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ABSTRACT The cDNA sequence and the deduced amino
acid sequence of the Mr 34,000 C-terminal fragment ofXenopus
laevis complement component C3 are presented. The sequence
of Xenopus C3 has 57% nucleotide identity to the correspond-
ing sequence ofhuman C3 and =49% amino acid identity to C3
from human, mouse, and rabbit. The Xenopus C3 sequence
shows clusters of high and of low similarity to the mammalian
C3 sequences. One of these regions ofhigh similarity represents
the domain of mammalian C3b involved in the binding of
properdin, a regulator of the alternative pathway of comple-
ment activation. It is not clear whether the other highly
conserved regions are involved in binding to other C3 ligands.
The Xenopus C3 sequence completely lacks the Arg-Gly-Asp
sequence, which has been suggested to be the recognition site
of the human complement receptor type 3 on the iC3b fragment
of human C3. The Xenopus C3 gene is shown not to be linked
to the Xenopus major histocompatibility complex, as is also the
case in mammals. Since the gene of the related molecule C4 is
MHC-linked in both mammals and Xenopus, the C3 and C4
genes may have separated before Xenopus and mammals
speciated.

The third component of complement (C3) plays a central role
in both the classical and alternative pathways of complement
activation by interacting with numerous serum and surface
complement proteins (1, 2). In addition to being important for
complement activation, C3 has been found to play a signif-
icant role in inflammatory processes and in the immune
response (1, 3).
Xenopus has both classical (4) and alternative (5, 6)

pathways of complement activation. The complement pro-
teins C3 (7) and C4 (4) isolated from Xenopus serum have
subunit structures similar to mammalian C3 and C4. Human
C3 fragment C3b is cleaved by Xenopus serum in a way
similar to its cleavage by human serum, suggesting the
presence of the regulatory proteins factors I and H in
Xenopus serum (8). Receptors for Xenopus C3 fragments
have been found on the surface ofXenopus macrophages (9),
although it is not clear whether these are the Xenopus
homologs of mammalian macrophage complement receptor
type 1 (CR1) or 3 (CR3). Since the Xenopus C3 molecule
shares many features with mammalian C3, including binding
to mammalian CR1, properdin, and CS (10), comparison of
the Xenopus C3 sequence with mammalian C3 sequences
may reveal regions that are involved in binding to its many
ligands as well as the structural elements of these interac-
tions. Such regions are expected to be relatively conserved,
since their rate of evolutionary divergence would be con-
strained by the rate of evolution of their ligands.

This paper describes the isolation and characterization of
a cDNA clone representing the carboxyl end of the a chain
of the Xenopus C3 molecule.* The Xenopus C3 sequence
shows -=49% amino acid identity to the corresponding se-
quence of mammalian C3 and has clusters of conserved
sequences that probably represent regions important for the
structure and function of the C3 molecule. In addition, the
gene for Xenopus C3 is shown not to be linked to the Xenopus
major histocompatibility complex (MHC), a result with
implications for understanding the evolution of complement
genes and the MHC.

MATERIALS AND METHODS
Library Construction. RNA was prepared from the liver of

an adult female Xenopus laevis (11) and a cDNA library was
constructed in the expression vector Agtll (12) essentially as
described (13).

Preparation of Anti-Xenopus C3 Antibody. A rabbit anti-
Xenopus C3 antiserum was prepared by using zymosan-
C3b/iC3b particles as described (7). The anti-Xenopus C3
antibody was afflinity-purified on zymosan coated with a-
chain fragments of Xenopus C3. The coated zymosan was
prepared by incubation in Xenopus serum and washing with
0.1% sodium dodecyl sulfate (SDS) containing 2% 2-mercap-
toethanol.

Screening of Library. The cDNA expression library was
screened essentially as described (14). The filters were
incubated successively with biotinylated goat anti-rabbit
immunoglobulin (Vector Laboratories) and a complex of
avidin and biotinylated horseradish peroxidase (Vector Lab-
oratories) and were developed with the peroxidase substrate
3,3'-diaminobenzidine (Sigma).
Immunoblots. Immunoblots of normal Xenopus laevis

serum were prepared as described (15). The blots were
treated in the same way as the filters used in the library
screening.
Sequence Determination. The EcoRI inserts were sub-

cloned into the Bluescript plasmid vector (Stratagene) and
several nested deletion constructs were prepared. Sequence
was determined from plasmids (16) with the use of Sequenase
(United States Biochemical) and was compiled with the
MICROGENIE program (Beckman). Protein alignments were
done with a program (written by C. Steinberg, Basel Institute
for Immunology) using the Needleman-Wunsch algorithm
(17).

Southern Blot. DNA was isolated from Xenopus erythro-
cytes and used as described (18). The probe was excised from
the pC3-27 subclone of C3-27 by digestion with BamHI,

Abbreviations: Cn, complement component n; MHC, major histo-
compatibility complex; CRn, complement receptor type n; a2M,
a2-macroglobulin; RGD, Arg-Gly-Asp.
*The sequence reported in this paper is being deposited in the
EMBL/GenBank data base (accession no. J04493).
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purified by agarose gel electrophoresis (19), and labeled to a
specific activity of109 cpm/,ug (20).

RESULTS
Isolation of a Xenopus C3 cDNA Clone. Activation of the

alternative pathway of complement by zymosan leads to the
covalent binding ofC3b to zymosan through its reactive
thioester site on the a chain (21). This property was used to
purify XenopusC3 fragments and to produce anti-Xenopus
C3 antibodies. Electrophoresis of fragments eluted by boiling
a zymosan-C3b/iC3b preparation in the presence of SDS and
2-mercaptoethanol showed the expectedf3 chain (Mr 85,000)
and the Mr 34,000 C-terminal fragment of the a chain ofiC3b
(Fig.1A). Affinity purification was necessary to reduce the
background (Fig. 1B, lane 1). The affinity-purified antibody
reacts with the uncleaved a chain as well as a' chain and its
Mr 34,000 C-terminal fragment (Fig. 1B, lane 2). We do not
understand why this antibody did not also recognize the Mr
81,000 N-terminal a-chain fragments ofiC3b (7).

Screening of theAgtll expression library with the affinity-
purified antibody resulted in one positive phage clone, C3-27
(Fig. 1C). To verify that this clone actually represents
Xenopus C3, it was plated at high density on several Petri
dishes and the filters were used to affinity-purify the anti-
Xenopus C3 antibody. This antibody recognized the same
protein species as the antibody purified on zymosan-bound
C3 a chain (Fig. 1B, lane 3). This showed that C3-27 is in fact
a Xenopus C3 clone. It also placed this clone at the C
terminus of the a chain, since the antibody selected onC3-27
recognized the Mr 34,000 C-terminal a-chain fragment of the
Xenopus iC3b.

Sequence Analysis. To obtain longer cDNA C3 clones, a
425-base-pair BamHI fragment was purified from the pC3-27
subclone of the EcoRI insert of C3-27. Approximately
200,000 clones were screened by hybridization, and of the
resulting 16 positive clones, C3-39 was the longest (997 base
pairs). The inserts in this library, as well as in four other
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FIG. 1. Characterization of anti-Xenopus C3 antibody and
Xenopus C3 clone. (A) Coomassie blue-stained SDS/polyacrylamide
gel (22) of Xenopus C3 fragments eluted from zymosan. Markers at
left indicate positions and Mr x 10-3 of standard proteins. (B)
Immunoblots ofXenopus serum probed with rabbit anti-Xenopus C3
antibody (lane 1), antibody affinity-purified on zymosan particles
having fixed Xenopus C3 a-chain fragments (lane 2), or antibody
affinity-purified on clone C3-27 (lane 3). (C) Reactive C3-27 (open
arrow) and unreactive (solid arrow) plaques with affinity-purified
anti-Xenopus C3 antibody.

libraries tested, appear to be considerably shorter than the
full-length C3 mRNA, which is expected to be about 5.5
kilobases(kb).
The full pC3-27 sequence was determined, as well as addi-

tional regions of pC3-39. When the assembled nucleic acid
sequence of this region ofXenopus C3 is aligned with the human
C3 sequence (Fig. 2), it shows 57% nucleotide identity.

In Fig. 3 the cloned region of Xenopus C3 is aligned with
the corresponding regions of the human mRNA and human
protein. The human mRNA is 5.5 kb and encodes a protein
that is cleaved once to give the a andf3 chains of mature C3
(2). The Xenopus C3 sequence aligns at the 3' end of the
mRNA and at the C terminus of the mature a chain.

In Fig. 4 the deduced Xenopus C3 amino acid sequence is
aligned with the available mammalian sequences, as well as with
the sequences of the structurally related molecules C4 (26), C5
(27), and a2-macroglobulin (a2M) (28). All sequences were
aligned against the Xenopus sequence. The Xenopus C3 amino
acid sequence is about equally similar to the three mammalian
C3 sequences and significantly less similar to the C4, C5, and
a2M sequences (Table 1). Amino acid residues at positions 48
(cysteine), 63 (aspartic acid), 69 (glycine), 80 (leucine), and
others (in reversed print in Fig. 4) are conserved in all comple-
ment sequences aligned, although these proteins have diverged
considerably in function. These residues are mostly either
cysteine or hydrophobic and may be necessary for the overall
structural integrity of this family of proteins. In addition to the
cysteines found in the Mr 40,000 mammalian C3 fragment,
Xenopus C3 has three additional cysteines at positions 25, 27,
and 33. In mammalian C3 one of the cysteines is disulfide-
bonded to the Mr 67,000 N-terminal a-chain fragment. The Mr
34,000 C-terminal fragment of the a-chain is smaller than the
mammalian Mr 40,000 fragment, so Xenopus C3 may have a
different site of factor I cleavage. A potential Arg/Ser cleavage
site is located at residues 37 and 38, and a fragment of Mr
32,000 would result from cleavage there. If this is the case, the
additional cysteines would not reside in the Mr 34,000 C-
terminal fragment.

Several structural features shared by these proteins are
apparent from these comparisons. The properdin-binding
region of human C3 (residues 84-116) (29), which has been
further localized to 9 amino acids (residues 105-113; M.
Daoudaki and J.L., unpublished observations), shows high
degree of similarity to C3 of other species, and much less
similarity to the non-properdin-binding proteins C4, C5, and
a2M. Interestingly, the tripeptide RGD sequence in the
human C3 sequence, reported to be the recognition site of
CR3 on iC3b (30), is not completely conserved in the mouse
and rabbit sequences and is absent in the Xenopus sequence.
However, considerable conservation exists to the C-terminal
side of the RGD site.
The Xenopus C3 Gene Is Not Linked to the MHC. A

Southern blot was done with DNA from a family of inter-
species hybrids from a cross of X. laevis and X. gilli (Fig. 5).
These frogs make diploid eggs that develop upon stimulation
with irradiated sperm, and are thus maintained as clones. The
MHC types of these cloned frogs were determined by grafting
and by mixed lymphocyte culture. In this family there are
four MHC haplotypes, a, b, c, and d, which segregate
independently (31). The DNAs were digested with EcoRV
and Pst I, and the blot was probed with a fragment comprising
425 base pairs 5' of the BamHI site from the pC3-27 subclone
(see Fig. 3). The LG6, LG15, and LG17 frogs all have the
MHC haplotypes a and c. However, the LG6 DNA has a
24-kb EcoRV fragment that is not shared by LG17. Further-
more, LG15 has a 24-kb Pst I fragment that is not shared by
either LG6 or LG17. LG15 also lacks a 6-kb Pst I fragment
that is present in LG6 and LG17. In each of these cases, frogs
with identical MHC haplotypes have different C3 restriction
fragment polymorphisms. In addition, two individuals, LG3

Proc. Natl. Acad Sci. USA 86 (1989)
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Xenopus C3
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111 III II I II II I1111 II II III 11 1111 III II 1111 I III11 I I1 11
TTGTCGGTGGTGACA&TGTACC&TGCTAAGGCCAAAGATCAACTCACC... TGTALTAAATTCGACCTCAAmGTCLCC&TAAA&CC&G&CGQ&ACGAAAGGCCTCAQQ&TGCCAAGAACACTATGATCCTTGAG 4222
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Human C3
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ATCT~kCCG(;TCCGGGLGLCAGGTGCCCTATTC~kATTGCATRC~kTKT~hTGGCTTOCTG&CTGARCAOC = CATGGGTTGCAGLAC&TTCCAGT&TAGC 43636
IC TR Y R GD QD A TXSI L D I SK T G FA PD TD DLK Q LANG V D RY I S K YIL

D KA F SD RENTLI I YL D KV SHBS RDD CL A F KVHBQY FNV ZLI Q P GA V KV YA

Y Y TP D NR C T KF YHBV RG SA LL A GI C Q GDI C R CA ZN C FKQ Q QI ZG KI

TATTATATCCAGATkATCGTG~hCTA~TTTTACCTGTGCTTGCTOOAGGG&TTGCCAAG TGTTTCTGCAGCACA~hTTAGGGTAAATC564
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ATCTTGGTGGGCACTGCCT~kGA~r.A~kKTGCAA"CGAGAGAC-- CTGGCGCTTCILCCAGAGkTGGTTTCTTTGGTGCCC~kCT CCILTTC4924
VQIQQXWVRTHFI EES ICRQDEALKLIQKQ CQHYLG VGLESSDFVVWFGICDNLTER

GACCAAATGTTCCTCTTCCAGCTATCGTGTGTTAATTTGAAAGTTTTCATGTTTAATAAGTTCAAAAACATTAT ~PolTyAPoy10878

FIG. 2. Alignment of the Xenopus and human C3 nucleotide sequences. Spaces represent gaps introduced to improve alignment. The
translated amino acid sequences are in single-letter code with the nucleotide sequences.

and LG6, have identical C3 restriction fragment patterns but haplotypes, the C3 gene is not linked to the MHC. A similar
have different MHC haplotypes. Since the restriction frag- lack of cosegregation was observed with 18 other MHC-typed
ment length polymorphisms do not segregate with the MHC sibling frogs (data not shown).
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FIG. 3. Comparison of cloned Xenopus C3 with human C3 mRNA and protein. The regions of Xenopus C3 represented in the clones C3-27
and C3-39 are shown aligned with the human mRNA and protein. The human protein is synthesized as a single-chain precursor, which is cleaved
into a and f3 chains to form the mature protein. I, factor I cleavage sites; RGD, Arg-Gly-Asp; P, properdin binding site; C3a, CMd, and COg,
proteolytic fragments of C3 (M, x 10O3 indicated) as described (2).
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FIG. 4. Comparison of the de-
duced Xenopus C3 (XENC3) amino
acid sequence with sequences of
mouse C3 (MUSC3) (23), rabbit C3
(RABC3) (24), human C3 (HUMC3)
(25), human C4 (HUMC4) (26),
mouse C5 (MUSC5) (27), and human
a2M (HUMA2M) (28). The number-
ing is from the Xenopus sequence.
The first amino acid in each other case
is as follows: mouse C3, 1342; rabbit
C3, 405; human C3, 1342; human C4,
1403; mouse C5, 1322; human a2M,
1313. The box labeled "RGD" en-
closes the Arg-Gly-Asp sequence of
human C3 and the corresponding
squences of the other C3 sequences.
The boxes labeled "properdin bind-
ing" enclose the human C3 regions
found to bind properdin (29). Identi-
ties with the Xenopus sequence are
shown by dots, and gaps are shown by
dashes. Residues shown in white-
on-black type are conserved in all
complement sequences aligned.

DISCUSSION
The initiation of the alternative pathway of complement
activation, which occurs in the absence of antibody, relies on
the slow but continuous activation of C3 (2). During com-
plement activation the C3b fragment ofC3 can be fixed on self
and non-self surfaces, but in the case of self it is inactivated
by widely distributed down-regulatory molecules (32). The
alternative pathway may thus be a very ancient form of
immunological defense, pre-dating the evolution of antibod-
ies.
Xenopus C3 has the same subunit structure as mammalian

C3 (7). This structure is also shared by the C3 from bird (33),
reptile (34), and fish (35) but not by the C3 from lamprey,
which has a three-subunit structure (36). C3b binds cell
surfaces via its thioester site, and this property was utilized
to purify Xenopus C3 bound to zymosan, which in turn was
used to prepare a rabbit anti-Xenopus C3b antibody. This
antibody was used to isolate an expression clone representing
Xenopus C3 from a liver cDNA library. Liver is the major site
of C3 synthesis in mammals (37). The anti-C3 antibody,
which was affinity-purified on protein expressed by the C3-27
clone, recognized the same fragments of C3 on immunoblot
strips as the antibody purified on C3 fragments fixed to
zymosan (Fig. 1B, lanes 2 and 3). This verified that the clone
indeed represents Xenopus C3. The Mr 115,000 protein
represents the a' chain of C3b, and the Mr 34,000 protein
represents the C-terminal end of the a chain of iC3b (7).
The sequence ofXenopus C3 has significant nucleotide and

amino acid similarity with the corresponding sequence of
Table 1. Amino acid conservation between Xenopus C3 and
other related proteins

% identity
Human Mouse Rabbit Human Mouse Human
C3 C3 C3 C4 CS a2M

Xenopus C3 48 50 49 25 28 22
Human C3 76 76 21 24 20
Mouse C3 78 22 25 20
Rabbit C3 22 24 18
Human C4 17 14
Mouse CS 13

Values are percentages of identities for all positions that are
matched in the alignment shown in Fig. 3.

human (25), mouse (23), and rabbit (24) C3, the three species
for which C3 sequence is available. Alignment of the Xeno-
pus C3 sequence with these sequences shows clusters of
sequence conservation. Although present, these conserved
clusters are not as apparent when mammalian sequences are
compared among themselves, presumably because the mam-
malian species from which C3 sequence is available are too
closely related. One of these conserved clusters correlates
quite closely with the region of C3b that mediates properdin
binding. It is also interesting that the human RGD sequence
is absent in Xenopus C3. The RGD sequence has been
reported to be involved in iC3b binding to CR3 (30) and
functions as a general attachment site of several adhesion
molecules to their receptors (38, 39). Mammalian macro-
phages have CR3, as well as the more widely distributed C3b
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FIG. 5. MHC non-linkage of the Xenopus C3 gene. Genomic
Southern blots of DNA from MHC-typed X. laevis x X. gilli hybrid
siblings. DNA was digested with Pst I (Left) or EcoRV (Right).
Leftmost lane in each blot shows HindIII fragments of phage A DNA
used as size markers.
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receptor, CR1 (1). Since Xenopus macrophages bind Xeno-
pus C3b/iC3b-coated sheep erythrocytes (9), either this
binding was via the Xenopus equivalent of CR1 or the binding
of Xenopus iC3b to the CR3 receptor does not require the
RGD sequence. The 20 amino acids extending to the C
terminus of the human RGD sequence are highly conserved
in all C3 sequences. Since these residues were present in the
peptides used to show binding to CR3 (30), it may be these,
rather than RGD, that are important for CR3 binding. The
other extended regions of conservation with the other C3
sequences (amino acids 56-74, 170-180, 244-254, and 279-
286) may be involved in binding of the other C3 ligands. C3
has many natural ligands besides properdin, some of which
are factors I, H and B, C5, CR1, CR2, CR3, CR4, and
membrane cofactor protein (MCP) (1, 3). Ligands must
evolve to match each other, and the necessity for dual
evolution is expected to make change at these sites slower.
This seems to have been the case for the site of properdin
binding.
The Xenopus sequence is 2-3% more similar to C4, C5, and

a2M than are the other mammalian C3 sequences. Although
this difference in similarity is small, it is present in all three
sequences and suggests that Xenopus C3 has evolved more
slowly than mammalian C3. The nucleotide alignment shows
no stretches of sequence with sufficient nucleotide similarity
expected to permit the isolation of this gene by hybridization
with human probes. This may explain the inability to isolate
a Xenopus C4 clone by low-stringency hybridization with
human or mouse probes (D.G., unpublished observations).

C3, C4, C5, and a2M are structurally related and are
thought to have arisen by gene duplication from an ancestral
gene (40). The most primitive vertebrate, the lamprey, has
"C3" with a subunit structure similar to mammalian C4, and
it has been suggested to represent the ancestor molecule of
higher vertebrate C3 and C4 (41). The C4 gene is in the MHC
of Xenopus (42), humans, and mice (43), although comple-
ment proteins have not been found to interact in any way with
MHC proteins. The C3 gene is not in the MHC ofhumans (44)
or mice (45). The genes for C4 and the other complement
components factor B and C2 have been said to reside in the
MHC as a result of an accidental translocation (46). But these
genes may have evolved within the MHC, and the C3 gene
may have translocated out. To determine whether the C3
gene of Xenopus is linked to the Xenopus MHC, a Southern
blot was done with DNA of a family of X. laevis x X. gilli
hybrid siblings. The polymorphisms observed did not coseg-
regate with the MHC alleles, and C3 is therefore not linked
to the Xenopus MHC, as is the case with mammals. The
translocation event that separated these duplicated genes
must therefore have antedated the Xenopus/mammal diver-
gence.
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