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Abstract Genome and expressed sequence tag information
of Xenopus tropicalis suggested that short-consensus repeat
(SCR)-containing proteins are encoded by three genes that
are mapped within a 300-kb downstream of PFKFB2,
which is a marker gene for the regulator of complement
activation (RCA) loci in human and chicken. Based on this
observation, we cloned the three cDNAs of these proteins
using 3'- or 5-RACE technique. Since their primary
structures and locations of the proximity to the PFKFB2
locus, we named them amphibian RCA protein (ARC) 1, 2,
and 3. Expression in human HEK293 or CHO cells
suggested that ARC1 is a soluble protein of Mr ~67 kDa,
ARC?2 is a membrane protein with Mr 44 kDa, and ARC3 a
secretary protein with a putative transmembrane region.
They were N-glycosylated during maturation. In human and
chicken RCA clusters, the order in which genes for soluble,
GPI-anchored, and membrane forms of SCR proteins are
arranged is from the distant to proximity to the PFKFB2
gene. However, the amphibian ARC1, 2, and 3 resembled
one another and did not reflect the same order found in
human and chicken RCA genes. This may be due to self-
duplication of ARCs to form a family, and it evolved after
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the amphibia separated from the ancestor of the amniotes,
which possessed soluble, GPI-anchored, and membrane
forms of SCR protein members. Taken together, frog
possesses a RCA locus, but the constitution of the ARC
proteins differs from that of the amniotes with a unique
self-resemblance.
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Introduction

The complement system consists of effectors for foreign
cell clearance and regulators for host cell protection
(Morgan and Harris 1999). This innate system primarily
functions for host defense against foreign pathogens by
highlighting target to eliminate (Morgan and Harris 1999).
The active fragment C3b of the third component of
complement C3 is a main targeting effector conducting
complement-mediated host immune response (Morgan and
Harris 1999). The effector system is the protease cascade
that activates this pivotal membrane-targeting component
C3 by cleaving it into C3b and C3a (Morgan and Harris
1999). The active form C3b covalently binds bacterial
membrane to alert the presence of invading foreign material
to host immune cells (Morgan and Harris 1999). Additional
response following C3b deposition is the assembly of
membrane attack by hydrophobic molecular association of
pore-forming C5b-9 unit (Morgan and Harris 1999). The
C3-activating effector scheme is conserved as similar
plasma protease system in most of deuterostomes and a
part of protostomes (Nonaka and Kimura 2006; Zhu et al.
2005).
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Excessive C3 activation often induces consumption of
the complement system and damages self tissue, a type of
allergy (Morgan and Harris 1999). The C3-step regulatory
system has been identified as a family of multifarious
proteins with tandemly repeated ~60 amino acid short
consensus repeats (SCRs) (Liszewski et al. 1991). The
genes of SCR proteins are clustered at 1q32 called regulator
of complement activation (RCA) gene locus in human
(Carroll et al. 1988; Liszewski et al. 1991; Rey-Campos
et al. 1988). Similar but two split loci of the RCA is found
in the mouse (Kingsmore et al. 1989). Furthermore, we
found the RCA gene locus with at least four SCR protein
genes in the chicken genome (Inoue et al. 2001; Oshiumi
et al. 2005). Taken together, the complement regulatory
system appears to have developed to diverge into fluid-
phase and membrane-bound entities to cope with activation
of the complement system. However, phylogenic analysis
of the regulatory system is poorly accomplished so far. Our
unpublished data show that fish and lamprey possess a
single gene encoding a soluble SCR protein in the locus
corresponding to the human RCA. Thus, the constituents of
the RCA cluster appear different across the vertebrates.

Here, we identified three genes of putative SCR proteins
in the Xenopus tropicalis genome. Of these, one is a
representative membrane-associated complement regulatory
protein. This is the first report on the RCA cluster of
amphibia, which may reflect the most ancient form of the
cluster of complement regulatory proteins.

Material and methods
Cells and tissues

X. tropicalis was a gift from the National Bio-Resource
Project (NBRP) of the MEXT, Japan. Fresh Xenopus organs
were isolated from the individual live frogs and then frozen
with liquid nitrogen. All samples were stored at —80°C
immediately after collection until use. Xenopus blood was
collected from the heart by a catheter, and serum was
harvested from clotted blood after centrifugation. The human
cervical epithelial cell line (HeLa) and Chinese hamster
ovary (CHO) cells were obtained from American Type
Culture Collection (ATCC, Manassas, VA, USA).
HEK293FT (human epithelial kidney) cells were obtained
from RIKEN Cell Bank (Wako Pure Chemicals, Saitama,
Japan). CHO cells were maintained in Ham’s F12/10% fetal
calf serum (FCS). HeLa and HEK293FT cells were cultured
in MEM/10% FCS and DMEM/10% FCS, respectively.
These cells were transfected with ¢cDNAs in expression
vectors using the FuGENE HD reagent (Roche) according to
manufacture protocol. In some experiments, serum-free
medium (Wako Biochemicals, Tokyo, Japan) was used for
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cell culture, and the supernatants were stored as the source
for harvesting transfected gene products in addition to the
cell lysates (Kimura et al. 2004). RNaseH was supplied by
Promega, Madison WI, USA. ExTaq polymerase was
obtained from Takara Bio USA. Marathon cDNA amplifica-
tion kit was from Clonetech (Palo Alto, CA, USA). FuGENE
HD was from Roche Biochemical (Nutely, NJ, USA), and
G-Sepahrose was from GE Health care, Madison WI, USA.
Block Ace was supplied by Yukijirushi, Sapporo, Japan.
Anti-rabbit IGg was obtained from Cappel Laboratories,
Cochranville, PA, USA. Neuraminidase and O-glycosidase
were from Sigmachemical company, St. Louis, MO, USA
and Genayme from Cambridege, MA USA.

Isolation of mRNA and RT-PCR

Total RNA was extracted from Xenopus tissues and cell
lines with TRIZOL reagent (Invitrogen) according to
manufacture protocol. Four micrograms of total RNA was
reverse-transcribed using RNaseH(—) reverse transcriptase
and then subjected to 2 min denaturation at 94°C followed
by polymerase chain reaction (PCR) cycle of cDNA
amplification using ExTaq polymerase for 35 cycle at 94°
C 1 min, annealing at 55°C for 1 min followed by 2 min
extension at 72°C. The forward and reverse primers used
are described in the following section. The products were
separated on 1.5 % agarose gels in TAE and identified by
ethidium bromide stain.

Cloning of ARCI, 2, and 3

We assembled expressed sequence tag (EST) sequences of
ARCI1 on the predicted full sequence of ARCI1 taken from
the DNA database. Primer sequences used for PCR are
listed in Table 1. Total RNA extracted from X. tropicalis
tissues was used as a template for reverse transcriptase
(RT)-PCR for obtaining ¢cDNA. For ARCI1, ARCI
primers A, B, C, and D were used (Table 1). We obtained
several clones of ARC1 ¢cDNA, and chose a perfect clone
without containing PCR errors. During the cloning of the
C-terminal region of ARC1 with the primer C and D, we
happened to find the short and long cDNA fragments.
Aligning the sequences of the two cDNA fragments
revealed that the short cDNA sequence lacks the region
encoding one SCR domain compared to the long cDNA
sequence. We determined the exon/intron structure of
ARCI by comparing the long cDNA sequence with the
genome sequence and found that the region absent in the
short cDNA fragment of ARC1 exactly corresponds to one
exon. Therefore, we concluded that the two cDNA frag-
ments were derived from alternative splicing.

The 5’ region of ARC2 was not found in any EST
sequences encoding ARC2; therefore, we carried out



Immunogenetics (2009) 61:371-384

373

Table 1 Primer list in this study
Name

Sequence

ARCI A
ARC1 B
ARC1 C
ARC1 D
ARC2 A
ARC2 A’
ARC2 B
ARC2 C
ARC3 A
ARC3 A’
ARC3 B
ARC3 B’
ARC3 C
ARC3D
ARC3E
ARC3F
AP1
AP2

CAA TCC ACC TGA TTC CAA GG

CAA AAC ATA GAG GATTT CCC

ATT CTG TGA CGT ACA AAT GC

CGC GGC CGC TCA GAA GAATTT CCC AAG TAC

TAA GAA GTC TAG GAG GAG G

GGA TCA GGC ACC TTC TAC ACC

GCT CGA GGC CAC CAT GTT TCC ATA TTG CTC CAT CAG G
CGC GGC CGC TTA AAA CTT TGT ATA AAA TAT TGA CAG TG
ATG ATT TGC CAT CGA TAG GG

AAG CAG TGC TGG AGG AGG TCC

ATT GGT AAT CGT TCT GCA TAC TGC AC

GCA CTA GTG ATG GAA CCT GG

GGT CGA CGC CAC CAT GCATTC TCC ATT TAATAT C
GGG TAC CTT GGT GAT TTG TTT TTG TTG TG

ACG GAA AAT GGA GTATTT CC

GCG GCC GCT TAC GCA GTG CAA GCT GTA TAT TG
CCA TCC TAA TAC GAC TCA CTA TAG GGC

ACT CAC TAT AGG GCT CGA GCG GC

5" RACE using Marathon cDNA Amplification kit with
AP1, AP2, ARC2 A’, and ARC2 A primers (Table 1). Based
on the result of sequencing, we finally cloned a cDNA-
encoding full length ARC2 using ARC2 B and C primers.

The 5’ and 3’ end of ARC3 ORF was not found in any
ARC3 EST sequences. To determine the full length ARC3
sequence, we executed 5’ and 3" RACE using AP1, AP2,
ARC3 A, ARC3 A’, ARC3 B, and ARC3 B’ as primers
(Table 1). Based on the obtained ARC3 sequence, we
cloned the cDNA encoding the full length ARC3 ORF with
ARC3 C, E, D, and F primers.

The conditions of nested PCR were described in a
previous report (Inoue et al. 2001; Oshiumi et al. 2005).
These cDNA clones were ligated into the XAo/Notl site of
pEFBOS expression vector with HA-tag at the C-terminal
ends.

Immunoprecipitation, SDS-PAGE, and Western blotting

Immunoprecipitation was performed using the supernatants
of HEK293FT cells transfected with plasmids by FuGENE
HD. After incubation for 24 h at 37°C, 2 ml of the supernatant
was incubated with 50 pl of Protein G-Sepharose for 1 h at
4°C to remove nonspecific proteins. The cleared supernatants
were mixed with 0.5 pg of rabbit anti-HA antibody (Ab) and
20 pl of Protein G-Sepharose beads. The mixture was
incubated for 12 h at 4°C. The beads were washed thrice in
the wash buffer [phosphate-buffered saline (PBS)/0.02%
NP-40] and the beads were extracted with sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

sample buffer. The samples were subjected to SDS-PAGE
followed by Western blotting as described previously
(Kimura et al. 2004).

We detected the secreted ARC proteins from the cell
culture supernatant. The HEK293 cells were transfected in
six-well plate with the plasmid encoding ARC proteins,
using FuGENE HD. After 24 h, 2 ml of the culture medium
was collected. To remove proteins that nonspecifically
bound the Sepharose beads, we added Proteins G Sepharose
(50 pl, prewashed) to the medium, and then the protein G
Sepharose-containing medium was rotated at 4°C for 1 h.
The medium was centrifuged at 2,000 rpm for 1 min, and
the supernatant was moved to a new tube. Anti-HA rabbit
polyclonal antibody and prewashed protein G Sepharose
were added to the tube, and the tube was rotated at 4°C for
24 h. The protein G Sepharose was collected by centrifu-
gation and then washed three times with wash buffer. The
immunoprecipitated samples were extracted with SDS-
PAGE sample buffer by boiling for 5 min. The samples
was analyzed by SDS-PAGE and visualized by Western
blotting. We could detect secreted ARC1 and ARC3
proteins.

Immunofluorescence analysis of transfected cells

HeLa cells expressing HA-tag-labeled ARC proteins were
incubated with 100 pl of 2 pg/ml rabbit anti-HA Ab for 1 h
at 37°C in PBS containing 1% (w/v) bovine serum albumin.
The cells were washed, incubated with a 1:100 dilution of
Alexa-conjugated anti-rabbit IgG Ab for 30 min at 37°C in
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PBS containing 10% (w/v) Block Ace, washed, and
mounted on glass slides in PBS containing 2.3% 1,4-
diazabiccyclo-2-octane and 50% glycerol. The stained cells
were visualized at x40 magnification under a FLUOVIEW
(Olympus, Tokyo, Japan). Images were captured using the
attached computer software, FLUOVIEW.

Deglycosylation analysis

The methods for analyses using deglycosidases were
described previously (Kimura et al. 2004). Briefly, trans-
fectants (5% 10%) were solubilized in 50 mM Tris-maleate
(pH 8.6) containing 1% Nonidet P-40, 10 mM EDTA,
I mg/ml iodoacetamide, 1 mM phenylmethylsulfonyl
fluoride (PMSF) for O-glycosidase analysis. For N-glyco-
sidase analysis, the same buffer except 20 mM Tris-maleate
(pH 6.0) was used. Solubilized proteins were centrifuged at
15,000 rpm for 30 min at 4°C, the pellets were removed,
and the supernatants were incubated with 100 pU of
neuraminidase for 1 h at 37°C. Then, the samples were
treated with either 250 mU of N-glycosidase or 1 mU of O-
glycosidase for 16 h at 37°C. The samples were subjected
to SDS-PAGE followed by immunoblotting. ARC proteins
were detected with anti-HA Ab as described above.

Protein domain structure and homology analyses

The domain structures of Xenopus proteins were predicted
using SMART program (http://smart.embl-heidelberg.de/).
Signal peptide was predicted by SignalP program (http://
www.cbs.dtu.dk/services/SignalP/) (Emanuelsson et al.
2007) using the hidden Markov or neural network model.
Although the hidden Markov model failed to predict the
ARCS3 signal peptide, the neural network model predicted it.
Homologies between Xenopus and chicken or human
proteins were examined by BLAST search analysis. Homol-
ogies among SCR domains were determined by comparing
the SCR domains of chicken proteins with those of human
proteins using TBLASTN program in NCBI BLAST server
and GENETYX-MAC Ver. 11.2.1 (GENETYX) maximum
matching program. The N-glycosylation sites were predicted
using NetNGlyc 1.0 server (http://www.cbs.dtu.dk/services/
NetNGlyc/).

Results

RCA locus in X. tropicalis

Genes in the RCA locus are closely linked to those of
PFKFB2 in human, mouse, and chicken (Oshiumi et al.

2005). We searched for the RCA locus in the X. tropicalis
genome (JGI genome server) by in silico analysis using the
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human PFKFB2 full-length sequence as the probe. A X.
tropicalis gene sequence similar to that of human PFKFB2,
but not other family members, was found by TBLASTN
search against human genome database. Furthermore, three
genes containing putative SCRs were identified in close
proximity 3’ to the PFKFB2 gene (Fig. la,c). A majority of
the SCR-coding regions in these genes were encoded by
single exons. The predicted amino acid sequences of all the
three genes contain typical SCRs, similar to human and
chicken complement regulatory proteins (Fig. 1b). These
properties support the existence of a RCA cluster of
complement regulatory proteins in frog in a fashion similar
to that of human and chicken (Fig. 1c¢). We call the RCA of
amphibia genes ARC and named them from the proximity
to the PFKFB2 locus, ARC1, ARC2, and ARC3.

We have determined the gene structures including the
exon—intron boundaries of these three frog RCA genes
(Figs. 1a and 2). The results show that SCR2 of ARC1 and
ARC2, and SCR2, SCR3, SCR7, and SCR8 of ARC3 were
encoded by split exons (Fig. 1a). The splitting features of
SCR2 of ARC 1 and 2 and SCR3 of ARC3 were similar to
the functionally essential exons of the human and chicken

a
SCR1 SCR2 SCR3 SCR4 SCR5 SCR6 SCR7

ARC1 [":l

SCR1 SCR2 SCR3 SCR4 ™

ARC2 .

SCR1SCR2 SCR3 SCR4 SCR5 SCR6 SCR7 SCR8 T™

Fig. 1 Identification of three Xenopus SCR proteins. a Structures of
the X. tropicalis ARC genes in the genome. The prediction of exon
and intron was followed to the JGI database. The ag-gt consensus
sequences for splicing are conserved. Non-cording regions and
cording regions are represented as open and grayed rectangles,
respectively. Putative transmembrane (TM) portions are shown as
closed rectangles. b Each SCR sequence of ARCI, 2, and 3 was
compared with that of human or chicken SCR proteins using
GENETYX ver 11. 2.1 maximum matching program. Regions with
high homology are shown as red (>45%), orange (45~40%), brown
(40~35%), or yellow (30~35%). ¢ Comparison of the frog RCA locus
with the human and chicken RCA loci. According to the X. tropicalis
genome sequence, ARCI1, 2, and 3 are clustered in the ~300-kbp
region, which is longer than the G. gallus RCA but shorter than the
human RCA locus. The RCA loci of these three species are linked
with the PFKFB2 gene, and the gene directions are also conserved. In
both human and chicken RCAs, soluble regulators, C4 bp and CRES,
are most proximal to PFKFB2, and membrane proteins, MCP and
CREM, are most distal to PFKFB2. In Xenopus, the soluble protein,
ARCI, is most proximal to PFKFB2 gene as human C4 bp and
chicken CRES, but unlike human and chicken RCAs, we could not
find any GPI-anchored protein in the Xenopus RCA locus
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Fig. 1 (continued)

complement regulatory proteins. Furthermore, amino acid
sequences of split exon-encoded SCR2 or SCR3 of ARCI,
2, and 3 were highly similar (up to 40%) to those of
corresponding functional SCRs of chicken CRES (Fig. 1a,
b). Further, the divisions in their coding regions occur at

CREG

CREM

CRES

CR1

CR2

C4bp

DAF

MCP

ARC1

ARC2

ARC3

SCR1 SCR2 SCR3 SCR4 SCRS5 SCRE SCR7

SCR1 -ﬂ 24 19 11 24 23
SCR? 22 29 13 28 28
SCR3 2 27 15 32 32
SCR4 23 27 27 27
SCRS 2% 22 19 22 24
SRG | 28 25 33 29 24 32 32
SCR7 30 32 31 26 19 28 30
scri  MEENES 23 17l 15 26
SCR2 28 32 21 38 15

SCR3 28 25 39 24/ 13

SCR4 26 29 30 38 9 31 33
SCRS 22 26 29 18] 23 } 3@
SCRE 21 23 20 26 14 26 28

2'1- 29| 25/ 15 /31733
24 27 34 14 23| 23
29, '31 33 _ 23 11 30 32
24 26/ 26 28 21| 24 21|
SCR1 34 25 23 22 25 19 19
SCR2 20 3N 24] 271 131 200 20|
'SCR3 72| 2c[SE 28 21 33[ES
\SCR4 26 211 27| 1325 25
SCR5 28] 22 20, & 8 21
SCRE 18EE 29 34 9] 29 29
SCR7_ | 25| 312 28|
SCRE 30 20
31 26 22 25
SCR: 12 18 26/ 23
; 311129 3
SCR4 25 18
'SCR1. 28 19 30 27|
|SCR 24 24
|SCR3_ 27| 29|
SCR4 26/ 26!
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32
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SCR1 SCR2 SCR3 SCR4 SCRS S(RE6 SCR7 SCRE

0 36 24 18 31z
22, 26 24 18, 24
25 32 25 27
30 26 32 27 27 2
33 3 18 33 27 27
22 34 3 32 21 24

28 31 30 228 AN

q 25
23| 27

w3

24

3320
310058

2276

27 33 27 23 25 18 3 27
25| 29 30_30 27| 24 31 33
30 26! 27[MEE 25 29 21| 24

21 2EER s 28 7

similar positions. However, other chicken RCA proteins
CREG and CREM did not show such similarity with ARC
proteins (Oshiumi et al. 2005). Thus, it is likely that the
split exons in the SCR2 of ARC1/2 and SCR3 of ARC3
encode functionally active domains.
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Fig. 1 (continued) c
1 Mbp
) MCP CR1 CR?2 DAF  Cébp PFKFB2
H. sapiens ( ( ( ( ‘ (
100 kbp
CREM CREG CRES PFKFB2
G. gallus <— <
300 kbp
ARC3 ARC2 ARCH1 PEKFB2
X. tropicalis <¢ <¢ < <

Molecular cloning of ARCI, 2, and 3

EST sequences published covered the whole ORF of ARC/
and a 3’ part of ARC2. ARC3 EST was only partially
identified. In order to obtain the complete ORF of ARC2,
nested PCR with 5" RACE was performed. We obtained
products whose sequences matched the EST sequences
containing an upstream ATG translation initiation and stop
codons. To clone the complete ARC3 cDNA, we performed
5" and 3' RACEs and obtained the ARC3 cDNA sequence
containing the 5" ATG start and the 3’ stop codons. The
sequences of ARC1, 2, and 3 are shown in Fig. 2a, b, and ¢
(AB474590, AB474591, AB474592). SignalP analysis
suggested that ARC1, ARC2, and perhaps ARC3 have
signal sequences. ARC2 and 3 have putative transmem-
brane regions of ~20 amino acids. The properties of the
predicted ARC proteins together with the results of PSORT
analysis suggested that ARC1 is a secretary or cytoplasmic
protein, while ARC2 and 3 are type I membrane proteins.

From the sequence, ARC1 (later named ARCIL) was
found to be 470 amino acid soluble protein with seven
SCRs. ARC2 was a 329 amino acid membrane protein with
four SCRs, and ARC3 was a 563 amino acid membrane
protein with eight SCRs.

Tissue distribution and cellular localization of ARCs
Tissue distribution profiles of these ARC messages were
examined by RT-PCR. RNA samples were extracted from

the organs indicated and the cDNAs used for templates.
Amplifiable sequences of ARCI (518-1,447 bp), ARC2 (1-
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987 bp), and ARC3 (1-644 bp) were selected for RT-PCR
analysis. We designed PCR primers based on the derived
sequences (Table 1). The results showed that the mRNAs of
ARC1 and 3 were ubiquitously expressed, while the ARC2
mRNA was detected only in the liver, intestine, and muscle
(Fig 3a). We found a faster mobility band below the
predicted ARC! band in all lanes, suggesting the presence
of a splicing variant in 4RCI. The short splicing variant
was predicted to encode a protein with six SCRs, which we
named ARCls, as described in the “Materials and methods”
section.

We subcloned HA-tagged ARCIL, 2, and 3 using the
cloned ARC sequences as templates. When the plasmids
were transfected into HEK293FT and CHO cells, the ARC
proteins were detected in cell lysates by Western blotting
using anti-HA Ab. By confocal analysis using anti-HA Ab,
ARCIL and ARC3 were localized to the cytoplasm
(Fig. 3b). ARC2 was localized to the cell-surface mem-
brane, supporting the prediction from its amino acid
sequence to be a type I membrane protein (Fig. 3b). We

Fig. 2 Complete amino acid sequences of ARCI, 2, and 3. Deduced p
amino acid sequences of ARCI (a), ARC2 (b), and ARC3 (c) are
shown under the nucleotide sequences. Asterisks indicate the stop
codons. The predicted signal sequences are underlined. The amino acid
sequences with hydrophobicity (putative transmembrane portions) are
double underlined in ARC2 and 3. The broken lines show the position
of exon/intron boundaries. The rectangles show the predicted N-linked
glycosylation Asn residues. The nucleotide sequences have been
registered in the EMBL Data Library/GenBank/DDBJ databases with
the accession numbers AB474590 (ARC1), AB474591 (ARC2), and
AB474592 (ARC3)
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a SCR1
10 20 30 40 50 60 70 80 90
ATGATTTCATTTTCCTTTTGTATCAGATGTTGGTGTATTTTTCTTCTGATAATCATTGCAGCCCTCTTCTCTGGGACTCATG;E ACTGT

M I S F S F (¢} I R c W C I F L L I I I A A L F S G T H G (¢}
100 110 120 130 140 150 160 170 ’ 180

GATTTTCCTCCTAGACTTCAGGATGCTGATCTGAAAACTACACAAAACAGCTTTACTATTGGTACTGTAGTGGAATATGTTTGCCGCCCT
D F P P R L Q D ADILI K TT QNS F T TI G TV V E Y V CR P

190 200 210 220 230 240 250 260 i 270
GGTTACCTAAAAATTCCTGGTAGGAATACCACAATCACTTGTTTAAGCAACTCTACATGGTCAACCCCTGATGTATTCTGTAAGGTGAGA
G YL K I P GURIN|JT T I T C L s|ll S T WS T PDJV F C K I R

SCR2 80 290 300 310 320 330 340 350 360
AGTTGTGGGAATCCAGGAGATACTCTGAATGGAGAATTTCATGCAGAAGACTTTAATTTTGGCTCTGTAGTAAACTATACATGTAATGTA
slc ¢ N P GDTULNGEVFHAEUDTFNVF G S V V Yy T C N V

H 370 380 390 400 410 420 430 440 450
GGGTACAATATGATCTCAAAGTTTAATTATCGTATATGTCAAACTGATGGAACGTGGAGTAATGCTGTACCACAGTGTGAAGCCCAGATC
G y M I §S K F N ¥y R I C @ T D G T W S N A V P Q C E A Q I

SCR3 460 470 480 490 500 510 520 530 540
TGTTCACCGCCAGAAAATATCTTAAATGCAAGTTTTAATCCAACAAAAGATGAATATTATTACCAGGATTCTGTGACGTACAAATGCATT
c s PP ENTIL Eﬂ G S F IIIP T K D E Y Y Y QD SV T Y K C I

550 560 570 580 590 600 610 620 630
AACAACTTAGTACTAGTTGGGAAATCCTCTATGTTTTGCACAGAATTTGGAAATTGGAGTTCTGCTGTTCCTCACTGTAAAGGTGTTAAT
N N L VL V G K S S M F C T E F G wW S s A vV P H C K G- vV N

SCR4 640 650 660 670 680 690 700 710 720
TGTGCCAATCCAGATGTTCCTAACTCAAAAAGGCTATCAGGATTTTCTGGCCCATATACACTCAATTCTGCTATTACCTTCAAATGTAAT
¢ A NP DV PNS KRUL S GPF S GG P Y TULNS A I T F K C N SC R5

730 740 750 760 770 780 790 800 10

GACGGTTTTGACATTTTTGGACAATCTACTATAGAATGCAATATTGATAGTCAGTGGGAGCCTTCATTGCCTCAGTGTTTGGEGCGATGT

D G F DI F G s TTIT E CN I D S Q W E P S L P Q C L G- R

820 830 840 850 860 870 880 890 900
GGTTCTCCCCCTAGTCTTCTTTATGCAGAGTTGAAACCAGACTTTGTCGATCAAAAGACCTTTTCTTCTGGAGCAGAAGTGCAATATGCT
G s p P s L L YA EL K P DVF VD Q K T F S S G A E V Q Y A

910 920 930 940 950 960 970 980 990
TGCCTCATTGGGTACAACCCTATCTCTGGCAAAAATTCCACAATAATTTGCCATGATGCCACATGGTCAACCCCTGATGTGTTCTGTACA

c L I GYDNUPTIS G K !il s T I I CcCcHDA ATUW®WS ST PDUVFC T
100f0 1010 1020 1030 1040 1050 1060 1070 1080
TCCCAAATATGTCCACCACCTGAAAATAATGTAAATGGAAGTTTTATTCCACAAAAGGATCAATACTTGTACAAGGAGAGAGTGACATAT
s o I P PP E NN V IHI G s F I PQ KD OQVYTULYEKTET RTUVT Y
1090 1100 1110 1120 1130 1140 1150 1160 1170
CAGTGCTTTAATAACATGGAAATTGTTGGGGATCCATCCCGTTTTTGCACAGCTACCGGGAAATGGAGTTCCGTTGTACCTTCTTGTAAT
Q ¢CcC F N NMETIVSOGDT&PST RTFT CTA ATTGTZ KTW S SV V P 8 C II
1180 11[50 1200 1210 1220 1230 1240 1250 1260
GACAGTTCAGCCCAAATATGTCCACCACCTGAAAATATTGTAAATGGACATTTTATTCCACAAAAGGATCAATACCTGTACAAGGAGAGT
DS S A Q IfcpPpPENTIV VNS GHT FTIUPO QI KT DT G QTYTLVYXKTE S

1270 1280 1290 1300 1310 1320 1330 1340 1350
GTGACATATCAATGCTTTAATAACACGAAAATTGTTGGGGATCCTTCCAGATTTTGCACAGCTACTGGCAAATGGAGTTCTATTGTACCT
v T Y Q C F N T K I v D P S R F CT AT G K W S S I V P

13605 1370 1380 1390 1400 1410 1420 1430 1440
TCTTGTAATGATGGCAACAC CGCTGGGGTAATTTTAG;GAAACACTGTGCTGATGCTTACACTGATTATTGTAACACAAGTACTTGGGAAA
s C N D G N TA GV I L GGNTV L ML TULTI IV T Q V L G K

1450

TTCTTCTGA
F F *
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Arc2 SCR1
10 20 30 40 50 60 70 Sb 9
ATGTTTCCATATTGCTCCATCAGGCATGTTACAGCTCTTTTCCTCTTATATCTTGTATCTTCTCTTGCTGGTGTAGAAGETGCOIGTGAT
M F P Y C S I R H v T A L F L L Y L V S S L A G V E G§ A D
100 110 120 130 140 150 160 170 180

CCACCTCCTAGACTTTCTTATGCCGATGCTAAATTAGACTCTGTCAACACTTACGAAAATGGCTCAAAAATAAATTATGATTGTCTGCCT
PPPRLSYADAKLDSVNTYEGSKINYDCLP

190 200 210 220 230 240 250 260 E 270
GGTTATAGATCCATTCCTGGAACTATTAGGTATGTCACCTGTTTGGGTTCAACATGGTCTAATCCACCAACATTTTGTGAAGT TGTGAAG
G YR S I PGTTIRY VT CCLGSTWSNPUPTF CZE V V K

SCR2 280 290 300 310 320 330 340 350 360
TGCAGGAATCCAGGAGAAATACAAAATGGACAAATAGAAGAGCCAATAAACCAGTCTTTTGGTTCCAGAGTGGTCTTTAAATGTAATACG
C R NP GETIOQNTGT QTITETE P I Q0 S F G SRV YV F K CN T

370 380 390 400 410 420 430 440 ; 450
GGGTACAGAATGTTGAGCAAACTAAATTATAGGGATTGTCAAAGTAATGGAGAGTGGAGTAATGATGTGCCTAAATGTGAAGCACAGGTT
G ¥ RM L S K L N Y RDCOQ S N GEW S NDV P K CE A Q V

SCR3 460 470 480 490 500 510 520 530 540
TGTCCTCCTCCTACTGCTATTACTGATGGAGACTTTTCTCCCCARAAAGATGAGTATTCATACCAGGATTCTGTGACTTTTAAATGCAAC
cPPPTATITTDTG G DTFSZPOQZXDETYSYQQDSVTTF K CN

550 560 570 580 590 600 610 620 E 630
AAGGATTTGGCACTTGTTGGCAGCACATCTTTATTTTGCACAGCTCATGGAAATTGGAGTTCAGATGAGCCAAACTGCAAAG?TGTTGTC
K b L. AL V GGS T SL F CTAHS GNWS s D E P N C K DE v v

SCR4 640 650 660 670 680 690 700 710 720
TGTGAATATCCCCATGTTGAAAATGGACAGAAGATATCAGGGCTTCGTGGTCCATACAAACTAAATTATGCTGTTACATTTAAGTGTGAT
¢cC EY P HV ENGOQ K I §$ G L R G P Y K L NY A V T F K C D

730 740 750 760 770 780 790 800 810
AATGGTTTTGAGCTCACTGGACCTCAAACAATAACATGCACAGTCGACAACATTTGGGAGCCTCCTTTACCAGAGTGCCGGCGTAAAGAC
N G F EL TGP T TI TOCTV DNTI W E P P L P E C R R K D

820 830 i 840 850 860 E 870 880 890 900
AAAGAAGGCACAGAAAATGCAG?GAAGCCTGGAAATGTGGGTGTAATTGTTG?AGCAATTTTTGGAGTATTGGCAGTTGGTGCTGCAGTT
K E G T E N A EE K P G N V G V I V GE A I F G VvV L A V G A A V

910 920 930 ; 940 950 960 970 980 990
GGTGGTTCAGTCTATTATTTTATAATAAAAAAAA@AAAACCGAAGACTGATTCTCCAAGAGCTCATTATTCAAATGTCAGTAACTAA
G G s v Yy Y F I I K K RE K p K T DS P R A HY S N V s N =*

Fig. 2 (continued)

found that the transfected cells secreted ARCIl and 3
proteins into the supernatants. Since the ARC3 protein
showed higher molecular weight in the supernatant
(75 kDa) than in the cell lysate (70 kDa), it is not yet
certain if ARC3 is proteolytically cleaved out from the
membrane. ARC3 may retain as an unprocessed form in the
cytoplasmic granules and gradually mature during secretion
into the media irrespective of the presence of the hydro-
phobic transmembrane-like sequence.

Posttranslational sugar modification in ARCs

Human complement regulatory proteins often undergo
posttranslational sugar modification. Since the molecular

@ Springer

masses of the expressed ARC proteins estimated by SDS-
PAGE were higher than those predicted from the primary
structures, we tested their sugar moieties. N-glycosidase
treatment of ARCIL (67 kDa), ARC2 (44 kDa), and ARC3
(75 kDa) reduced the molecular masses to 55, 40, and
72 kDa, respectively (Fig. 4). The two band patterns
observed in N-glycosidase-treated ARC2 and ARC3 may
reflect either incomplete sugar digestion or heterogeneous
sugar compositions. N-linked sugar modifications of
ARCI1, 2, and 3 during maturation are also supported by
NetNGlyc 1.0 (Julenius et al. 2005; Fig. 2). NetOglyc 3.1
(Blom et al. 2004) analysis did not support the presence of
O-linked sugar in ARC proteins. Thus, ARC proteins
undergo N-linked sugar modification, which appears to be
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C
Arc3 SCR1

10 20 30 40 50 60 70 E 80 90
ATGCATTCTCCATTTAATATCAAAAATCAGTGGGCACTTTTATTCTACATTGCAAACCAAATTATTGAAACGTTTGGTGAGTGTGGACCT
M HS P F N I KN QWA ATULTULT F Y I ANIOQTI I ETT FGEETCI P

100 110 120 130 140 150 160 170 180
CCTCCAGCACTGCTTCACACAGTCCCTATCGATGGCAAATCATTCCCTGTCGATGAGTCTGTGGTGTATTCTTGCAATAAGACAGCTGGT
P P A L L H TV P I D GIK S F P VDE SV VY S C N K T A G

190 200 210 220 230 240 250 260 2 SCR2
TACTATGAAATCCCTGGAAGAAGCAGAACTATAACCTGCCAAGATGACTTCACATGGTCAACTGTCCCTGAATTTTGTATACETGCTTGT
Yy Y E I P G R SR TTITTCOQDUDTFEFTWSTV P EF C I R C

280 H 290 300 310 320 330 340 350 360

GATTCCCCCCCAAqACTGGATTTTGCACAGCTTGGGCAAGAGGATATTAACAAGAACATCTATCTCAATGGTACTACCGTAAAGTATGAC
D S P P RIL D F A Q L G Q E D I N KN I Y L G T T V K Y D

370 380 390 400 410 420 430 440 4?0
TGTCGGCCTGGCTATAAAAGAATCCCTGGTACTGACAGGACTATTAGTTGCTTGGATAACTTTACATGGACAGCTCCTCAATCTTTCTGT
¢ R P G Y KR I P G TDUR T I S C L D !I F T W T A P Q S F ¢

R

4608C 3 0 480 490 500 510 520 530 540
CAAA;GAGATC TGTGGGCATCCTGGAGAAATAGATAATGGAGAATTTGAACCAACAGACTCAGAATTTCTCTTTGGCTCTACAGTGACA
Q R R S|Cc G H P G E I DNGEVFEU&PTUDSEZ FTULF G S TV T

550 560 570 580 590 600 610 620 630
TATAAATGCAATGAAGGATACAGGATGATCTCGAAACAGCTTTCCAAGACTTGCAAGTCAGACGGAAAATGGAGTATTTCCTTTCCTCAA
Y K ¢ N E GiY R M I $ K Q L S K T C XK S DG GZXKWS I S F P Q

540 660 670 680 690 700 710 720
TGTGAAG?AATGGT TGTACTGCCCCTGGTGACATAAATGATGGGTTTTACAAACCTCAGAAGGAGGAATACCACTACCAAGAAGCTGTG
¢C E VM VI T AP GD I NDGF Y K P Q K EE Y HY Q E A V

730 740 750 760 770 780 790 800 810
ACATATGGCTGTAATAATAATTTTGCACTTATTGGTAATCGTTCTGCATATTGCACTAGTGATGGAACCTGGAGTTCTCAAGCACCTGTT
T ¥ G ¢ N NN F A L I G II R s A Y ¢C T s D G T W S s Q A P V

E 40 850 860 870 880 890 900
TGCAAAGATGTTAAJTGTCCTGAGCCAAATGTTCCAAATGCAAGGAAAAGTTCAGGATTTCTAGGTCCATACTTACTCAGGTCTGCTGTG
¢cC K P v XKI|c P EPNV PN AZRIKSS GV FULGUPYILULR S AV

910 920 930 940 950 960 970 980 990
TCTTTTAAATGCGATGAAGGCTTCATGATGAATGGGTCCGACATTATAAAATGCAATGTTGAAAATCAGTGGGATCCATTGCCCGAATGT
S F‘S%:Ff D E G F M M II G s b1 1 K ¢C N V E N Q W D P L P E C

10qo 1010 1020 1030 1040 1050 1060 1070 1080
CTGAGATTQTGTACCTTACCATCACTCGAGTATGCAAAACTGAGAGAAAAATACTCAAATAGGAAAGGTTTCTTTGCGGGAACCACTTTG
L R Flc T e s 1 EYAKTULUZREI KT Y S NI RIEKTGT FFAGTTL

1090 1100 1110 1120 1130 1140 1150 1160 1170
GAATATGATTGTCTGCCTGGCCACAGACTCAGGCTAAATACTGAACCAACAATAAAATGTCTGGACACCTTCCAGTGGTCTTCCATGAAA
E vy bp ¢c L P GHRULIRULNTEPTTI K CULDTF Q W S S M K

1180 i 1190 200 1210 1220 1230 1240 1250 1260
ACATCATGTGAACAAATTGTTTGTGAACATCCTCAAGATTTCAGTAAAGGAAGGATTAATACACAAGGTCCATACARATATCAGACTAGA
T S C E ¢ I V E H P Q D F S K G R I NTOQG P Y K Y Q T R

1270 1280 H 1290 1300 1310 1320 1330 1340 1350

GTTACCGTTATCTGTGATGAAGG%TACACAACAAAAACAAATCACCTAGAGTGTCAAATTGATGGAACATGGAGTAATTATCCTCCTGTA
vV T Vv I ¢C D E GiY T T K T NHULEOCOQTIDGT WS N Y P P V

1360 1370 1380 1390 1400 1410 1420 1430 1440
TGTGAAGAAATTGTJTGTAAACATCCTGGAGAATTCAGTAATGGAAAGATTGATACACAAGGCCCATACAAATATAACACTAAAGTTACA
¢cC E E I VIC K H P G EF S NG K I DTOQG P Y K YN TK V T

1450 1460 1470 1480 1490 1500 1510 1520 1530
TTTATCTGTAATGAAGGATACACCGCAAAAACAAGTCACCTAGAGTGTAAAATTGATGGAACATGGAGTAATTATCCCCCTGTATGTGAA
F I ¢ N E GiY T A K T S H L E C K I DG GTWS DN Y P P V C E

: 1540 1550 1560 1570 1580 1590 1600 1610 1620
GCACATCGTATGAGCACCTGGCTTATTGTTGEAATTATTGTCATTGTAATCGTCATTGTGTTCATCATCGCAATATGCCTGTATTGCTAT
A H R M s T W L I VvV G I I V I Vv I V I VvV F I I A I C L Y C Y

1630 1640 1650 1660 1670 1680 1690
AATAAGAAACAATCAGAGAAACAAAAGGCTGAAATGCACAATGTTCAATATACAGCTTGCACTGCGTAR
N K K Q S GiK Q K A E M H NV Q Y T A C T A *

Fig. 2 (continued)
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Fig. 3 Expression analyses of the ARC mRNAs in adult frog tissues.
a RT-PCR analysis. The ARC cDNAs were amplified using the same
PCR procedure (see the “Materials and methods™ section). Actin was
used for a positive control. No product was amplified with the actin
cDNA from nonreverse transcribed samples. The experiments were
performed by two independent samples, and the representative data is
shown. b Imaging analysis of ARCs in human cells. HeLa cells
expressing HA-tag-labeled ARC proteins were stained with anti-HA
Ab and Alexa-conjugated goat anti-rabbit IgG Ab. Cells were fixed
and observed with confocal microscope

a process linked to their maturation. On SDS-PAGE, the
mature forms of ARCIL (lane 5 of Fig. 4) and ARC3 (lane
13 of Fig. 4) exhibited single bands, but ARC2 showed
multiple bands (lane 9 of Fig. 4) reflecting possible
multiple modifications for this protein. Interestingly,
ARCIL and ARC3 secretary forms have almost identical
molecular sizes to their cytoplasmic forms. The mechanism
of secretion of ARC3 from transfected cells is yet to be
determined.

@ Springer

Phylogenetic analysis of ARCs

Previously, we showed that avian, Gallus gallus, RCA
genes, CRES, CREM, and CREG, were homologs of
C4 bp, MCP, and DAF, respectively (Oshiumi et al.
2005), despite their frequent domain shuffling among those
genes. To examine the orthologous relationship between
human and amphibian RCA genes, their protein sequences
were aligned by ClustalW software, and the phylogenic tree
was drawn by neighbor-joining method. Surprisingly, we
found that the amphibian ARCI, 2, and 3 are closely
related with each other and not clustered to contain any
ortholog of the human RCA gene (Fig. 5a). To further
confirm that the amphibian RCA proteins are more similar
to each other than to human RCA proteins, we carried out
BLAST search analyses. The results showed that ARCI was
more similar to ARC2 and 3 than human RCA genes. ARC2
and 3 also resemble more to ARC/ than human RCA
(Table 2). These results support the notion that X. tropicalis
RCA genes underwent duplication after X. tropicalis
ancestor had diverged from human and their common
ancestor.

The most popular form of the human CR1 protein
consists of four tandem repeats of a unit of seven SCR
domains (Klickstein et al. 1987). To elucidate whether X.
tropicalis possesses an SCR repeat-containing gene in the
RCA locus similar to that of human CR1, the sequences of
each SCR domain of ARCs were compared to each other
(Fig. 5b and Table 2). The results showed that almost all
SCR domains of X. fropicalis RCA proteins could be
clustered into four groups. We named these four SCR
domains SCR-A, B, C, and D. The order of ARC1 SCR is
A-B-C-D-A-C-C (Fig. 5c). In ARC2 protein, there is no
duplicate of SCR domain, and its order is A-B-C-D
(Fig. 5¢). In ARC3, two ambiguous SCR domains follow
A-A-B-C-D of SCR domains (Fig. 5c¢). Because the order,
SCR-A-B-C-D, commonly exists in the three ARC proteins,
the ancestral ARC protein seems to consist of SCR-A-B-C-D,
and the duplication of SCR domains might have occurred in
ARC1 and ARC3, but not ARC2. Next, we compared the
similarity of ARC SCR-A, B, C, D to human or chicken
RCA protein SCRs. Interestingly, the ARC SCRs were
similar to DAF or CREG proteins, both of which are GPI-
anchored proteins, in that DAF and CREG fundamentally
consist of SCR-A-B-C-D. This is reminiscent of the order
of SCR-A-B-C-D found in the putative Xenopus ARC
ancestor (Fig. 1b).

Discussion

Here we demonstrated that X. tropicalis possesses three
SCR proteins ARCI1, 2, and 3. They were mapped
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Fig. 4 Deglycosylation analysis ~F ~7 ~F ~FT ~F ~7F ~F ~7F
of ARCs. Immunoblotting o o o o o 9 0 o oo 9. o o o o
profiles of ARCI, 2, and 3. 3888 8 % % S 8 % % I
Cell lysates containing ARC g g g g g g % g 'g 'g 'g 'g 53 o
proteins were treated with 8 8 8 8 8888 888 8 S 88 8
N- or O-glycosidase and =2 =2> 2= 222> 22> = = =22
Zly! oD O O O oD DO O OO D O [ o =)
analyzed on SDS-PAGE and 00z = OdZzZ2dd=2 =2 00 =z =
immunoblotting. Arrows
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control with no sample, lanes 70 =— -'-. ARC1L ARCS
5-8 ARCIL, lanes 912 ARC2; 55 = 95 ==
lanes 13—-16 ARC3 ARC2 70 mm
36.5 m=— . ' ' 55 mm—
28 = 43— -0
19.3 == 36.5 m=—
lane 12 3 4 5 6 789 101112 13 14 15 16

downstream of the PFKFB2 gene, like the RCA loci of
human and chicken. In human, group B complement
regulatory proteins, C4 bp, DAF, CR2, CR1, and MCP
(Krushkal et al. 2000), clustered downstream of PFKFB2 in
chromosome 1g32 (Rey-Campos et al. 1988). In chicken,
CRES, CREG, CRI-like undefined gene, and CREM are
clustered downstream of PFKFB2 in a microchromosome
(Oshiumi et al. 2005). Thus, the order of soluble, GPI-
anchored, and membrane forms of RCA genes is essentially
the same in human and chicken. We expected that ARCI, 2,
and 3 reflect the order of CRES, CREG, and CREM in
chicken. However, ClustalW alignment and expression
analyses showed that amphibian ARCs did not follow the
conventional organization. The three ARC proteins resemble
each other. From these current views, we speculate that
ARCs self-duplicated to form a RCA family. The ARC
family evolved after the amphibia separated from the
ancestor of the homeotherm, which possess soluble, GPI-
anchored, and membrane forms of SCR protein members.
Human and chicken RCA products have complement
regulatory activity (Morgan and Harris 1999; Oshiumi et al.
2005) by either accelerating the decay of the C3 convertases
or cleaving C3b into inactive forms. It is not surprising that
the frog ARC proteins possess complement regulatory
activity toward the frog C3b and C3 convertases, the
presence of which has been reported (Fujii et al. 1985;
Grossberger et al. 1989; Sekizawa et al. 1984). Although the
functional point of ARCs needs to be experimentally
addressed, gene structure analysis suggested that SCR2 of
ARCI (s and L forms), ARC2, and ARC3 were encoded by
split exons similar to those of human/chicken C3-step
regulatory proteins. In human RCA proteins, SCR2 play a

central role in C3b inactivation (Casasnovas et al. 1999,
Liszewski et al. 2000). Hence, the primary composition of
SCR2 is conserved across human and frogs.

This study further revealed that frog has a membrane-
associated form of RCA proteins. ARC2 and ARC3
possessed transmembrane domains. By overexpression
analysis, ARC2 protein was localized to the surface of cell
membrane, which confirms the notion that ARC2 is a
membrane protein. Many reports suggested that mammals
and chicken do possess membrane forms of complement
regulatory protein (Morgan and Harris 1999; Oshiumi et al.
2005). However, no report indicated that fish have a
membrane SCR protein, although we showed that they
have soluble SCR proteins for inhibiting fluid-phase
complement activation (Oshiumi and Seya, unpublished
data). In fact, teleost fish have single or duplicated genes
encoding soluble SCR proteins around the downstream
locus of PFKFB2. We favor a tentative propose that
amphibia are the first vertebrates to possess membrane-
associated RCA proteins.

From its structural analysis, we are prone to think that
ARC3 could also be a membrane-associated SCR protein
which gets clipped by proteolytic cleavage to generate a
secreted form. How the ARC3 soluble form naturally
generates in human cells remains undetermined. The
discrepancy observed in ARC3 cellular vs. soluble proteins
needs further analyses.

Since ARCI1 and 3 were ubiquitous while ARC2 had
limited expression in the liver and intestine, functional
divergence might have occurred in amphibian RCA
proteins. There are several tyrosine-based motifs in the
cytoplasmic tail of ARC2. As its functionality may be
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Fig. 5 Phylogenic analysis of
frog ARCs in comparison with
chicken, mouse and human
complement regulatory proteins.
a The protein sequences of the
complement regulatory proteins
were aligned with the ClustalW
program, and the phylogenic
tree was made by neighbor-
joining method using the DDBJ
server (http://clustalw.ddbj.nig.
ac.jp/top-j.html). Number on
each node represents bootstrap
probability that is 1,000 times
reiteration. Lacrep lamprey
complement regulatory protein
(AB061219), Crry mouse
complement regulatory protein
(NP_038527), CRES
(BAE16761), CREG
(BAE16762), CREM
(BAB16878) are complement
regulatory proteins of chicken.
b Each SCR of ARCs amino
acids sequences were compared
using the ClustalW program,
and the phylogenic tree was
drawn by neighbor-joining
method. Four clades were
obtained with this analysis and
named clade A, B, C, and D.

¢ The amino acids sequence
identity between the SCRs of
ARCs. According to the results
in B, each SCR domain of
ARCI is annotated as
A-B-C-D-A-C-C from the
N-terminal end. ARC2 SCR
domains are annotated as
A-B-C-D. The C-terminal two
SCR domains of ARC3 could
not be specified into one clade,
but the two SCR domains show
similarity to the SCR domains
of B and C clades, and thus, we
classified the two as a clade

of BC. From the N-terminal
end, the SCR domains of
ARC3 were annotated as
A-A-B-C-D-A-BC-BC. The
amino acids identities of SCR
domains of the same clade,
which are classified in B, were
calculated

mediated by the tail sequences, ARC2, unlike the others,
may have a special role in complement-mediated immune
response. In humans, CD46 (MCP) and CD55 (DAF) are
ubiquitously expressed membrane proteins that protect host
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cells from complement-mediated cell damage (Atkinson
1996), while CD35 (CR1) and CD21 (CR2) confer cell
type-specific expression and specified functions (Ahearn
and Fearon 1989). CD46 may be a signal-transducing
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Table 2 Percent amino acid identities between SCRs indicated

Arc2 SCR1 SCR2 SCR3 SCR4
Arcl SCR1 49.1 25.9 22.4 22.4
Arcl SCR2 35.7 51.8 22.8 20.5
Arcl SCR3 19.0 28.1 60.7 26.8
Arcl SCR4 27.5 24.1 25.0 51.8
Arcl SCR5 41.7 29.7 18.3 20.5
Arcl SCR6 21.4 29.8 51.8 25.0
Arcl SCR7 20.7 28.1 51.8 23.2
Arc3 SCR1 36.1 22.0 25.0 28.0
Arc3 SCR2 47.5 208 19.0 25.6
Arc3 SCR3 224 49.1 333 24.5
Arc3 SCR4 24.4 26.3 50.0 32.1
Arc3 SCR5 18.5 303 26.8 53.8
Arc3 SCR6 35.1 243 17.8 20.0
Arc3 SCR7 22.0 34.0 394 339
Arc3 SCR8 27.1 37.5 32.1 33.9

receptor, presumably via the cytoplasmic tyrosines (Crimeen-
Trwin et al. 2003; Kemper et al. 2005).

Lack of the ubiquitously expressed membrane protein in
the frog RCA may predict the presence of additional host-
protective proteins in other loci of frog. Search by
TBLASTN in itself did not enable us to identify genes
with SCRs as we could previously succeed with the chicken
genome (Oshiumi et al. 2005). The presence of many
introns within the genes and low numbers of consensus
amino acids in each SCR complicate the search. Therefore,
further analyses besides BLASTN searches are required for
discovery of additional SCR genes.

We cloned two messages that encode the isoforms of
ARCI protein, ARCl1s and ARCIL by chance. The SCR6
and 7 in ARCI1 are >90% homologous to each other, and
the primers we selected permitted the cloning of these two
forms. Exon duplication may have occurred lately in the
ARCI gene to yield ARCls and ARCIL via alternative
splicing. Thus, continuous gene duplication in the RCA
locus occurs that facilitates the generation of various
lengths of SCR proteins. In fact, there are variable-sized
CRI1 proteins in humans (Dykman et al. 1983; Dykman
etal. 1984). Further search for additional SCR proteins in frog
will be an important aspect of future research in this area.

The present study adds more information to the existing
knowledge of the origin of RCA gene cluster. Our scheme
suggests that the prototype of the RCA locus contains SCR
domains A, B, C, and D. ARCI, 2, and 3 are independently
generated through gene duplication after the ancestor of
amphibia separated from that of mammals. The mammalian
and chicken RCA clusters essentially contain membrane
type, GPl-anchored type, and soluble type of SCR protein

genes in the same order (Fig. 1c). This fundamental
architecture of RCA appears to be established through gene
duplication and independent evolution. Thus, the repertoire
formation in the RCA locus of frog and other higher
vertebrates is modally different. We prefer to interpret that
the frog RCA locus originated from a single RCA gene
present in fish or jawless fish (Kimura et al. 2004), which
probably is the cause for the three ARC genes to have close
resemblance to one another. In either case, the split exons for
SCR2 are highly conserved, suggesting that this split exon
motif is rooted in the prototype of the ancestor RCA protein.

We want to focus on the gap in the RCA properties
between amniotes and aqueous vertebrates. Microbial
environment in water is different from that in land (Matsuo
et al. 2008; Seya et al. 2009). The Toll-like receptor (TLRs)
system has been developed to protect fish against Gram-
negative bacteria and double-stranded RNA viruses, which
live in water environment (Matsuo et al. 2008; Oshiumi
et al. 2003; Seya et al. 2009). In general, complement exerts
strong cytolytic activity toward Gram-negative bacteria and
enveloped viruses. Thus, the water microbes may activate
the complement system, too. We therefore infer that natural
selection happened to maintain species-specific RCA
cluster. This may be a reason why some water invertebrates
retain the complement system (Zhu et al. 2005). On land,
Gram-positive bacterial and mono-nega RNA virus infec-
tions are also prevalent in many vertebrates. In these cases,
complement regulatory proteins are indispensable for
coping with robust complement activation secondary to
infection. The complement gene disruptions invariably lead
to severe autoimmune aberrance secondary to infection in
mammals (Morgan and Harris 1999). Broad repertoire of
complement regulatory proteins is needed for land life to
circumvent irregular complement-related disorders (Ahearn
and Fearon 1989; Atkinson 1996; Morgan and Harris
1999). Since the complement system is not merely a host
defense against microbes, more information about other
innate systems (Oshiumi et al. 2009; Seya et al. 2009) is
required to assess the importance of evolution of comple-
ment and complement regulatory proteins for terrestrial life.
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