1q family protein expressed in the central nervous system

serum albumin (MW, 66,000), yeast alcohol dehydrogenase
(MW, 150,000), potato B-amylase (MW, 200,000), horse apoferritin
(MW, 443,000) and bovine thyroglobulin (MW, 669,000). All
marker proteins were purchased from Sigma.

Matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF-MS)

Purified recombinant nCLP2 was treated with porcine trypsin (20 pg/
ml; Wako, Osaka) at 37°C overnight and subjected to reversed-phase
high performance liquid chromatography on a Develosil 300C8-HG
column (150 x 4mm; Nomura Inc., Aichi, Japan). After washing
with 80% acetonitrile containing 0.1% (v/v) trifluoroacetic acid,
peptides were eluted with a 60 min linear gradient of 10—80% acet-
onitrile at a flow rate of 500 pl/min and collected in 500 pl fractions.
An aliquot (2 pl) of each fraction was mixed with an equal volume of
matrix (10 mg/ml a-cyano-4-hydroxycinnamic acid dissolved in 50%
acetonitrile with 0.1% trifluoroacetic acid), spotted onto a sample
plate and allowed to dry. The samples were then analysed using
Autoflex 1II MALDI-TOF-MS (Bruker Daltonics Inc., Bremen,
Germany). Reflectron mass spectrometric analyses were performed
on Autoflex workstation (Bruker Daltonics Inc.) using a pulsed laser
beam (nitrogen laser, A =337 nm). All ion spectra were recorded in
the positive mode with an accelerating voltage of 20.0kV. The
spectrometer was externally calibrated using a Cal Mix 2 standard
mixture (PerSeptive Biosystems Inc., Framingham, MA, USA).

Results

Identification of novel C1q-like proteins expressed in
the CNS

RIKEN mouse full-length enriched cDNA collections
comprising more than 75,000 cDNAs (2/) were com-
putationally screened for those encoding novel secreted
proteins as described previously (20). The selected
cDNAs were subjected to in silico differential display
using ESTs compiled in UniGene and RIKEN
FANTOM databases (2/) to identify proteins selec-
tively expressed in the CNS. In the computational dif-
ferential display, we employed an ‘EST score’, a ratio
of the number of ESTs derived from CNS tissues to
those from all tissues including the CNS, as a measure
of selective CNS expression for a given cDNA. In a
pilot study, we determined the EST scores of 36
full-length cDNAs that had been selected in the initial
computational screening for those encoding novel
secreted proteins. Determination of their expression
levels in various tissues by RT-PCR revealed that
nine of these genes were highly expressed in the
CNS. Eight out of the nine cDNAs gave EST scores
of > 0.6, prompting us to employ >0.6 as a threshold
in selecting candidate cDNAs encoding proteins highly
expressed in the CNS. We determined the EST scores
of 71 ¢cDNA clones obtained from computational
screening for those encoding novel secreted proteins
and 23 cDNAs were found to have an EST score of
>0.6. Twelve of the genes were confirmed by RT-PCR
for their significant expression in CNS tissues (i.e.
brain, spinal cord and eye); however, some of the
genes were also expressed in other organs
(Supplementary Fig. S1).

To further confirm their CNS expression at the pro-
tein level, we produced rabbit antibodies against the
candidate proteins and examined immunohistochemi-
cally their expression in CNS tissues. Seven candidate
proteins were specifically localized in the nervous
system, of which the protein encoded by the clone
#G630075L11 gave highly restricted signals at the
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nCLP1 200:VRASAIAQDADONYDYASNSVILHLDAGDEVFIKLDGGKAHGGNSNKYSTFSGFIIYSD| 258
nCLP2 229:VRASAIAQDADONYDYASNSVVLHLDSGDEVYVELDGGKAHGGNNNKYSTFSGFLLYPD| 287
nCLP3 197:VRASAIAQDADQNYDYASNSVVLHLEPGDEVYIKLDGGKAHGGNNNKYSTFSGFIIYAD| 255
nCLP4 180:VRASAIAQDADONYDYASNSVILHLDVGDEVFIKLDGGKVHGGNTNKYSTFSGFIIYFD]| 238

dkkkmh ko kk ko ke s ks kR o

ncLP1 |
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Sequence homology
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peptide region domain segment  Clq domain

Fig. 1 Primary structure of mouse nCLPs. (A) Sequence alignment of the four nCLPs. Predicted signal sequences, variable regions, collagenous
triple-helical Gly-X-Y repeats and spacer segments are indicated above the sequences. The gClq domains are boxed. Cysteine residues are
highlighted in black with white letters. Identical, conserved and semi-conserved residues between the nCLPs are marked with asterisk, colon and
dot, respectively. The sequences of immunogenic peptides for producing anti-nCLP2 antibodies (Gly*—Pro’® for anti-nCLP2-V; Gly'*—Gly'*¢
for anti-nCLP2-S) are colored in gray. (B) Domain structures of nCLPs and adiponectin. nCLPs and adiponectin share the same modular
organization, consisting of a signal peptide, a variable region, a collagenous domain, a spacer segment and a gC1q domain. The numbers above
the schemes indicate the positions of the first amino acid residues of individual regions. The locations of cysteine residues (C) are shown above
the schemes. Sequence homologies between the four nCLPs and adiponectin are shown on the right.

CA3 region of the hippocampus (see below). The
cDNA clone encodes a 287 amino acid polypeptide
comprising an N-terminal signal sequence, a collage-
nous domain and a C-terminal gClq domain (Fig. 1A)
and has been registered as ‘complement component 1,
q subcomponent-like 2’ in the public domain data-
bases (e.g. http://www.ncbi.nlm.nih.gov). Homology
searches of genomic and EST databases identified
three other cDNAs that encode proteins with >60%
overall homologies; i.e. ‘complement component 1,
q subcomponent-like 1’ [also called Clg-related
factor (16)], ‘Clqg-like 3’, and ‘complement component

568

1, q subcomponent-like 4’. These proteins including
the protein encoded by the clone #G630075L11 were
‘Clg-like proteins’ characterized by the C-terminal
gClq domain preceded by a collagenous domain.
Since the genes encoding these Clg-like proteins are
predominantly expressed in the nervous tissues (see
below), we coined the name ‘neural Clg-like proteins
(nCLPs)’ for these four proteins and designated the
protein encoded by the clone #G630075L11 as
nCLP2. The other three proteins were designated as
nCLP1, nCLP3 and nCLP4. The phylogenic analysis
showed that the four nCLPs comprised a distinct
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subgroup within a total of 30 mouse Clq family pro-
teins (Supplementary Fig. S2), exhibiting a signifi-
cantly high homology in the gClq domain (Fig. 1B).

nCLP2 contains a 60 amino acid segment
N-terminal to the collagenous domain, where two
cysteine residues are located (Fig. 1A). Since the
length of this N-terminal segment varies among
nCLPs and other Clq family proteins, this segment is
hereafter referred to as the ‘N-terminal variable
region’. nCLP2 contains four cysteine residues, two
in the N-terminal variable region (Cys-29 and
Cys-33) and two in the C-terminal gClq domain
(Cys-197 and Cys-224). These cysteine residues are
conserved among the nCLPs except that nCLP4
lacks the cysteine residue equivalent to Cys-224 in
nCLP2. The cysteine residue conserved in the gClq
domain of all four nCLPs, e.g. Cys-197 in nCLP2, is
also found in many other Clq family proteins includ-
ing the complement Clq protein and adiponectin.

nCLP2is a secreted protein

To confirm that nCLP2 and the other nCLPs are
secreted proteins, four nCLPs were expressed in 293F
cells with a FLAG epitope tag at their C-termini. The
culture supernatants were collected and subjected to
immunoblot analyses using an anti-FLAG antibody.
Under reducing conditions, nCLP2 was detected at
the 28—32 kDa region as triplet bands (Fig. 2), consis-
tent with its predicted molecular mass (30 kDa). Other
nCLPs were also detected at positions equivalent to
their predicted molecular masses (nCLP1, 27kDa;

- N O = — © © =

- - - oo oo

o el o e e [

0O 0 0 0O Q Q0 Q0 Q

c [ [ [ = c = c
kDa kDa
250 250 — !

Jhexamer
150 - 150 —
-
100 100 = - ]tetramer
75 — 75—
s _.- ]d_
50 — - - imer
37 — 37 4
..

— monomer
25 < .] 25—
20 — 20—

Reduced Nonreduced

Fig. 2 Immunoblot analysis of recombinant nCLPs secreted by 293F
cells. Conditioned media of 293F cells transfected with C-terminally
FLAG-tagged nCLPs were subjected to SDS—PAGE using 5—-20%
gradient gels under reducing and non-reducing conditions.
Recombinant proteins were detected by immunoblotting using an
anti-FLAG antibody. Bands corresponding to monomer, dimer,
tetramer and hexamer of nCLPs are indicated on the right. Under
non-reducing conditions, bands representing nCLP2 were observed
at 60,120 and 180 kDa, each corresponding to the dimer, tetramer
and hexamer species, respectively. No bands at the monomer posi-
tion were detected under non-reducing conditions.
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nCLP3, 26kDa; nCLP4, 25kDa). Similar results
were also obtained when nCLP2 was expressed in
COS and 293T cells (data not shown). Under
non-reducing conditions, nCLP2 gave bands at the
60, 120 and 180kDa regions, each corresponding to
the dimer, tetramer and hexamer, respectively. No
bands were detected at the monomer position under
non-reducing conditions. Other nCLPs also gave
bands at dimer and tetramer positions but not at the
monomer position. Putative hexamer bands were
barely detectable for other nCLPs. These results indi-
cate that all nCLPs are secreted as disulphide-bonded
oligomers/multimers, as has been demonstrated for
other Clq family proteins (28).

The apparent heterogeneity of the secreted nCLP2 is
likely to be due to the differential degree of posttran-
slational modifications such as glycosylation of aspar-
agine, serine/threonine and hydroxylysine residues
and/or hydroxylation of proline and lysine residues.
Hydroxylation of proline and lysine residues occurring
in the collagenous domain has been shown to be cru-
cial for stabilizing the oligomeric complexes of adipo-
nectin (29, 30). To examine whether the collagenous
domain of nCLP2 was hydroxylated, purified recom-
binant nCLP2 was trypsinized and subjected to matrix-
assisted laser desorption ionization time-of-flight mass
spectrometry. The mass spectra indicated that a
peptide encompassing Gly”'—Pro'® was differentially
hydroxylated at three proline residues located at
Y-positions (Supplementary Fig. S3). Such heterogene-
ity in proline hydroxylation has been shown to give rise
to microheterogeneity in banding patterns of collage-
nous proteins upon SDS—PAGE (30, 31).

nCLP2 is selectively expressed in CNS tissues

To explore the CNS expression of nCLP2 and the
other nCLPs, the tissue expression profiles of nCLP
transcripts were investigated by RT-PCR using total
RNAs extracted from a panel of 22 mouse adult
organs including brain, spinal cord, eye and embryonic
brains. Consistent with the results obtained by compu-
tational differential display and preliminary RT-PCR
screening, nCLP2 transcripts were only detected in
the CNS organs (i.e. brain, spinal cord and eye), but
not in other organs except for the placenta (Fig. 3).
In embryonic brains, the nCLP2 transcripts were not
detected at embryonic day 12, but became detectable at
embryonic day 14 and throughout the following
embryonic stages.

Like nCLP2, nCLP1 and nCLP3 were almost exclu-
sively expressed in the CNS tissues, except that nCLP1
was expressed in the uterus and nCLP3 in the kidney
(Fig. 3). In contrast, nCLP4 transcripts were detected
not only in the CNS but also in other organs.
Furthermore, the expression levels of nCLP4 in the
brain and other CNS organs were less pronounced
than those in non-CNS organs.

In situ detection of nCLP2 transcripts in the adult
mouse brain

To determine the loci where nCLP2 is expressed in the
CNS, nCLP2 transcripts was localized in the adult
brain by in situ hybridization. Signals for nCLP2
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Fig. 3 Expression of nCLP transcripts in embryonic brain and adult tissues. Expression of nCLP transcripts were analysed by RT-PCR using total
RNA derived from mouse brains of embryonic day 12, 14, 16 and 18 embryos and from a variety of adult tissues. Transcripts for nCLPs 1—3 and
B-actin were amplified for 30 PCR cycles and those for nCLP4 were amplified for 35 cycles. In adult tissues, nCLPs 1—3 were predominantly
expressed in the CNS, i.e. brain, spinal cord and eye, whereas nCLP4 transcripts were ubiquitously detected in most organs. nCLPs were also

expressed in embryonic brains.

Fig. 4 ISH of nCLP2 transcripts in adult brain. Antisense riboprobes labelled with digoxigenin were hybridized to sagittal sections of a
9-week-old mouse brain. nCLP2 transcripts were expressed in the hippocampal granule cell layer (A and B). (C) shows a negative control image
with a sense riboprobe for the hippocampal granule cell layer. There were no signals detected in the CA3 pyramidal cell layer (A and D). nCLP2
transcripts were also expressed in the anterodorsal thalamic nucleus (A, E), the red nucleus (F and G) and the inferior olivary nucleus (F and H).
(B, D, E, G and H) show high-power views of boxed areas in panels A and F. The bar represents 200 pm in (A, G and H), 100 um in (B—E) and
500 um in (F).

transcripts were detected in the hippocampus and some
nerve nuclei in the brain (Fig. 4). In the hippocampus,
nCLP2 transcripts were highly expressed in the granule
cells of dentate gyrus and, to a lesser extent, in
the pyramidal cells of the CA2 region, whereas no
transcripts were detected in other regions including
the CA3 regions of the hippocampus (Fig. 4A—D).
In other regions of the brain, nCLP2 transcripts
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were detected in the anterodorsal thalamic nucleus,
red nucleus and inferior olivary nucleus (Fig. 4A,
E, F—H).

Immunohistochemical localization of nCLP2 in the
adult brain and eye

To further investigate the expression of nCLP2 in CNS
tissues, we produced two separate rabbit antibodies,

ZT0Z ‘82 BOuRIdes uo AisAuN pezy dlwess| e /Bioseulnolpioyxoqli/:dny woly pepeojumoq


http://jb.oxfordjournals.org/

one directed to the N-terminal variable region
(anti-nCLP2-V) and the other directed to the spacer
region between the collagenous domain and the gClq
domain (anti-nCLP2-S). The sequences of the
antigenic peptides are indicated in Fig. 1A. These
antibodies were affinity-purified on agarose beads
conjugated with the antigenic peptides and showed
no cross-reactivities against other nCLPs on immuno-
blotting (Supplementary Fig. S4). Immunohistochem-
ical staining of adult brains with anti-nCLP2-S showed
that nCLP2 was predominantly localized in the stra-
tum lucidum of the hippocampus, where the mossy
fibres, i.e. the nerve axons projecting from granule neu-
rons of the dentate gyrus, form synapses with thorny
excrescences of dendrites of CA3 pyramidal cells
(Fig. 5A and B). The localization of the nCLP2 protein
in the stratum lucidum was verified by immuno-
histochemical staining with another antibody, anti-
nCLP2-V (data not shown). Given that nCLP2
transcripts were highly expressed in the granule cells
of the dentate gyrus (see Fig. 4A and B), these results
indicate that nCLP2 is produced in the granule cells
and transported through mossy fibres towards the
pyramidal cells in the CA3 region.

The immunohistochemical signals for nCLP2 were
also detected in the anterodorsal thalamic nucleus, red
nucleus and inferior olivary nucleus (Fig. 5C—F),
where nCLP2 transcripts were detected by in situ
hybridization. Furthermore, signals were detected at
neurons in the third layer of the entorhinal cortex
(Fig. 5G).

We also examine the localization of the nCLP2 pro-
tein in the eye. The signals for nCLP2 were detected
only in retina, specifically at inner and outer plexiform
layers and amacrine cells in the inner nuclear layer
(Fig. SH). Since inner and outer plexiform layers in
retina are rich in synapses, as is the case with the stra-
tum lucidum in the hippocampus, these results
together imply that nCLP2 may be involved in forma-
tion, maintenance and/or functions of synapses in
these regions.

Immunoelectron microscopic localization of nCLP2 in
the hippocampus

The characteristic expression of nCLP2 in the hippo-
campus prompted us to extend the microscopic local-
ization of nCLP2 to a greater depth. We examined the
localization of nCLP2 in the stratum lucidum of the
hippocampus by immunoelectron microscopy and
found that nCLP2 was localized in mossy fibres and
synaptic boutons, huge synaptic termini of granule cell
axons (Fig. 6A and B). nCLP2 signals were also
detected in the synaptic clefts between synaptic bou-
tons and dendritic spines of CA3 pyramidal cells
(Fig. 6B and C), indicating that nCLP2 expressed by
granule cells in the dentate gyrus was transported
towards synaptic termini through mossy fibres and
finally secreted from the synaptic termini to the synap-
tic clefts.

Molecular organization of nCLP2 multimers
Given that nCLP2 was secreted from synaptic termini
of mossy fibres and that recombinant nCLP2 was

C1q family protein expressed in the central nervous system

secreted from transfected 293F cells as disulphide-
bonded oligomers, we sought to explore the mecha-
nism of how nCLP2 forms disulphide-bonded oligo-
mers, focusing on the cysteine residues involved
in oligomer formation. Cysteine residues in the
N-terminal variable region have been shown to be
responsible for disulphide-bonded oligomer formation
of Clq family proteins (6, 28, 32). As such, nCLP2
mutants were produced in which either or both of
the cysteine residues in the N-terminal variable
region (i.e. Cys-29 and Cys-33) were substituted with
serine residues. SDS—PAGE under non-reducing con-
ditions showed that mutant proteins with single sub-
stitution of either Cys-29 or Cys-33 gave multiple
bands migrating at dimer and oligomer positions but
not at the monomer position (Fig. 7). In contrast, the
mutant nCLP2 with double substitution of both
Cys-29 and Cys-33 gave a significant band migrating
at the monomer position, indicating that both cysteine
residues in the N-terminal variable region were
involved in disulphide-bonded dimer/oligomer forma-
tion. However, a fraction of the double substitution
mutant still remained as disulphide-bonded dimer
and tetramer, raising the possibility that cysteine resi-
dues in the C-terminal gClq domain were also
involved in disulphide-bonded dimer/oligomer forma-
tion. To address the possibility, we produced a mutant
nCLP2 in which all four cysteine residues were substi-
tuted with serine residues. The resulting mutant pro-
tein, designated nCLP2-all-CS, migrated almost
exclusively at the monomer position, supporting this
possibility.

To further explore the oligomeric states of nCLP2
proteins, recombinant nCLP2 was size-fractionated by
gel filtration chromatography. Adiponectin, another
Clq family protein with molecular size and domain
structure close to those of nCLP2 (Fig. 1B), was also
recombinantly produced and subjected to size fractio-
nation as a control. The oligomeric states of adiponec-
tin have been extensively studied by gel filtration
chromatography (6, 28, 33). Adiponectin was resolved
into four peaks, each corresponding to two forms of
high molecular weight (HMW) multimers, hexamers
and trimers (Fig. 8A), whereas nCLP2 was resolved
into two molecular species, a major one with apparent
molecular mass of >700kDa and a minor one with
that of 600kDa, both of which were considered to
represent HMW multimers based on their elution
positions (Fig. 8B). These results indicated that recom-
binant nCLP2 secreted from transfected 293F cells was
prone to form HMW multimers rather than hexamers
and trimers.

The cysteine residue in the N-terminal variable
region of adiponectin has been shown to be crucial
for HMW multimer formation (6, 28). To examine
whether two cysteine residues in the N-terminal vari-
able region of nCLP2 are also involved in HMW mul-
timer formation, the mutant protein nCLP2-C29/33S,
in which both Cys-29 and Cys-33 in the N-terminal
variable region were substituted with serine residues,
was subjected to gel filtration chromatography.
Adipo-C39S, the adiponectin mutant in which the
Cys-39 in the N-terminal variable region was
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Fig. 5 Immunohistochemical detection of nCLP2 in adult brain and eye. Sagittal cryosections of a 9-week-old mouse brain and retina were
immunostained with anti-nCLP2-S antibody (green) and counterstained with Hoechst 33342 (blue) to visualize nuclei. In the hippocampus,
nCLP2 was detected in the dentate gyrus and stratum lucidum of the CA3 region but not in other regions including the pyramidal cell layer (A).
(B) Shows the magnified view of the boxed area in (A). nCLP2 signals were also detected in soma and/or neurites of neurons in the anterodorsal
thalamic nucleus (C), red nucleus (E), inferior olivary nucleus (F) and entorhinal cortex (G). (D) Shows the magnified view of the boxed area in
(C). In the eye, nCLP2 signals were restricted to the retina, where inner and outer plexiform layers (IPL and OPL) and amacrine cells (white
arrowheads) in the inner nuclear layer (INL) were selectively stained with the antibodies (H). Signals present in the outer segment of the
photoreceptor layer (OS) in (H) were non-specific, as fluorescence-labelled secondary antibodies alone stained this region in the retina. GCL,
ganglion cell layer; ONL, outer nuclear layer. Py, pyramidal cell layer. The bar represents 100 um in (A, C and E—G) and 50 um in (B, D and H).

substituted with serine, was also subjected to gel filtra-
tion as a control. Adipo-C39S eluted essentially as a
single peak at the trimer position (Fig. 8C), consistent
with a previous report (6). Similarly, nCLP2-C29/33S
gave a major peak corresponding to the trimer position
almost equivalent to that of the adiponectin trimer,
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although a weaker peak was also detected at the posi-
tion of the hexamer (Fig. 8D). These results are con-
sistent with the scheme that trimeric protomers of
nCLP2 are assembled into HMW multimers through
inter-trimer disulphide bonds involving two cysteine
residues in the N-terminal variable region, as has
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Fig. 6 Immunoelectron microscopic localization of nCLP2 in the
stratum lucidum of the hippocampus. Ultrathin sections of the hip-
pocampus from a 9-week-old mouse were immunostained with
anti-nCLP2-S, followed by labelling with gold particle-conjugated
secondary antibodies. nCLP2 signals (arrowheads) were detected in
mossy fibre bundles, as shown in the axial section of the mossy fibre
bundles (A). nCLP2 signals were also detected in the synaptic clefts
between synaptic boutons and dendritic spines of the CA3 pyramidal
cells (B and C). Signals in the synaptic clefts are denoted by open
arrowheads. The bars represent 200 nm. mt, mitochondria; pre,
presynapse; post, postsynapse.

been demonstrated for the multimer formation of
adiponectin.

To corroborate this scheme, both Adipo-C39S and
nCLP2-C29/33S were subjected to chemical crosslink-
ing using the homobifunctional crosslinker BS>.
SDS—PAGE under reducing conditions showed that
adipo-C39S predominantly gave rise to trimers upon
titration with increasing concentration of BS® (Fig. 9).
Similarly, nCLP2-C29/33S also yielded trimers as the
major crosslinked product, although hexameric and
oligomeric forms of the crosslinked products were
also detected at >1mM BS?. These results are consis-
tent with the scheme that nCLP2, like adiponectin,
assembles into multimers via trimeric protomers, and
two cysteine residues in the N-terminal variable region
contribute to stabilize the multimers by inter-trimer
disulphide bonds.

C1q family protein expressed in the central nervous system
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Fig. 7 Immunoblot analysis of nCLP2 and its mutants. Conditioned
media of 293F cells transfected with nCLP2 and its mutants
(nCLP2-C29S, nCLP2-C33S, nCLP2-C29/33S, and nCLP2-all-CS,
in which Cys-29, Cys-33, both Cys-29 and Cys-33, and all cysteine
residues were substituted with serine residues) were subjected to
SDS—PAGE on 5—20% gradient gels under non-reducing condi-
tions, followed by immunoblotting with an anti-FLAG antibody.
Bands corresponding to monomer, dimer, trimer, tetramer and
hexamer are indicated on the right. Monomers were detected with
nCLP2-C29/33S and nCLP2-all-CS, but not nCLP2-C29S and
nCLP2-C33S. The trimer was detected in nCLP2-C29S and
nCLP2-C33S. The asterisk points to the position corresponding to
the trimer.

Discussion

A hallmark of Clq family proteins is trimer formation
of their protomers (3). The trimers often assemble into
disulphide-linked hexamers and/or HMW multimers.
The prototypic complement Clq protein forms an
18-mer comprising six heterotrimers of the A, B and
C chains, adopting the overall shape of a bouquet of
tulips (3). Adiponectin forms heterogenous oligomers,
including trimers, hexamers and HMW multimers
(6, 28, 34). Trimer formation of Clq family proteins
is driven by their gClq and collagenous domains, both
of which have the intrinsic capability to assemble into
trimers (35—37), although not all Clq family proteins
contain the collagenous domain. Mutations that cause
amino acid substitution in the gClq domain have been
shown to impair trimer formation of adiponectin (6)
and collagen X (7,38), resulting in reduced expression
and/or secretion (6, 39). Given the presence of both
¢C1q and collagenous domains in nCLP2, it is conceiv-
able that nCLP2 also forms a trimer, which in turn
assembles into HMW multimers, as schematically
depicted in Fig. 10. The resulting multimers are
stabilized by interchain disulphide bonds primarily
involving the cysteine residues in the N-terminal
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Fig. 8 Gel filtration chromatography of adiponectin, nCLP2 and their
mutants. Adiponectin (A), nCLP2 (B) and their mutants,
adiponectin-C39S (C) and nCLP2-C29/33S (D), of which cysteine
residues in the N-terminal variable regions were substituted with
serine residues, were purified from conditioned media of transfected
293F cells and subjected to gel filtration chromatography. Elution
positions of molecular mass markers are indicated at the top of the
figure. The peaks corresponding to trimers, hexamers and HMW
multimers are assigned based on the elution positions of adiponectin
and its mutant. Ordinates are expressed in milliabsorbance units.

variable region. In support of this scheme, nCLP2-
C29/33S, the nCLP2 mutant with substitution of two
cysteine residues with serine in the N-terminal variable
region, was predominantly eluted at the position of
trimers upon gel filtration chromatography, whereas
intact nCLP2 was eluted as HMW multimers with an
apparent mass of >700kDa. Further support for this
scheme was obtained by chemical crosslinking experi-
ments, in which nCLP2-C29/33S gave rise to a

574

Adiponectin-
C39s nCLP2-C29/33S
>~ BS? S~ BS?
) cf-?cagca‘?n D (mg/ml) s e N ® (mg/ml)
i
kDa
250 — ‘1 <hexamer } | «F-hexamer
150 — )
100 ..r—trimer M e-trimer
75 —
<+~ dimer «+-dimer
50 -
37 -
' <«f-monomer
25 - .... «+monomer = -
20 —

Fig. 9 Chemical crosslinking of nCLP2-C29/33S and
adiponectin-C39S. nCLP2-C29/33S and adiponectin-C39S (10 pg/ml)
were incubated with increasing concentrations of the homobifunc-
tional crosslinker BS® for 30 min. The crosslinked products were
subjected to SDS—PAGE on 5—20% gradient gels under reducing
conditions, followed by immunoblotting with an anti-FLAG anti-
body. The bands corresponding to monomer, dimer, trimer and
hexamer are assigned based on the band patterns of crosslinked
products of adiponectin and its mutant. Note that trimers were
detected not only with adiponectin-C39S but also with nCLP2-C29/
33S following crosslinking.

Stabilization of HMW

multimer by disulfide
Trimer formation  Assembly of trimers bonding

gC1q
domain

Collagenous
domain

Variable -
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Fig. 10 Schematic model of the multimer formation of nCLP2.
nCLP2 protomers assemble into trimers through self-association of
the collagenous and gClq domains. The trimers further assemble
into multimers through lateral association of the collagen triple
helices or the interaction between trimerized gClq domains. The
resulting multimers are stabilized by the inter-trimer disulphide
bonds at the N-terminal variable region. The cysteine residues in the
¢Clq domain also contribute to the stabilization of the multimers by
forming disulphide bonds between trimerized gClq domains.

covalently linked trimer upon titration with increasing
concentrations of the crosslinker BS>.

The importance of the interchain disulphide bonds
at the N-terminal variable region in stable multimer
formation has been demonstrated with adiponectin.
The adiponectin mutant Adipo-C39S, in which a
serine residue was substituted for Cys-39, behaved as
a trimer in velocity sedimentation and gel filtration
chromatography, whereas intact adiponectin gave
peaks corresponding to a hexamer and HMW multi-
mers (34; also this study). Consistent with the impor-
tance of the N-terminal disulphide bonds in multimer
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formation of nCLP2 and adiponectin, the complement
Clq protein gives rise to an 18-mer assembled from
three hexamers that are comprised of three
disulphide-linked dimers (i.e. two A—B dimers and a
C—C dimer) through the cysteine residues in the
N-terminal region (3). Given the occurrence of cysteine
residue(s) in the N-terminal regions of ‘most Clq
family proteins’ including Cblns (32) and CIqTNF9
(40), the N-terminally located cysteine residues may
well be generally involved in multimer formation of
Clq family proteins. This situation is analogous to
the collectin family of proteins that also undergoes
multimerization via the assembly of trimeric units, in
which the cysteine residues in the N-terminal region
are involved in disulphide-bonded multimer formation
(41). SDS—PAGE wunder non-reducing conditions
showed that all nCLP2 protomers are disulphide-
linked to produce a dimer, a tetramer and HMW oli-
gomers. nCLP2 differs from adiponectin and the
complement Clq in that it possesses two cysteine res-
idues in the N-terminal variable region. Both cysteine
residues seem to participate in interchain disulphide
bonds, since only the nCLP2 mutant in which both
Cys-29 and Cys-33 were substituted with serine resi-
dues, but not those bearing single substitution at
either residue, yielded a monomer in SDS—PAGE
under non-reducing conditions. It should be noted,
however, that nCLP2-C29/33S gave not only the
monomer band but also bands corresponding to a
dimer and a tetramer, indicating that the cysteine res-
idues other than those in the N-terminal region are
involved in interchain disulphide bonds.

nCLP2 contains four cysteine residues, two in the
N-terminal variable region and two in the gClq
domain. It is conceivable, therefore, that the cysteine
residues in the gC1q domain also participate, at least in
part, in interchain disulphide bonds, yielding dimer
and tetramer bands when nCLP2-C29/33S was sub-
jected to SDS—PAGE under non-reducing conditions.
Consistent with this conclusion, gel filtration chroma-
tography showed that a fraction of nCLP2-C29/33S
was eluted at the hexamer position, an indicative of
an inter-trimer disulphide bond involving cysteine res-
idues other than those in the N-terminal region. It is
interesting to note that nCLP2, unlike other Clq
family proteins, contains two cysteine residues,
Cys-197 and Cys-224, in the gClq domain. Of these,
Cys-197 is conserved among other Clq family pro-
teins. Crystallographic analyses of the gClq domain
of some Clq family proteins revealed that the con-
served cysteine residue is situated to comprise the
hydrophobic core buried within the domain (4, 35,
42, 43), making it likely that Cys-224, but not
Cys-197, participates in the disulphide-linked hexamer
formation, although we cannot exclude a minor con-
tribution of Cys-197 to the disulphide bond(s) linking
of two trimers. Superimposition of Cys-197 and
Cys-224 onto the gClq domain of the complement
Clq protein whose three-dimensional structures have
been determined by X-ray crystallography (35) indi-
cates that both Cys-197 and Cys-224 are positioned
at the periphery of the trimerized gClq domain
(Supplementary Fig. S5) and, therefore, inaccessible

C1q family protein expressed in the central nervous system

to each other to form intra-trimer disulphide bonds,
consistent with the conclusion that the cysteine resi-
dues in the gClq domain participate in inter-trimer
disulphide bonds yielding a hexamer.

Our in situ hybridization and immunohistochemical
analyses revealed a restricted expression of nCLP2 in
the CNS. In the hippocampus, nCLP2 is expressed in
dentate granule cells and localized at the stratum luci-
dum, to which the mossy fibre axons of granule cells
project. Immunoelectron microscopy localized nCLP2
in mossy fibres and presynaptic boutons and at the
synaptic clefts between synaptic boutons and dendritic
spines of CA3 pyramidal cells. These results imply that
nCLP2 expressed in granule cells is anterogradely
transported in mossy fibres and secreted from the pre-
synaptic termini to the synaptic clefts. Since the termini
of mossy fibres are known to contact the thorny excres-
cences of CA3 pyramidal cells, it seems likely that
nCLP2 released from presynaptic termini of the gran-
ule cells impacts on their postsynaptic target, CA3
pyramidal neurons, through interaction with its puta-
tive receptor(s) on the dendritic spines of the pyrami-
dal neurons. However, the molecular identity of the
putative receptor(s) remains unexplored. Similar ante-
rograde transport has been reported for brain-derived
neurotrophic factor (BDNF), which is expressed in the
granule cells, transported in the mossy fibres, and
released towards the synaptic clefts (44, 45). The
released BDNF acts on the receptors on the presy-
napses (46) and postsynaptic spines of dendrites of
CA3 pyramidal cells (47—49), thereby inducing
long-term potentiation of synaptic transmission
through regulation of the integrity and plasticity of
the synapses. Our results also show that nCLP2 is
localized in the neurons of entorhinal cortex, antero-
dorsal thalamic nucleus, red nucleus and inferior oli-
vary nucleus. The entorhinal-dentate-hippocampal
system is a major neuronal network involved in the
long-term memory formation (50, 57). The anterodor-
sal thalamic nucleus also participates in memory for-
mation as a part of Papez’s circuit (52—55). Red
nucleus and inferior nucleus are connected to each
other and comprise a part of the neuronal network
associated with motor functions (56, 57). It is tempting
to speculate that nCLP2 expressed in these brain
regions is also anterogradely transported through the
axons towards presynaptic termini and released from
synaptic boutons to synaptic clefts, where nCLP2
binds to putative receptor(s) on pre- and/or postsy-
napses, and modulates synaptic plasticity and integrity
in the neuronal networks related to memory forma-
tion, although further studies are needed to explore
this possibility. Immunohistochemical signals for
nCLP2 were diffuse and not discernible in these
brain regions, except for the signals in cell bodies.
This is in striking contrast to the immunohistochemical
detection of nCLP2 expressed in hippocampal granule
cells; nCLP2 was clearly detected in the stratum luci-
dum of CA3 region, where mossy fibres form tight
bundles and possess huge synaptic boutons, but not
in the cell bodies of hippocampal granule cells. High
density of mossy fibres and the resulting synapses
should facilitate the immunohistochemical detection
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of nCLP2 in the stratum lucidum of CA3 region, while
nCLP2-expressing cells and their axons are sparse in
other brain regions, e.g. anterodorsal thalamic nucleus,
making it difficult to detect the nCLP2 proteins trans-
ported through axons and secreted from the synaptic
termini. It should be noted that nCLP2 is also
expressed in retina and localized in the inner and
outer plexiform layers, where neurons of the internal
and external granular layers extend their neurites
towards ganglion cells or neurons of the internal gran-
ular layer and form numerous synapses. nCLP2
expressed in the neurons of internal and external gran-
ular layers may also be transported through the neur-
ites and secreted towards synaptic clefts between
presynapses and dendritic spines of ganglion cells or
neurons of the internal granular layer, as expected for
its anterograde transport in the hippocampus.

nCLP2 is expressed in the adult brain and the
embryonic brain after embryonic day 12 in mice. The
constitutive expression in the brain implies that nCLP2
plays a role not only in developmental synaptic forma-
tion but also in the maintenance of synaptic contacts
and regulation of synaptic plasticity and integrity. In
this context, it is interesting to note that Cblnl,
another Clq family protein expressed in the brain,
has been reported to play an essential role in integrity
and plasticity of the granule cell-Purkinje cell synapses
in the cerebellum (/3). Cblnl is a unique synapse orga-
nizer that is required not only for the normal develop-
ment of parallel fibre—Purkinje cell synapses but also
for their maintenance in the mature cerebellum (58).
The chronic activation of cerebellar granule cells by
elevating extracellular K™ levels or by adding kainate
downregulates the expression of Cblnl mRNA, result-
ing in the reduction of the number of excitatory
synapses on Purkinje cell dendrites. The activity-
dependent regulation of Cblnl expression is considered
as a presynaptic mechanism by which parallel
fibre-Purkinje cell synapses adapt to neuronal activity,
thereby maintaining homeostasis of synapse organiza-
tion (59). Since nCLP2 is expressed in hippocampal
granule cells and localized in excitatory synapses of
mossy fibres, nCLP2 may also be involved in the reg-
ulation of synaptic plasticity and integrity in a neuro-
nal activity-dependent manner.

In this study, we found three other Clq family pro-
teins sharing high sequence homologies with nCLP2.
RT-PCR analyses demonstrated that nCLP1 and
nCLP3, like nCLP2, are selectively expressed in CNS
tissues including brain, spinal cord and eye, although
nCLP4 transcripts were detected not only in the CNS
tissues but also in other tissues. Although the function
and oligomeric states of the other nCLPs remain to be
explored, they may also be secreted from presynaptic
termini towards target neurons as homo and/or hetero-
multimers. nCLPs share very high sequence homolo-
gies in their gClq domains, where C1q family proteins
recognize interacting partners to trimerize (60). The
gClq domains of three chains of the complement
Clq have been shown to assemble into a heterotrimer
(35). Given the high sequence homologies in their
gClq domains, nCLPs may also be capable of
assembling into heterotrimers. Consistent with this
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possibility, nCLP1, also designated Clqg-related
factor, has been shown to be expressed in the inferior
olivary nucleus and red nucleus (/6), where nCLP2 is
also expressed. Our preliminary immunohistochemical
studies showed that nCLP1 and nCLP3 were also loca-
lized in the inner and outer plexiform layers of the
retina (data not shown), consistent with the possibility
that nCLP1-3 form heterotrimers. In support of this
possibility, nCLP2 was found to yield heterocomplexes
with nCLP1 and nCLP3 (Shimono, C., unpublished
observation). The potential hetero-multimerization
may contribute to the functional diversity of nCLPs
and regulate the binding affinity and/or selectivity
towards their putative receptor(s), providing a regula-
tory mechanism of nCLP function in maintenance
and/or integrity of neuronal networks. Further studies
exploring their tissue localization, molecular properties
including the mechanism of multimer formation and
identification of their putative receptor(s) should unra-
vel their roles in synaptic function and maintenance in
the CNS.
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