
of August 8, 2022.
This information is current as

Vertebrate C1q Molecule
Was Revealed to Have a Partial Function of 
A Novel C1q Family Member of Amphioxus

Feng and Anlong Xu
Shaochun Yuan, Shengfeng Huang, Minming Pan, Kaixia 
Yanhong Yu, Huiqing Huang, Yan Wang, Yingcai Yu,

http://www.jimmunol.org/content/181/10/7024
doi: 10.4049/jimmunol.181.10.7024

2008; 181:7024-7032; ;J Immunol 

References
http://www.jimmunol.org/content/181/10/7024.full#ref-list-1

, 11 of which you can access for free at: cites 31 articlesThis article 

        average*

   
 4 weeks from acceptance to publicationFast Publication! •  

   
 Every submission reviewed by practicing scientistsNo Triage! •  

   
 from submission to initial decisionRapid Reviews! 30 days* •  

   
Submit online. ?The JIWhy 

Subscription
http://jimmunol.org/subscription

 is online at: The Journal of ImmunologyInformation about subscribing to 

Permissions
http://www.aai.org/About/Publications/JI/copyright.html
Submit copyright permission requests at: 

Email Alerts
http://jimmunol.org/alerts
Receive free email-alerts when new articles cite this article. Sign up at: 

Print ISSN: 0022-1767 Online ISSN: 1550-6606. 
Immunologists All rights reserved.
Copyright © 2008 by The American Association of
1451 Rockville Pike, Suite 650, Rockville, MD 20852
The American Association of Immunologists, Inc.,

 is published twice each month byThe Journal of Immunology

 b
y
 g

u
est o

n
 A

u
g
u
st 8

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 
 b

y
 g

u
est o

n
 A

u
g
u
st 8

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/cgi/adclick/?ad=56319&adclick=true&url=https%3A%2F%2Fwww.luminexcorp.com%2Fcellstream-flow-cytometers%2F%23overview
http://www.jimmunol.org/content/181/10/7024
http://www.jimmunol.org/content/181/10/7024.full#ref-list-1
https://ji.msubmit.net
http://jimmunol.org/subscription
http://www.aai.org/About/Publications/JI/copyright.html
http://jimmunol.org/alerts
http://www.jimmunol.org/
http://www.jimmunol.org/


A Novel C1q Family Member of Amphioxus Was Revealed to

Have a Partial Function of Vertebrate C1q Molecule1

Yanhong Yu,2*† Huiqing Huang,2* Yan Wang,2* Yingcai Yu,* Shaochun Yuan,*

Shengfeng Huang,* Minming Pan,* Kaixia Feng,* and Anlong Xu3*

C1q is the target recognition protein of the classical complement pathway and a major connecting link between innate and

adaptive immunities. Its globular signature domain is also found in a variety of noncomplement protein that can be grouped

together as a C1q family. In this study, we have cloned and identified a novel C1q family member in cephalochordate amphioxus

and named it as AmphiC1q1. The high transcriptional levels of this gene were detected during all stages of embryonic develop-

ment, and the section in situ hybridization demonstrated that AmphiC1q1 was mainly expressed in the ovary, intestine, and nerve

system of mature individuals. The transcript of AmphiC1q1 was up-regulated by LPS and Gram-negative bacteria, but hardly by

lipoteichoic acid and Staphylococcus aureus. The recombinant AmphiC1q1 protein could not bind with N-acetyl-glucosamine and

did not possess hemagglutinating activity, indicating that AmphiC1q1 could not act as its lamprey homologue. But both the

full-length protein and its truncated globular domain of C1q protein could interact with LPS. Moreover, recombinant AmphiC1q1

protein could inhibit collagen-induced platelet aggregation, but the truncated globular C1q domain protein would not, indicating

that the blocking activity of AmphiC1q1 protein was via the collagen region of the protein. Our study on the primitive form of

C1q family in protochordate will shed a light on understanding the gradual functional evolution of C1q family and eventual

formation of mammalian homologues. The Journal of Immunology, 2008, 181: 7024–7032.

T
he C1q domain was first identified in the A, B, and C

chains of the C1q subcomponent of the complement C1

complex and named as globular domain of C1q (gC1q)4

for its globular structure (1). In addition to being the key compo-

nent of classical complement pathway, C1q is involved in several

other immunological processes, including maintenance of immune

tolerance via clearance of apoptotic cells, phagocytosis of bacteria,

neutralization of retrovirus, cell adhesion, and modulation of den-

dritic cells, B cells, and fibroblasts. Its ability to carry out such

diverse functions is aided by its capacity to engage a broad range

of ligands, such as envelope proteins of certain retroviruses,

�-amyloid peptide, LPS, porins from Gram-negative bacteria,

phospholipids, apoptotic cells, and some acute-phase reactants via

its gC1q domain and/or collagen-like region (CLR) (2).

gC1q domain was also found in many noncomplement proteins

that have similar crystal structure to that of the multifunctional

TNF ligand family, and also have diverse functions (2). C1qTNF-

related protein 1 (CTRP1) was a vascular wall protein that inhib-

ited collagen-induced platelet aggregation by blocking von Wille-

brand factor binding to collagen (3). CaOC1q-like factor, a novel

member of C1q family from color crucian carp Carassius auratus,

was identified to be specifically expressed in the ovary (4). The

other members of this family, such as adiponectin, G protein cou-

ples receptor-interacting protein, also play important roles in en-

ergy homeostasis and signal transduction (5–7).

However, agnathans lamprey C1q emerged as a lectin and func-

tioned as an initial recognition molecule, which led the C1q be related

with the lectin pathway and the innate immunity (8). This finding

prompted us to investigate its homologue in a more primitive species.

Cephalochordate amphioxus represent the most basal extant chordate

lineage (9). Based on analyzing the genome of this species, we have

found that there are 50 C1q domain-containing gene models in its

genome (10), in contrast to 29 in human and 5 in sea urchin (11). In

the present work, we have cloned and identified one member of C1q

family, and named it as AmphiC1q1, from amphioxus, which occu-

pies crucial positions in the animal evolution tree. Moreover,

AmphiC1q1 is the most primitive form of this family reported to date.

This study can help us understand the evolution of the C1q family and

eventual formation of mammalian homologue.

Materials and Methods
Cultivation and immune stimulation of amphioxus, and

preparation of tissue and embryo samples of amphioxus

Adults of Chinese amphioxus (Branchiostoma belcheri tsingtauense) were
obtained from Qingdao, China. Animals were kept in large vessels with
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aeration and supplied with fresh seawater and plankton daily. In breeding
seasons, blastula, gastrula, neurula, and larva were collected. Tissues were
separated under optical microscope. Live Vibrio vulnificus (G�), Vibrio

parahaemolyticus (G�), and Staphylococcus aureus (G�) PBS suspension
(15 �l/animal, 109 CFU/�l); LPS from Escherichia coli 0111:B4 (Sigma-
Aldrich); and lipoteichoic acid from S. aureus (Sigma-Aldrich) PBS sus-
pension (15 �l/animal, 1 mg/ml) were injected into the coelom of am-
phioxus. PBS was injected as the negative control. Twenty random samples
of each treatment were collected after 48-h injection and frozen by liquid
nitrogen as experimental samples.

Isolation of full-length AmphiC1q1 cDNA and genome

A partial cDNA fragment of AmphiC1q1 was isolated by degenerate oli-
gnucleotide-based PCR cloning with primers 5�-GG(A/G)GAACG(C/G/
A)GGGT T(C/T)CCT-3� (forward) and 5�-AAC(T/C)AAATGICCATT(G/
A)AAGGTG-3� (reverse), and total RNA of adult animal was extracted as
templates. To obtain a complete cDNA sequence, 3� and 5� RACE were
performed using the GeneRACE Kit (Invitrogen), according to the manu-
facturer’s instructions, with gene-specific primers (5�-GSP1, 5�-GCTGCG
AATG-ACAGAGAAGGCTGAT-3�; 5�-GSP2, 5�-CTTGGGTCCAGGAG
GTCCAGCAACA-3�; 3�-GSP1, 5�-CGCAGCATCATGCAGTCCCAGA-
3�; and 3�-GSP2, 5�-GACCAGGTATGGATGAGGATGGACTA-3�). The
amplified fragments were cloned into the pGEX-T easy vector (Promega)
and sequenced by the PerkinElmer ABI Prism 3730 DNA sequencer. Prim-
ers 5�-TCAGCAGCAGTCCCACCAT-3� (forward) and 5�GATTTGTAG
TCACAACAGAGG-3� (reverse) were used to amplify the full-length
cDNA and genomic sequences. The PCR products were cloned into
pGEM-T easy vector and sequenced.

Southern blot hybridization of genomic DNA

For each lane, 20 �g of digested genomic DNA from adult animals was
fractionated by 0.8% agarose gel electrophoresis and transferred to Hybond
N� nylon membrane (Amersham Biosciences). A 417-bp cDNA probe of
gC1q domain was amplified by primers 5�-CCACCAGAGAAACTC
CAGGC-3� (forward) and 5�-CGTGGGGAAAACTAAATGTCCA-3� (re-
verse), and then labeled with the digoxigenin DNA Labeling System Kit
(Roche). After overnight hybridization and stringency washing, the nylon
membranes were immunodetected according to the protocol.

Alignment and phylogenetic analysis

Clustalw 1.83 was used in multiple sequence alignments. Alignments were
edited and refined with GeneDoc software. Phylogenetic trees were built
with Mega v3.1. Minimum-evolution (ME) method was used to calculate
trees with 1000 bootstrap tests. The draft genome sequence of amphioxus
Branchiostoma floridae and the corresponding gene predictions, annota-
tions, searching, and downloading services can be accessed on the website
http://genome.jgi-psf.org/Brafl1/Brafl1.home.html. Other sequences used
in the alignment and phylogenetic analyses were extracted from GenBank
and Ensemble.

PCR analysis of the AmphiC1q1 gene expression patterns

RT-PCR and real-time PCR were performed as the method described (12).
A total of 40 cycles was performed with the primers 5�-CCTGGCGGT
CAGCATCTATGG-3� and 5�-CCTGGTGGGTTGTCTTGTGGG-3�. All
samples were analyzed in three duplications, and the results were expressed
as relative fold of one sample in each experiment and as mean � SD.

Section in situ hybridization

Adult amphioxus was cut into three to four pieces, and fixed in 4% para-
formaldehyde in MOPS buffer at room temperature for 2 h or at 4°C over-
night, dehydrated in gradated ethanol, and stored in 70% ethanol at –20°C
for embedding in paraffin. Then the embedded tissue blocks were cut into
8 �m. Following deparaffinization, the sections were rehydrated, absterged,
and proteinase K digested, respectively. Digoxigenin-labeled sense and
antisense probes synthesized with full-length AmphiC1q1 cDNA were
added respectively at a concentration of 1 �g/ml, and the section was
hybridized overnight at 42°C. After high stringency washing, sections were
immunodetected by NBT/5-bromo-4-chloro-3-indolyl phosphate stock so-
lution (Roche).

Construction of expression vectors and preparation of

recombinant proteins

Full-length AmphiC1q1 molecule without signal peptide and its gC1q do-
main protein were expressed as fusion proteins with the thioredoxin (TRX)
fusion system containing a 6� His tag to facilitate the purification of fusion

proteins on a Ni2� chelating Sepharose column and partner TRX to help
the proteins fold correctly. Specific cDNA sequence encoding the mature
protein encompassing amino acids Val17 to Met251 was amplified with the
primers 5�-GGGGTACCGACGACGACGACAAAGTCAGCATCTATGG
CCAGGG-3� (forward) and 5�-ATAAGAATGCGGCCGCTCACATGTT
ATACGTGGGGAAAA-3� (reverse), whereas gC1q domain encompassing
amino acids Pro110 to Thr248 was amplified with the primers 5�-GGGGT
ACCGACGACGACGACAAACCACCAGAGAAACTCCAGGC-3� (for-
ward) and 5�-ATAAGAATGCGGCCGCTTATTACGTGGGGAAAA
CTAAATGTCCA-3� (reverse). KpnI and NotI endonuclease sites (under-
lined) were included at the 5� ends of the forward and reverse primer, and
the enterokinase site (italics) was followed with the KpnI endonuclease
site, respectively. Two stop codons were added following the NotI endo-
nuclease site in the reverse primer of the gC1q. The amplified fragments
were inserted into pTRX between the two sites, and the expression plas-
mids were introduced into E. coli Rosetta-gami with additions of 50 mg/L
ampicillin, 15 mg/L kanamycin, 35 mg/L chloramphenicol, and 12.5 mg/L
tetracycline. The 2�YT with identical antibiotics was inoculated overnight
with a transformed positive clone at 37°C. When the absorbance at 600 nm
reached a value of 0.6, ispropylthiogalactoside was added to a final con-
centration of 0.2 mM and the cultures were allowed to rock for 36 h at
12°C. The bacteria were harvested by centrifugation at 5000 � g for 10
min. Cell pellets were resuspended and disrupted using a sonicator in TBS
(pH 8.5 for AmphiC1q1-FL, and pH 7.5 for AmphiC1q1-gC1q) containing
150 mM NaCl. After addition of Triton X-100 to a final concentration of
1%, the suspensions were mixed gently for 30 min to solubilize the fusion
protein. The supernatant of the recombinant protein was applied to a Ni2�

chelating Sepharose column, pooled by elution with 150 mM imidazole.
The purified recombinant proteins were desalted to their corresponding
TBS with G-25 column concentrated by filtration through an
ULTRAFREE centrifugal filter device (Millipore). The concentrated
proteins were also analyzed by gel filtration on Sephacryl S300 (Am-
ersham Biosciences). Protein concentration was determined using a
Bio-Rad protein assay dye reagent and BSA as a standard. The TRX
protein was purified with the same method.

Identification of the possible ligands for lectin of AmphiC1q1

Excess AmphiC1q1-FL was incubated overnight with 10 �l of N-acetyl-
glucosamine (GlcNAc) Sepharose 4B at 4°C by gentle rocking in the pres-
ence or absence of 10 mM CaCl2. The beads washed stringently with TBS
(with or without 10 mM CaCl2) were then suspended with 10 �l of reduc-
ing sample buffer quickly and denatured by heating at 100°C for 15 min.
Then the supernatant was subjected to 15% SDS-PAGE and analyzed by
immunoblotting. Briefly, proteins separated by SDS-PAGE were trans-
ferred to nitrocellulose membrane and detected with a mouse anti-His mAb
and HRP-labeled anti-mouse IgG Ab.

Hemagglutinating activity of AmphiC1q1-FL was tested on trypsin-
treated glutaraldehyde-fixed rabbit erythrocytes, as described (12). Rabbit
erythrocytes (2%, v/v) were prepared in TBS. Hemagglutination activity
was measured in 96-well microtiter plate with V-shaped well bottoms with

FIGURE 1. Nucleotide and deduced amino acid sequences of AmphiC1q1

(accession FJ154078). The signal peptide was in italics, and the collagen re-

gion was marked with underlining.

7025The Journal of Immunology
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excess purified recombinant proteins in the presence or absence of 10 mM
CaCl2. Protein that induced visible hemagglutination was recorded as pos-
sessing hemagglutinating activity.

Binding of AmphiC1q1 and its gC1q domain protein to the microbial
components was performed by ELISA and pull-down assay, as described
(12). Briefly, 20 �g of LPS, lipoteichoic acid, peptidoglycan from S. au-

reus (Fluka), glucan from Saccharomyces cerevisiae (Sigma-Aldrich), and
mannan from S. cerevisiae (Sigma-Aldrich) were used to coat 96-well mi-
crotiter plate (Corning Glass) in PBS (pH 7.3) overnight at 4°C. Pepti-
doglycan and glucan are ultrasonically solubilized. Nonspecific binding to
the wells was prevented by the addition of PBS containing 3% BSA over-
night at 4°C. Several concentrations of targeted proteins were then added
to the wells in the presence of 10 mM CaCl2 and incubated for 1 h at room
temperature. Bound proteins were detected with His mAb and HRP-labeled
IgG. Between each incubation step, unbound protein, His mAb, or HRP-
labeled anti-mouse IgG was washed off five times. Color was developed by
adding 3,3�,5,5�-tetramethylbenzidine liquid substrate, and the absorbance
was read at 450 nm. The assay was repeated five more times with similar
procedures.

Platelet aggregation assay

Collagen-induced platelet aggregation was performed using human plate-
let-rich plasma (PRP). AmphiC1q1 proteins were mixed with PRP by gen-
tle rocking in a 96-well flat-bottom plate. Collagen I and thrombin were
added at a final concentration of 1.25 �g/ml, the plate was agitated at 37°C
on the microplate reader, and turbidity was monitored as percentage of
light transmitted at 632 nm after 21.5 min.

Results
Identification and characterization of AmphiC1q1

To identify the C1q in Chinese amphioxus, B. b. tsingtaunese, we

designed the degenerate primers according to the C1q sequences of

lamprey, which was the most relative species to amphioxus with

mRNA sequence available, to amplify the homologous gene. After

amplification, we cloned and sequenced the full-length cDNA of

AmphiC1q1 with 903 bp long (accession FJ154078), which con-

tained an open reading frame of 756 bp encoding a 251-aa protein

(Fig. 1). The deduced protein sequence contained a 16-aa signal

peptide, a collagen-like sequence with 13 Gly-Xaa-Yaa repeats,

and a C-terminal 137-aa gC1q domain. AmphiC1q1 shared the

highest identity (51%) at the amino acid level with human C1q and

TNF-related protein 1 (CTRP1 or cqt1), which was a novel mem-

ber of the C1qTNF-related protein family containing characteristic

FIGURE 2. Sequence alignment of

gC1q domain from various species. Ar-

rows above the alignment represent

�-strand positions found in the crystal

structure of adiponectin C1q domain.

The eight invariant and seven highly

conserved residues of human gC1q

collection were marked with majus-

cule and lowercase letters underneath

the alignment, separately. Bc, Bacil-

lus cereus; Ci, Ciona intestinalis; Hs,

Homo Sapiens; Lj, Lampetra japoni-

cus; Mm, Mus mouse; Sp, Stronglo-

centrotus purpuratus. The sequence

used in alignment and phylogenetic

analysis is indicated, as follows:

AmphiC1q1 (FJ154078); Bc.C1q1

(AAP09230); Bc.C1q2 (AAP09231);

Bc.C1q3 (AAP09378); Sp.C1q1 (AAK-

11302); Sp.C1q2 (AAK11303); Sp.

C1q3 (AAG16425); Sp.C1q4 (AAK-

11309); Sp.C1q5 (AAK11305); Ci.

C1q1 (ENSCINP00000006605); Ci.

C1q2 (ENSCINP00000005965); Lj.C1q

(BAD22833); Hs.cqt1 (AAQ88790);

Hs.cqt2 (AAH11699); Hs.cqt3 (AAQ-

88754); Hs.cqt4 (AAH35628); Hs.cqt5

(AAH29485); Hs.cqt6 (AAH20551); Hs.

cqt7 (AAH24015); Hs.cqt8 (P60827); Hs.

gliacolin (CAH73145); Hs.adiponectin

(NP_004788); Mm.cqt1 (NP_064343);

Mm.cqt2 (AAH30324); Mm.cqt4 (AAY-

21929); Mm.cqt5 (AAH25174); Mm.

cqt6 (AAH71187); and Mm.cqt7

(AAH90967).

FIGURE 3. Southern blot analysis of AmphiC1q1. Genomic DNA iso-

lated from adult animals was transferred to a Hybond N� nylon membrane

after digestion by indicated enzymes, and detected with digoxigenin-la-

beled probes.

7026 A NOVEL C1q FAMILY MEMBER IN CEPHALOCHORDATE AMPHIOXUS

 b
y
 g

u
est o

n
 A

u
g
u
st 8

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


collagen and TNF�-like gC1q domains with �135 aa, and showed

marked expression in vascular wall tissues. The gC1q domain in

the deduced protein was more similar to the corresponding gC1q

domain of G protein couples receptor-interacting protein and cqt1

(57% identity) from Homo sapiens, whereas other similar gC1q

FIGURE 4. Domain architecture and evolutionary analysis of gC1q do-

mains. A, The distribution and representative domain architectures of the

gC1q domains across various evolutionary taxa have been compared via

presence (black) or absence (white) of the domain architecture. Abbrevi-

ations are indicated, as follows: TM, transmembrane region; EGF, epider-

mal growth factor domain; EMI, EMILIN domain; RING, really interesting

new gene; BBOX, Bbox type zinc finger domain; PRY, associated with

SPRY (SPla/RYanodine receptor) domain; LRR, leucine-rich repeat do-

main; CLECT, C-type lectin domain; CLR, collagen-like region; gC1q, the

globular domain of C1q-related protein; (CLECT)2, exactly two CLECT

domains are present adjacent to each other; and Pkinase, serine threonine-

type protein kinase. B, The ME tree of 3 Bacillus, 5 sea urchin, 2 ascidian,

1 lamprey, 50 amphioxus, and mammalian representative C1q domain-

containing proteins. The gene ID of amphioxus C1q-related molecule is referred

from the website http://genome.jgi-psf.org/Brafl1/Brafl1.home.html.

FIGURE 5. Expression patterns of AmphiC1q1 analyzed by real-time

PCR and RT-PCR. A, The temporal expression patterns of AmphiC1q1

mRNA during embryogenesis. Data were shown as a ratio to AmphiC1q1

expression level in polycell stage. B, The tissue expression patterns of

AmphiC1q1. Data were indicated as a ratio to AmphiC1q1 expression level

in muscle. C, AmphiC1q1 expression after challenge with different stim-

ulations. Data were shown as a ratio to AmphiC1q1 expression level after

injection of PBS 48 h later. Asterisks indicated significant up-regulation to

PBS treatment at p � 0.05.

7027The Journal of Immunology
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domain had lower identities to the molecules such as C1q and

TNF-related protein 4 (cqt4) (38% identity), complement compo-

nent 1 chain A (34% identity), adiponectin (33% identity), and

cerebellin 1 (33% identity).

Within the alignment profile, several well-conserved regions in-

terspersed by less-conserved regions were identified, and they

tended to correspond to conserved �-strands and connecting loops,

respectively. The C1q family proteins from the sea urchin shared

the highest homology with each other compared with those in

other species, and this holds true for Bacillus Bc.C1q1,2 proteins

as well, but not to AmphiC1q1. The 15 highly conserved residues

in human gC1q domains were also conserved in AmphiC1q1.

Among these, eight residues, invariant for all human C1q domains,

were also invariable in AmphiC1q1 (positions F119, N144, F156,

G162, Y164, F240, and G242), except F132, which was Y in hu-

man gC1q domains (Fig. 2). The seven highly conserved residues

(positions A118, G154, F166, L211, D215, V217, and L244) were

also conserved in AmphiC1q1 and two gC1qs from ascidian, but

some of them were not conserved in sea urchin. These conserved

residues might play important roles in target binding and formation

or stabilization of the hydrophobic core of the gC1q structure

(13–16).

We also cloned the genomic sequence of AmphiC1q1 (acces-

sion FJ154079) and found that AmphiC1q1 was a single intron

gene. The first exon encoded the leader sequence, a short N-ter-

minal region, and nearly half of the collagen region. The second

exon encoded the remaining part of the collagen region and the

gC1q domain. There was only one copy of AmphiC1q1 gene in

amphioxus draft genome, which was confirmed by Southern blot

hybridization (Fig. 3). Except two bands generated by the diges-

tion of NcoI, only single band was detected in lanes corresponding

to digestions with EcoRV, BglII, HindIII, or KpnI. Considering

one NcoI restriction enzyme cleavage site in the probe sequence,

we could believe that AmphiC1q1 had a single copy of gene in the

whole genome.

Domain architecture and evolution of amphioxus C1q family

protein

During the course of evolution, C1q family proteins had en-

trenched themselves into various functional roles by variation of

critical amino acids as well as associating with other taxonomic

domains. Amphioxus genome encoded 50 gC1q gene models (10),

in contrast to 29 in human and 5 in sea urchin. In addition, 42 of

50 amphioxus C1q-like genes adopted the typical CLR � gC1q

architecture, and 33 of them encoded half of collagen and the

entire gC1q domains in the same exon, just like AmphiC1q1. In

amphioxus, the gC1q domain was also paired to a transmembrane

region, which could be seen in higher vertebrate except aves. The

pairing of PRY, BBOX, and RING domains with the gC1q domain

seemed to be restricted to the ray-finned fishes and amphioxus only

(Fig. 4A). PRY, BBOX, and RING domains were frequently as-

sociated with the pyrin domain (an Ig-like domain), which was a

protein-protein interaction motif, and belonged to a family com-

prising death, death effector, and caspase recruitment domains.

These results indicated that this domain architecture of C1q family

proteins played an important role in innate immunity.

FIGURE 6. Section in situ hybrid-

ization of AmphiC1q1 in adult female.

g, gill; i, intestine; s, skin; m, muscle;

nc, notochord; sc, spinal cord; o, ovary.

A and B, Sense probe; C–G, antisense

probe. The bar indicated 200 �m.
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By using the ME method, we constructed a phylogenetic tree

based on the gC1q domains of all C1q-domain-containing proteins

from the genome of B. florida, Bacillus cereus, Ciona intestinalis,

and Stronglocentrotus purpuratus, the representative proteins of

H. sapiens, Mus mouse, and Lampetra japonicus (Fig. 4B). The

phylogenetic analysis indicated that amphioxus gC1qs were highly

diverged from the known gC1q proteins. Most members of am-

phioxus gC1qs were clustered into eight branches; the biggest

clade included 29 gC1qs-containing collagen region and gC1q do-

main, which was encoded by a single exon. No orthologous C1q

gene involved in complement activation was identified in am-

phioxus draft genome. Also, no orthologue of mammalian cqt2/5/7

subfamily was identified. However, AmphiC1q1 was the only or-

thologue of mammalian cqt1/6/8 subfamily with strong statistical

support, indicating that AmphiC1q1 might be the primitive form of

the cqt1/6/8 subfamily.

Expression patterns of AmphiC1q1

The expression of AmphiC1q1 during the embryonic development

was investigated by real-time PCR. The mRNA expressions of

AmphiC1q1 gradually arise along with the embryonic develop-

ment, except at blastula stage (Fig. 5A). The abundant AmphiC1q1

expression in mid-blastula stage was consistent with the zygotic

gene expression initiated at mid-blastula stage. After activation

in mid-blastula stage, the AmphiC1q1 mRNA expression de-

creased to a low level in early gastrula stage. From early gas-

trula stage to adult, the gradual increase of the mRNA expres-

sion suggested that the AmphiC1q1 might play important roles

in the embryogenesis.

We also used real-time PCR to analyze the distribution of

AmphiC1q1 mRNA in adult tissues. AmphiC1q1 had a broad tis-

sues distribution, mainly in nerve tissues, ovary, and gut (Fig. 5B).

To detect the distribution of AmphiC1q1 mRNA in different tis-

sues, we performed section in situ hybridization of female adult

amphioxus with sense and antisense probes of gC1q region.

AmphiC1q1 was detected strongly in the cytomembrane of mature

oocytes, dorsal nerve cord, villi of epithelial cells of gut, the con-

nective tissues, and coelomic cells. Relative weak expression was

also detected in the epidermis of metapleura fold, the epithelial

cells lining the wall of coelom, hepatic diverticulus, and pharyn-

geal slits (Fig. 6, C–G).

To investigate whether AmphiC1q1 was involved in the acute

response of immune system or not, we challenged the adult am-

phioxus with different stimulations and detected the changed ex-

pression of AmphiC1q1 compared with PBS treatment by real-

time PCR. The transcripts of AmphiC1q1 were weakly changed

after amphioxus challenged with S. aureus and lipoteichoic acid,

whereas LPS and two kinds of Gram-negative bacteria, V. vulni-

ficus and V. parahaemolyticus, could induce a high expression of

AmphiC1q1 compared with PBS injection (Fig. 5C). The results

suggested the expression patterns of AmphiC1q1 could be changed

only by challenge with specific microorganisms such as Gram-

negative bacteria.

AmphiC1q1 does not function as lamprey LC1q

It has been reported that the C1q of lamprey was emerged as a

GlcNAc-binding lectin and functioned as an initial recognition

molecule of the complement system in innate immunity (8). To

identify whether AmphiC1q1 could function as lamprey LC1q or

not, we obtained the recombinant proteins with pTRX fusion ex-

pression system in E. coli Rosetta-gami (Fig. 7, A and B) and the

molecular mass of fusion recombinant proteins were 38 kDa for

AmphiC1q1-FL and 28.8 kDa for its gC1q domain under reducing

conditions. Under nonreducing conditions, the 38-kDa AmphiC1q1-

FL fusion protein migrated to three fractions, mainly at �76 kDa,

slightly at �152 kDa, and 	175 kDa (Fig. 7C). To further estab-

lish its multimeric nature, this protein was subjected to gel filtra-

tion by using Sephacryl S300. This 38-kDa protein was separated

to three peaks: the first and second peak were low in quantity,

corresponding to fractions �at 660 and 152 kDa, and the fraction

of the biggest peak was at 76 kDa (Fig. 7, D and E). The gel

filtration and nonreducing PAGE gave the same result, indicating

that AmphiC1q1-FL fusion protein formed dimer (76 kDa), tet-

ramer (152 kDa), and multimer (�660 kDa) under the nondena-

turing conditions, and the dimer pattern was the major type of this

protein.

To investigate the GlcNAc-binding activity of AmphiC1q1, we

incubated the GlcNAc Sepharose 4B beads with the purified re-

combinant AmphiC1q1 protein and examined the binding activity

by Western blot. However, GlcNAc Sepharose 4B beads could not

co-pull down with AmphiC1q1 in the presence or absence of cal-

cium, indicating that AmphiC1q1 could not function like LC1q to

bind with GlcNAc.

FIGURE 7. Expression and purification of AmphiC1q1 protein. A, The

expression of recombinant AmphiC1q1 in Rosetta-gami. Lane 1, Total pro-

teins of uninduced pETTRX-AmphiC1q1-FL; lane 2, total proteins of induced

pETTRX-AmphiC1q1-FL; lane 3, pellets from induced pETTRX-AmphiC1q1-

FL after sonication; lane 4, supernatant from induced pETTRX-AmphiC1q1-

FL after sonication; lanes 5–7, total proteins, pellets, and supernatant of

induced pETTRX-AmphiC1q1-gC1q. B, Purified AmphiC1q1 proteins by

Ni2�-chelating affinity chromatography run under reducing condition. Lane 1,

TRX-AmphiC1q1-FL; lane 2, TRX-AmphiC1q1-gC1q. C, AmphiC1q1-FL

protein was subjected to PAGE under nonreducing conditions. D, Gel filtration

analysis of the AmphiC1q1-FL protein on Sephacryl S300. Numbers indicated

those proteins in E were collected at this peak. E, SDS-PAGE profile of the

proteins at peak under reducing conditions.
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AmphiC1q1 can bind LPS, but do not possess

hemagglutinating activity

To investigate whether AmphiC1q1 could interact with other li-

gands for lectin except GlcNAc, we examined the hemagglutinat-

ing activity of the recombinant AmphiC1q1 protein with rabbit

erythrocytes. As the positive control, AmphiCTL1 could induce

strong hemagglutination in the presence of calcium (12), but

AmphiC1q1 could not even with addition of excess targeted pro-

tein in the presence or absence of calcium. This result indicated

that AmphiC1q1 did not possess hemagglutinating activity, nor did

it recognize those glycan exposed on the surface of rabbit

erythrocytes.

Interestingly, mannose-binding lectin, one of the principal lec-

tins in humans, possesses no hemagglutinating properties, but can

bind with the components of the microorganism to activate the

complement pathway (17). Mammalian C1q binds not only to Igs,

but also to other substances, such as C-reactive protein and endo-

toxins, resulting in complement activation (1). To examine

whether AmphiC1q1 could bind with other components existing in

the microbes, we used the ELISA to analyze the interaction be-

tween AmphiC1q1 protein and several microbial components such

as LPS, lipoteichoic acid, peptidoglycan, mannan, and glucan. As

shown in Fig. 8, in the presence of calcium, AmphiC1q1-FL and

its gC1q domain proteins could interact with LPS, whereas both

proteins had no binding activities with other components. And the

pull-down assay also demonstrated that those targeted proteins did

not bind with peptidoglycan and glucan (data not shown).

AmphiC1q1 possesses the ability to inhibit collagen-induced

platelet aggregation

Considering the possibility that CTRP1, which shared the highest

homology with AmphiC1q1, could inhibit collagen-induced plate-

let aggregation (3), we performed a similar test for AmphiC1q1.

Incubation of PRP with fibrillar collagen type I and thrombin

produced a rapid aggregation of platelets, as described (3).

AmphiC1q1 virtually completely inhibited the aggregation of

platelets induced by fibrillar collagen type I, but not to thrombin.

However, the truncated gC1q domain protein had no significant

effects on aggregation of platelets by collagen type I and thrombin

(Fig. 9).

Discussion
The complement system mediates a chain reaction of proteolysis

and assembly of protein complexes that result in the elimination of

invading microorganisms (18, 19). From an evolutionary perspec-

tive, the classical and lytic pathways seem to have emerged at the

cartilaginous fish stage, when vertebrate adaptive immunity was

established (20, 21). However, C1q, the Ig recognition molecule of

the classical pathway of the vertebrate, has recently been shown to

emerge as a lectin that interacted with mannose-binding lectin-

associated serine proteases and activated the C3/C4-like thioester

protein in the lamprey, a jawless fish that lacks conventional ver-

tebrate adaptive immune system (8). The finding raises the possi-

bility that some of C1q-related proteins possess lectin activity and

the C1q-mediated complement activation occurs in even more

primitive species.

Amphioxus represents the most basal extant chordate lineage

(9), and hence, constitutes an important reference to study the im-

munity evolution. To date, there is little functional information for

the complement system of amphioxus, except for a few reports on

the presence of C3, C6 (22), mannose-binding lectin-associated

serine protease 1/3 (23), Bf/C2 (24), and complement-like activity

in the humoral fluid (25). From the phylogenomic perspective,

amphioxus appeared to have a sophisticated complement system

full of amphioxus-specific novelties (10). Although it has been

demonstrated that the lectin pathway and alternative pathway were

present in the amphioxus (23), there was no evidence as yet of the

presence of C1q-mediated complement system.

We have identified 50 C1q-domain-containing molecules from

the draft genome of B. florida, in contrast to 29 in human (10).

However, no orthologous C1q gene involved in complement acti-

vation was identified in amphioxus draft genome. Before the ge-

nome data of B. florida was released, we have amplified an am-

phioxus C1q molecule, AmphiC1q1, by degenerate primers

designed according to lamprey LC1q from B. b. tsingtauense. The

phylogenetic analysis indicated that AmphiC1q1 was a primitive

representative of subfamily cqt1/6/8, outside of the clade of the

C1q involved in complement activation. Functional experiments of

the recombinant AmphiC1q1 protein demonstrated that it did not

possess the same function as lamprey LC1q, such as recognizing

GlcNAc, but this protein could specifically bind LPS, correspond-

ing well with high expression of this gene after challenge with LPS

and two kinds of Gram-negative bacteria. These data indicated that

AmphiC1q1 might also be involved in the innate immune system

of amphioxus in a manner different from the lamprey LC1q,

though whether it mediated complement activity or not was still

unknown. However, there were many reports that C1q interacted

FIGURE 8. ELISA analysis of the interaction between recombinant fu-

sion proteins and the components. Plates were coated with 20 �g of com-

ponents, which were washed and incubated with AmphiC1q1-FL and its

truncated gC1q domain protein (concentrations, horizontal) in the presence

of 10 mM CaCl2 at 4°C overnight and detected with mouse His mAb.

Results are representative of average six such experiments. Background

absorbance without protein was subtracted. f, TRX-AmphiC1q1-FL�

LPS from E. coli 0111:B4; �, TRX-AmphiC1q1-gC1q � LPS from E. coli

0111:B4; �, TRX-AmphiC1q1-FL� lipoteichoic acid from S. aureus; Œ,

TRX-AmphiC1q1-FL� glucan from S. cerevisiae; ‚, TRX-AmphiC1q1-

FL� mannan from S. cerevisiae; ●, TRX-AmphiC1q1-FL� peptidogly-

can from S. aureus.

FIGURE 9. Inhibition of collagen-induced platelet aggregation by

AmphiC1q1. Turbidity was monitored as percentage of light transmitted at

632 nm. Asterisk indicates significant decrease at p � 0.05.
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with LPS derived from a number of Gram-negative bacteria via its

CLR and/or gC1q domain to activate complement system (26, 27).

The interaction between AmphiC1q1 and LPS existed in the most

primitive chordate amphioxus, like its mammalian homologue, in-

dicating the functional conservation during the evolution of C1q-

related proteins.

As mentioned above, AmphiC1q1 did not possess the same

function as lamprey LC1q to mediate complement activation, but

had the LPS-binding activity as a new member of gC1q family

with a conserved C1q-like domain. To characterize this novel mol-

ecule, we used real-time PCR to analyze its expression pattern.

Although the methods we used in this study may have possible

pitfalls because the total amount of cells is different in different

stages and tissues, it can still tell us the relative expression of this

targeted gene to some extent. AmphiC1q1 was detected in all

stages of embryo development, indicating AmphiC1q1 might play

important roles in the embryogenesis, which adds a new dimension

to the versatility of the family. From the in situ hybridization,

AmphiC1q1 was also expressed in the central nerver system of

amphioxus, such as dorsal nerve cord, suggesting that this gene

could be responsible for a more basic housekeeping function for

neurons, just like the C1q subunits and C1q-related factor (CRF).

C1q protein had been found to localize in Alzheimer’s plaques,

facilitating the nucleation phase of �-amyloid aggregation (28).

CRF might play a role in neuronal differentiation, and cells regu-

lating motor control required a higher level expression of this gene

(29). Because AmphiC1q1 displayed a homology to C1q and CRF,

it would lead us to speculate that AmphiC1q1 might have the sim-

ilar function as C1q and CRF in the nervous system. AmphiC1q1

was most detected in the cytomembrane of mature oocytes, similar

to CaOC1q-like proteins localizing in egg envelope of the oocytes

at cortical granule stage and vitellogenesis stage, indicating that

AmphiC1q1 might have the unique function in oogenesis, oocyte

maturation, and egg fertilization, the same as CaOC1q-like factor

(4). Moreover, AmphiC1q1 was particularly detected in the struc-

tures that were exposed to invading microorganisms, such as coe-

lomic cells and villi of epithelial cells of gut, suggesting that

AmphiC1q1 might be involved in the defense against those patho-

gens, corresponding well with interaction between LPS and

AmphiC1q1 protein, as mentioned above.

Because AmphiC1q1 displayed the highest homology to

CTRP1, which was markedly expressed in vascular wall tissue,

and played a role in collagen-induced platelet activation and

aggregation (3), just like C1q (30), we investigated whether

AmphiC1q1 might exhibit similar functions. Interestingly, initial

studies indicated that AmphiC1q1 could block collagen-induced

platelet aggregation, and the truncated gC1q domain did not pos-

sess this function (Fig. 9), indicating that CLR of AmphiC1q1

played a very important role in blocking platelet aggregation. Al-

though platelet has not been found to exist in the amphioxus,

AmphiC1q1 might block the platelet-like aggregation related to

the biochemical progress of amphioxus immune defense. In con-

trast, there may be other ligands of AmphiC1q1 that exist in the

mammalian platelet that are not known to us, so we need to further

study these ligands in the host cell. Early work on the evolution of

vertebrate fibrinogen suggested a common origin of the arthropod

hemolymph coagulation and the vertebrate blood coagulation sys-

tems, and a common ancestor for the innate immunity and the

blood coagulation systems (31). The role of AmphiC1q1 on plate-

let-like aggregation may also provide some evidence for under-

standing the evolution of the C1q-mediated innate immunity and

the blood coagulation systems.

In summary, the newly identified function of this new member of

the C1q family in this study may shed light on further exploration of

this complicated molecule. Although whether AmphiC1q1 was in-

volved in the complement activity or others in the immune system of

amphioxus was still unknown, it was revealed to have a partial func-

tion of vertebrate C1q family, such as the interaction between C1q and

LPS, and blocking collagen-induced platelet aggregation the same as

CTRP1. The functional versatility of this molecule may be resulted in

the great expansion of its gC1q family repertoire in amphioxus. Am-

phioxus had more than 50 C1q-related genes that had been found in

the amphioxus draft genome, compared with 5 in sea urchin and 2 in

ascidian (10). The sudden expansion of C1q-related genes in am-

phioxus may lead to that the function of many molecules, such as

29 amphioxus gC1qs clustered into a clade, were not well differ-

entiated, compared with mammalian ones. Some molecules, such

as AmphiC1q1, may even possess other functions beyond its mam-

malian homologue because the functional differentiation of this

primitive form was not fully evolved as that of high species. In

short, the study of the primitive form of mammalian C1q family in

the most basal extant chordate lineage will provide insight into the

evolution of C1q family and C1q-mediated complement system,

and especially shed light on the functional evolution of its verte-

brate homologues.
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