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It has been widely accepted that cyclostomes are the most
primitive vertebrates extant with the ability to produce
antibodies. We isolated cDNA clones that encode a

putative 'antibody' from one of the cyclostomes,
Eptatretus burgeri. The amino acid sequence predicted
from the nucleotide sequences of. the cDNA clones
indicated that this gene does actually encode the proteins
isolated as hagfish 'antibodies' by various investigators.
However, these proteins are not similar to mammalian
immunoglobulins but have some characteristics common
to complements C3, C4 and C5 in higher vertebrates.
We discuss the relationships of the isolated gene for
hagfish complement with the mammalian genes for
complements C3, C4 and C5. We also discuss the
possibility of the presence of antibodies in cyclostomes.
Key words: complement/cyclostome/evolution/immuno-
globulin

Introduction
The most intriguing question in the evolution of the adaptive
immune system is how did the immunoglobulins (Igs), T-
cell receptors (TcRs) and antigens of the major histo-
compatibility complex (MHC) evolve? There is a consensus

of opinion that Ig and TcR genes are derived from a single
primordial gene (Williams and Barclay, 1988). It remains
to be determined which gene system appeared first, and
which species acquired these gene systems during evolution.
It is widely accepted that cyclostomes are the most primitive
vertebrates extant with the ability to produce antibodies (Abs)
(for review see Du Pasquier, 1989). Ig genes in elasmo-
branchs have been well characterized by Litman's group

(Hinds and Litman, 1986), but no one has isolated Ig genes
of cyclostome. Marchalonis and Edelman (1968) reported
that sea lamprey, Petromyzon marinus, one of the
cyclostomes, produces a specific Ab in response to immuniz-
ation with bacteriophage f2. Subsequently, Raison et al.
(1978) showed that hagfish, Eptatretus stoutii, also produces
an Ab against group A streptococcal carbohydrate after
prolonged immunization with the whole cell vaccine. Judging
from the molecular weights and immunoelectrophoretic
properties of the two Abs, the authors concluded that the
heavy (H) chains of the Abs are it-like.

Hagfish Abs have been purified by three groups of
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investigators (Raison et al., 1978; Kobayashi et al., 1985;
Varner et al., 1991). Raison et al. (1978) reported that the
isolated Ab has a high binding affinity for the streptococcal
carbohydrate used for immunization. The N-terminal partial
amino acid sequences of the H chains of this molecule were
reported by Raison's group (Hanley et al., 1990). Litman
and his coworkers also reported the partial amino acid
sequences of a putative Ig isolated as a reduction-sensitive
heterodimer from hagfish serum (Varner et al., 1991). Based
on the physical properties, serological cross-reactivity with
antisera against Ig of horned shark (Heterodontusfrancisci)
and the peptide sequences of the isolated molecules, they
suggested that the isolated protein was an Ig. In both studies,
the H chains were split into two polypeptides of different
sizes, amino acid sequences and composition. In this study
we first determined the N-terminal amino acid sequence of
the H chains of a putative Ig isolated from another kind of
hagfish, Eptatretus burgeri, by Kobayashi et al. (1985) and
then isolated cDNA clones that encoded this molecule. The
amino acid sequence predicted from their nucleotide
sequences indicated that the three proteins isolated by three
independent groups as hagfish Ig (Kobayashi et al., 1985;
Hanley et al., 1990; Varner et al., 1991) are identical to
one another. Contrary to previous hypotheses, however,
these molecules are not similar to mammalian Ig but are
similar to complements C3, C4 and C5.
A complement system consists of a set of plasma and cell

surface proteins playing an important role in amplification
of the recognition and elimination of foreign substances (for
review, see Frank and Fries, 1989). This process occurs
through an activation cascade which results in the formation
of bioactive fragments by proteolytic cleavage and the
assembly of a protein complex that is capable of lysing cells.
Two pathways have been shown to trigger the activation
cascade. The classical pathway of complement is initiated
by the formation of an antigen-Ab complex. Recognition
of the antigen-Ab complex by the proteins in the classical
pathway leads to sequential formation of enzymes with serine
protease activity. These enzymes cleave and activate C3. The
alternative complement pathway is initiated without Ab (for
review see Muller-Eberhard and Schreiber, 1980). Six
plasma proteins, C3, factors D, B, H and I and properdine,
participate in the initial activation step of this pathway.
Among the components of complement, C3, C4 and C5
exhibit functional as well as chemical homologies. C3 plays
a key role in both the classical and alternative pathways of
complement by interacting with various other plasma and
cell surface components of complements (for review see
Becherer et al., 1989). Activation of the classical pathway
is initiated by the binding of Cl to an antigen-Ab complex
and the subsequent activation of the Ab-bound Cl. The
activated Cl further activates C4 by proteolysis. C4 is not
involved in the alternative pathway. C5 is activated by
proteolysis with enzymes formed during activation of both
the classical and alternative pathways. C3, C4 and C5 were
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N-terminus of 88K polypeptide
(peptide I)

S K V L V I A P AATSSYDDLAVAIL M V D Q K T I T E
5'-AARGTGYTRGTGATVGCNCC-3' 3'-TACCANCTRGTYTTYTGKTADTG-5'

(primer A)

N-terminus of 76K polypeptide

(primer B)

SQG E D F M I Q E S (peptide II)
3'-CTYCTRAARTACTADGTYCT-5'

(primer G)

N-terminus of 25K polypeptide

INPEFNVY (peptide III)

CNBr digested polypeptide

MNPDGVVV D R I E K N AFEVEKV
3'-CTRKCNTADCTYTTYTTR-5'

(primer C)

MEASDLG C S V G S G K T GPL
3'-ACRAGNCAVCCRAGNCCVTTTTG-5'

(primer E)

(peptide IV)

(peptide V)

396 417
(primer D) 5'-ATCTTCGCTGGTAGTGGATATC-3'

777 794
(primer F) 5'-TTCAGCTTTGGCTCGATT-3'

Fig. 1. Partial amino acid sequences of hagfish 'antibody' and primers for PCR. Amino acid sequences of five peptides (peptides I-V) were
determined. Based on the peptide sequences, five kinds of mixed oligonucleotide were designed as primers for PCR. Two other oligonucleotides
were based on the determined nucleotide sequences. Nucleotide usages are as follows: R: G,A; Y: C,T; K: G,T; V: A,C,T; D: G,A,T;
N: G,A,C,T.

shown to have subunit structures. C3 is composed of two
disulfide-linked chains: oa, 120 kDa and ,B, 75 kDa
(De Bruijn and Fey, 1985). C4 is composed of three
disulfide-linked chains, termed a, 3 and -y, of 93, 78 and
33 kDa, respectively (Belt et al., 1984). C5 consists of two
disulfide-linked chains: a, 115 kDa and ,B, 75 kDa (Wetsel
et al., 1987). C3, C4 and C5 are synthesized as a single-
chain precursor molecule with the j3 chain at the N-terminus
and each subunit structure is formed as a post-translational
event.
Xenopus is the lowest vertebrate from which a gene for

complement has been isolated to date (Grossberger et al.,
1989). The presence of complements in cyclostomes has
already been demonstrated (Day et al., 1970). Nonaka et al.
(1984) purified a complement protein from lamprey that was
functionally homologous to mammalian C3 and structurally
homologous to mammalian C4. It consisted of a, ,B and 7y
(84, 74 and 32 kDa, respectively) linked by disulfide bonds.
Fujii et al. (1992) purified a complement protein from
hagfish that was homologous to mammalian C3. In the case
of the hagfish, however, the protein was composed of two
subunits of 115 and 77 kDa linked by disulfide bonds. The
hagfish gene isolated in this study encoded the complement
protein purified by Fujii et al. (1992) although the subunit
structure was similar to that of the lamprey complement.

Results
Purification of the putative Ig of the hagfish, E. burgeri, was
described previously (Kobayashi et al., 1985). The purified
protein was subjected to SDS -PAGE under reducing
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conditions. Two H chain bands, 88 and 76 kDa, were
identified although Kobayashi et al. (1985) described the
presence of only a single H chain band. This discrepancy
may be due to differences in resolution during SDS -PAGE.
Two light (L) chains were also identified, a major (25 kDa)
and a minor (22 kDa) band, in agreement with the previous
observation (Kobayashi et al., 1985). After separation by
SDS -PAGE, the polypeptides were electroblotted onto a
polyvinylidene difluoride (PVDF) membrane, and the N-
terminal sequences of the 76 kDa and 25 kDa polypeptides
were determined as described by Matsudaira (1987). In the
case of the 88 kDa polypeptide, the N-terminal sequence
of 31 amino acids was determined after elution of the band
from the gel. A mixture of two H chains was treated with
cyanogen bromide (CNBr) and separated by reverse phase
HPLC. The amino acid sequences of the two fragments were
determined. Figure 1 summarizes all the partial amino acid
sequences that were determined.
To prepare the probe for hybridization, we used the

polymerase chain reaction (PCR) (Saiki et al., 1988). Two
primers, A and B, corresponding to the N- and C-terminal
sequences of peptide I, respectively, were synthesized for
PCR. Since the specific cell type(s) expressing these
molecules were unknown, hagfish genomic DNA was
subjected to PCR. Amplified products of 86 nucleotides in
length were cloned and sequenced. One clone, corresponding
to peptide I, was selected as a hybridization probe. A hagfish
genomic DNA library was constructed in X phage, screened
with this probe, and one of the positive clones, Xhag-1, was
characterized (Figure 2). Figure 3 shows the nucleotide
sequence of the fragment that contained the probe-positive
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Fig. 2. Gross structures of hagfish complement and mammalian complements C3, C4 and C5. Restriction map of Xhag-1 (top line). Restriction sites:
S, Sau3A (partially digested ends); H, HindUI; B, BamHI; E, EcoRI. P1 corresponds to fragment I. P2 corresponds to the region amplified by PCR
using primers A and C. P3 corresponds to the region amplified using primers D and E. P4 corresponds to the region amplified using primers F and
G. Hcl6 is a cDNA clone. The structures of human C3, C4 and mouse C5 were taken from De Bruijn et al. (1985); Belt et al. (1984) and Wetsel
et al. (1987), respectively.

aatacgcctttcctgcaaagccggacaaattatgccagcaaatacaacagatgtgcatgg
tgaatttaatacttttgctcatgataagatgatgataaatatcaccattttgtttgctat

V L V I A P A A T S S
gtctaccctgatgaaccccccactaaGGTGcTTGTGATTGCGCCGGCTGCAACCTCTTCG
AccI
Y D D L A V A I L M V D Q K K I T E V H

TACGATGACCTCGCAGTTGCAATTTTAATGGTGGATCAGAAAAAAATCACCGAAGTACAT
V L L V N P H T G A T L D E K K V K L Q
GTTCTTTTGGTGAACCCACACACTGGCGCTACTCTGGATGAGAAAAAAGTGAAATTGCAA
W D N K F I A F T K L Q
TGGGATAACAAATTCATTGCCTTCACTAAGCTTCAG_Laagtagtttgtttca

HindIII

Fig. 3. Partial nucleotide sequence of Xhag-l. A region encoding
peptide I was sequenced. Two amino acid residues at the N-terminus
of peptide I were not encoded by this region. This AccI-HindIII
fragment was used as a probe (probe A) for further analysis.

A B

J.42 -

region. This region encodes peptide I with the exception of
two amino acids that are missing from the N-terminus and
one amino acid difference. Two amino acids at the N-
terminus of peptide I should be encoded by another exon,
since a pyrimidine-rich stretch plus an AG sequence was

observed in the upstream region. Using the 206 bp
AccI-HindIII fragment indicated in Figure 3 as probe
(probe A), Southern hybridization was carried out. As shown
in Figure 4A, one band was detected in the EcoRI-, HindI-
and BamHI-digested hagfish DNA. This gene seems not to
be part of a large family, as expected for genes for Ig VH.
In order to determine the organ in which this gene is
expressed, various mRNAs derived from different tissues,
including liver, buffy coat fraction, pronephros and intestine,
were subjected to Northern hybridization with probe A. A
weak band was detected at 5 kb only in the case of liver-
derived mRNA (Figure 4B). Since the amount of mRNA
encoding this gene seemed to be very small and the size of
the mRNA was relatively large, a PCR strategy was adopted
to obtain cDNAs, instead of construction of a cDNA library,
as follows. Two combinations of primers A and C, as well
as A and E, described in Figure 1, were tested for PCR using
the cDNA prepared from hagfish liver mRNA. A combina-
tion of primer A and primer C complementary to the RNA
sequence that encodes the amino acid sequence DRIEKN
in peptide IV yielded a 462 bp amplified fragment which
was positive to probe A. This 462 bp fragment was cloned

4 28S
3.56 -

:'.36-~ 4 18S

3.52 -

2).02 -

588

195 -

Fig. 4. Southern and Northern hybridizations of hagfish genomic DNA
and mRNA. (A) Five jig of hagfish genomic DNA were digested with
EcoRI (lane 1), BamHI (lane 2) or HindUI (lane 3), and fractionated
on a 1% agarose gel. HindUl and HindIII-EcoRI-digested X phage
DNA was used as a size marker and sizes of fragments are shown
in kb. (B) Two Isg of poly(A)-containing mRNA from liver were

subjected to electrophoresis on a 1% agarose gel. Probe A was used
for both experiments.
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-0 P-chain
IV L V I A P A A T S S Y D D L A V A I L M V D Q K K I T E V H V L L V N P H T G

GTGCTTGTGATTGCGCCGGCTGCAACCTCTTCGTACGATGACCTCGCAGTTGCAATTTTAATGGTGGATCAGAAAAAAATCACCGAAGTACATGTTCTTTTGGTGAACCCACACACTGGC 120

A T L D E K K V K L Q W D N K F I A F T K L Q V T P K E V E K W K E D F V R L M

GCTACTCTGGATGAGAAAAAAGTGAAATTGCAATGGGATAACAAATTCATAGCCTTCACTAAGCTTCAGGTTACACCAAAAGAGGTGGAGAAATGGAAGGAGGACTTTGTACGTTTGATG 240

V K W D G G Q H M E I D I P L T S R R G L V F A Q T D Q P I Y T P N N D V N I R
GTGAAGTGGGATGGCGGTCAACACATGGAGATTGATATCCCTCTGACATCCCGACGGGGTCTTGTATTTGCACAAACAGATCAGCCAATCTACACGCCGAACAATGATGTGAATATCCGG 360

L F P V T R Q L N P T L S S LT-V V D I M N P D G V V V D R I E K N A F E V E K V

TTGTTTCCCGTGACCCGACAACTCAACCCCATTTTATCTTCGCTGGTAGTGGATATCATGAACCCAGATGGTGTTGTCGTGGACAGAATTGAGAAAAATGCTTTTGAAGTCGAGAAAGTG 480

M E L R P F H V P A I T S L G D W K I V S W M K D K P Q F N Y T S G F K V E E Y
ATGGAACTCAGGCCTTTTCATGTCCCGGCTATTACCAGTCTTGGGGATTGGAAGATTGTATCTTGGATGAAAGACAAGCCACAGTTCAATTATACATCGGGGTTCAAGGTCGAGGAATAT 600

V L P T F D V S I T S E Q P Y L H V Y D K A F T I H I K A M H I Y G K P V M G R

GTCCTACCCACATTTGACGTGTCCATTACAAGTGAACAACCATACCTGCACGTCTATGACAAGGCCTTTACGATTCATATAAAGGCAATGCATATATATGGCAAGCCAGTAATGGGACGT 7720

A Y V R Y G V K H Q S K R T L L S T S S A L A R F E Q G E A M H T L R Q K H I L
GCATATGTTCGCTATGGAGTGAAACATCAATCGAAGAGGACACTTTTATCAACCTCTTCAGCTTTGGCTCGATTTGAACAAGGTGAAGCCATGCACACCTTAAGGCAGAAACATATCCTG 840

E Q Y P D P K L L L G Q S L Y V E A S V I S S D A G E I E N S I L D D I P I V A

GAGCAATATCCCGATCCCAAATTGCTGCTCGGACAGTCGCTTTATGTTGAGGCTTCAGTCATTTCTTCTGACGCCGGGGAAATITGAAAACTCTATTCTCGATGACATTCCAATTGTGGCT 960

S P Y S I K S K W T V P F F K P G V P Y I Y K V L V L N P D G S P A S G V P I K

TCTCCATACAGTATCAAATCAAAATGGACTGTGCCATTTTTCAAGCCTGGTGTTCCTTACATTTACAAGGTTCTCGTGTTGAACCCTGATGGCTCCCCTGCTTCTGGAGTCCCTATAAAG 1080

V S F S F D S S G N W I T Q K R K T M D N G I A M O T I N T A R N S K K L N I K

GTGTCATTCTCATTTGATTCAAGTGGCAATTGGATCACACAAAAGAGGAAAACTATGGACAATGGCATAGCCATGCAAACTATCAACACAGCTAGAAACAGCAAAAAACTGAACATCAAA 1200

V Q T E D E R L E Q S Q Q A E A S F T I A S Y S S P S G S F I H L N A H R E V K

GTCCAGACTGAAGATGAACGGCTTGAACAGTCCCAACAGGCGGAGGCATCATTTAC.&ATCGCATCATATTCCTCCCCAAGTGGAAGTTTTATTCACCTGAATGCCCATCGTGAAGTAAAA 1320

S P G E H I V F D V F I K S A A K D H V L H F N Y L M I S N G K I H N F L Q E G

TCTCCTGGTGAACACATCGTTTTCGACGTATTCATCAAGAGCGCCGCCAAAGACCATGTTTTACACTTTAACTACTTGATGATCAGCAATGGAAAGATACACAACTTTCTGCAGGAGGGT 1440

R K G D T T S V S L L L T P E L V P O F R L V A F F I L P S G E L V A D S I I I
CGCAAAGGCGACACCACTTCAGTTTCCCTGTTATTGACGCCTGAACTTGTCCCACAATTTCGTTTGGTTGCCTTCTTCATTCTACCCTCTGGCGAGCTTGTCGCAGATTCCATTATTATT 1560

D V K D S C H A K L S L D V A G G K R L F S P R D N V N F D L S G E S D S W V A

GATGTAAAGGATTCCTGCCATGCAAAGCTCTCACTGGATGTCGCAGGAGGAAAGAGGC-LTTTTTCACCAAGAGATAATGTAAACTTTGATTTGTCTGGAGAATCAGATTCTTGGGTGGCT 1680

V G V V D K A A Y V L D K K N K L T A N K V Y K A M E A S D L G C S V G S G K T

GTGGGAGTCGTGGACAAAGCTGCTTATGTTCTTGACAAGAAAAATAAACTTACAGCCAACAAGGTGTACAAGGCAATGGAAGCATCAGATTTAGGCTGTTCAGTTGGTAGCGGCAAAACG 1800
f-chain -a

G P LV F R D A G L A I M A K E I S G M D D V K D P G C P N G H T R R K R E L V

GGTCCACTTGTGTTCCGGGATGCTGGCCTTGCCATTATGGCGAAAGAAATTTCTGGAATGGATGATGTTAAAGATCCAGGATGCCCAAATGGACATACACGTCGCAAACGAGAGTTGGTT 1920
a-chain
L E I A I E K A S T Y P A E L R K CC R D A A I E S P L R L S C E E R T K H I H

CTGGAGATTGrCCATCGAGAAAGCTTCAACATACCCAGCTGAACTGCGGAAATGTTGC-CGAGATGCTGCAATCGAGAGCCCTTTAAGATTGAGCTGTGAAGAAAGAACAAAGCATATCCAC 2040

D E G E G C Q E T F L E C C K H V E E E L L I A M E E E D E D L G R IS Q G E D F

GACGMAGGTGAGGGATGCCAGGAAACATTCTTGGAGTGCTGCAAGCATGTTGAGGAAGAGTTACTGATAGCTATGGAAGAAGAAGATGAGGATCTTGGGCGAAGCCAGGGAGAAGACTTC 2160

M I Q E S |Q V V I R S H F P E S F M W E I I K L S R S A E N G K S R I T K K M P

ATGATTCAAGAATCTCAGGTCGTTATACGCTCCCATTTTCCTGAGAGCTTCATGTGGGAGATCATCAAATTGAGCAGGTCAGCCGAGAATGGCAAATCTCGAATTACAAAAAAAATGCCC 2280

D S I T T W D I Q A V E V S Q S K G L C V G P S L E L T V F K O F F L K V H T P

GATTCGATCACGACTTGGGACATTCAGGCCGTTGAAGTCTCTCAATCTAAAGGACTTTGTGTGGGGCCTTCGCTGGAGCTGACTGTGTTTAAGCAATTTTTCCTCAAGGTGCACACACCG 2400

Y A L K Q Y E QV E L R V V I Y N Y M N 0 D V K G E I Q V K C G D G I C T D A E

TATGCATTAAAGCAATACGAACAAGTGGAGCTCAGAGTTGTGATCTACAACTACATGAACCAAGATGTGAAGGGTGAGATTCAGGTGAAATGTGGAGATGGCATTTGCACTGATGCAGAA 2520

Q N E P L K S R F A V E K N S A T S F S F M V V P L S S S D S S V S V L A R V F

CAAAATGAGCCTCTAAAGTCTCGTTTCGCAGTGGAGAAAAACTCTGCCACCTCATTTTCTTTCATGGTCGTGCCTTTGTCTTCAAGTGACTCTTCCGTCTCTGTCTTGGCTCGAGTATTT 2640

G S D V H D A V E K D L R V M P E G N Y E E M S R S W S V Q P R R H G GO Q V I

GGCTCTGATGTACACGACGCTGTGGAGAAGGACTTGAGAGTAATGCCTGAAGGGAATTATGAAGAAATGTCTCGCAGTTGGTCTGTTCAACCAAGGCGTCATGGTGGACAGCAAGTGATC 2760

V V D N E T P O N V V P G T E M S A F L S A Q G N L V A E T I Q N T L K G S K I

GTCGTTGATAATGAGACGCCACAAAATGTCGTTCCTGGAACTGAGATGTCAGCCTTCCTIAAGTGCTCAAGGAAATCTTGTTGCAGAGACAATTCAGAATACACTAAAAGGATCCAAAATT 2880

thioester aite
S N L L R L P R G C G E Q N M M Y T S I T V M V A R Y L N R S D O W N K M G D P

TCAAATCTTCTTAGATTGCCGAGGGGTT-G7TGGA-G-A-G-C-A-AAATATGATGTATACATCTA.TACGGTCATGGTCGCAAGGTATCTGAACCGAAGTGATCAGTGGAATAAAATGGGTGATCCT 3000

O L K K R S F D F I T S G F A S O L T Y R K P D Y S Y A A W L H R A S S T W L T

CAATTAAAGAAGCGTTCTTTTGATTTCATCACATCAGGGTTCGCCTCACAGCTGACTTACCGAAAGCCTGATTATTCATACGCAGCTTGGCTCCACCGAGCTAGCAGCACGTGGCTTACA 3120

A F V A K V F S Q A R Q L V F I P V S E I C G S V R W L M R K O D K D G S F L E

GCTTTTGTGGCAAAAGTATTCTCACAGGCAAGGCAGCTGGTTTTTATTCCGGTTTCATGAAATC',"GCGGCTCAGTACGTTGGC-TTATGAGAAAGCAAGATAAAGACGGTTCATTCCTTGAA 3240

832

S K P V V H L N M M G O V T G K V V L T S F V F I A L L E A R E S C I N E V E G

AGTAAACCAGTCGTCCACCTCAACATGATGGGTCAGGTGACTGGCAAAGTGGTACTTACTTCATTTGTTTTTATCGCTCTGCTTGAAGCTCGAGAATCCTGCATCAACGAGGTTGAAGGA 3360

F T V V V E K A H G Y L T S Q A M N G L E D F P L A I T A Y A L S L W K V S D G

TTCACAGTTGTAGTGGAAAAGGCACATGGATATCTAACAAGCCAAGCAATGAATGGTCTGGAAGATTTTCCACTGGCCATCACTGCATATGCCCTTAGTTTGTGGAAAGTCAGTGATGGA 33480
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AA K V T M H T L K T S G L Q T E E L I H W G S N K G K A A A V E S T A Y G T-LL
GCAGCAAAAGTTACAATGCATACGTTGAAAACTTCAGGGCTACAAACTGAAGAGTTAATACATTGGGGTTCAAACAAAGGGAAAGCTGCAGCAGTGGAGAGCACAGCCTATGGGCTTCTG 3600

AA TI OH F E G E I A E K A T N W L S Q S A T F G G Y F Q S T Q D T V M A L Q A
GCGGCTATTCAACATGAGGAGGGTGAAATTGCAGAGAAGGCAACCAATTGGCTTAGCCAGTCTGCAACTTTTGGTGGTTATTTCCAGTCCACACAGGATACAGTGATGGCACTGCAAGCA 3720

L T G F E S C Q S R M K K M D L S F K I R A E E N G V F D K E F Q I T N D N A F
CTGACGGGGTTTGAATCATGCCAATCAAGGATGAAAAAAATGGACTTATCTTTCAAGATACGAGCAGAAGAAAATGGTGTGTTTGACAAGGAATTCCAAATAACAAATGACAATGCCTTT 3840

V O K P F K V P V H G Q L T V T A S G T G Q G I L T F V K K Y R E K V V I K K D
GTCCAGAAACCATTTAAGGTACCAGTGCATGGACAACTGACAGTGACAGCAAGTGGCACAGGACAAGGCATTCTCACATTTGTAAAGAAGTACAGAGAGAAGGTGGTTATTAAAAAAGAC 3960

a-chain ' ychain
C K G F S L E I T T N L D N Q V K Q RR R Q S L-I N P E F N V Y |R F I G C F R Y L
TGCAAGGGGTTTTCTCTGGAAATCACGACTAATCTGGACAATCAAGTTAAACAACGCCGGCGTCAATCTATCAMTCCGGAATTCAATGTATACCGTTTCATCGGTTGTTTCAGGTATTTA 4080

R N 0 E P G M V V M D I S L P T G F E A K K K D L D D M K N L V D N Y I V Q Y E
CGAAACCAAGAGCCTGGGATGGTGGTTATGGATATTTCATTGCCAACAGGGTTTGAAGCGAAGAAGAAAGACTTGGATGATATGAAGAACCTTGTGGATAACTACATTGTGCAGTATGAG 4200

I R P G R V F L Y L D K V N K D E K N C V G F R L N O V F E S N L V L P V T A T
ATACGACCTGGTCGTGTCTTTCTCTATTTAGACAAGGTTAACAAGGATGAGAAGAACTGCGTGGGTTTTCGATTAAACCAGGTGTTTGAGAGTAACCTTGTCTTACCTGTCACCGCCACC 4320

V F E Y Y E P D F R C S K S Y H P K M E V N P D A S C H G N I C N C L Q R H C V
44440

E L K G M A D E D R N A D R N G N A C R A E Y V F I I G V T K V T K T A S Y I N
GAGTTGAAGGGAATGGCCGACGAGGACAGAAATGCAGATCGCAATGGTAACGCTTGTCGAGCGGAATATGTCTTCATCATTGGCGTAACAAAGGTGACGAAAACAGCAAGCTACATCAAT 4560

I N A A L X T V L K K G M D Q A I N V G A R R S F V I P M H C G K N L N V S P G
ATCAACGCAGCACTAAAAACTGTTCTAAAGAAAGGCATGGACCAGGCCATAAATGTGGGTGCCAGACGATCGTTTGTGATTCCGATGCATTGTGGGAAGAACCTTAATGTGTCACCTGGA 4680

D I Y L V M G M H N A H W R N S D R T Q Y V L T S D T W F E K F P L E S V C R L
GACATCTACTTGGTGATGGGGATGCATAATGCACACTGGAGAAACTCTGACAGGACACAATACGTCTTGACTTCAGACACGTGGTTTGAAAAGTTCCCACTGGAATCGGTATGCAGGTTG 4800

--chain -P S P P A S C O V S E N F K G C S L K G
CCTTCACCACCAGCAAGTTGCCAAGTTTCAGAAAATTTCAAAGGGTGCTCTTTAAAAGGGTAAAGTGCTTCGAGATTGTGCTTTTGAATAAAAAGAACTrACA 4902

Fig. 5. Total nucleotide and amino acid sequences of the hagfish complement. The isolated hagfish complement consists of three polypeptide, fi, ca
and y chains. Seventy-seven amino acid residues at the N-terminus of the ca chain were missing from the isolated hagfish complement. The five
peptides listed in Figure 1 are boxed. Three peptides, presumably corresponding to the sequences reported by Varner et al. (1991), are underlined.
The possible thioester site is underlined by a broken line.

and sequenced. In the next PCR, primer D, indicated in
Figure 1, and primer E, complementary to the RNA
sequence that encodes the amino acid sequence CSVGSGKT
in peptide V, provided information about the downstream
sequence. In this case, six nucleotides at the 3' end of the
sequence of primer E coincidentally corresponded to the
amino acid sequence of LLGQ with reading out-of-frame
and a 493 bp long fragment of DNA was amplified. After
the N-terminal sequence of 290 amino acids had been
determined, we noticed from comparisons of sequences that
this gene does not encode a mammalian Ig-like molecule but
encodes a complement-like molecule. We also noticed that
peptide V, indicated in Figure 1, might correspond to the
region with the amino acid sequence DLGCXXGXG which
is located in close proximity to the C-terminal end of
complement ( chains and conserved in complements C3,
C4 and C5. Since this hagfish gene seemed to encode a
complement, we judged that all three polypeptides, of 88,
76 and 25 kDa, should be encoded by a single mRNA. We
continued to implement the PCR strategy, using primer F
and primer G which is complementary to the RNA sequence
that encodes the N-terminus of the 76 kDa polypeptide. As
we expected, a single band was observed at 1400 bp in the
amplified products. By cloning of the material in this
amplified band, the total nucleotide sequence was elucidated.
In order to obtain information about sequences further
downstream, we constructed a cDNA library from hagfish
liver mRNA and screened it with the p4 fragment indicated
in Figure 2 as probe. One positive clone, Hc16, had a 2.2 kb
insert. Figure 5 shows the nucleotide sequence of the entire
coding region of this hagfish gene, apart from the N-terminal
signal sequence and two amino acids which should be

encoded by another exon. Peptide Ill was located at amino
acid residues 1344-1351. Thus, all five peptides listed in
Figure 1 were encoded by this gene.
The N-terminal amino acid sequences of the H chains

reported by Raison and coworkers (Hanley et al., 1990),
SKVLVIAPAAT and SQGEDFMIQET, were the same as
those determined by us except for a difference of one amino
acid (underlined). In the report by Vamer et al. (1991), the
N-termini ofH and L chains were blocked. They described
two partial amino acid sequences of H chains, STAY-
GNLAAIQPEE and LNPISSPLVV, and part of an L chain,
LESNLPSPPASCQVS. The hagfish gene shown in
Figure 5 also encoded these three peptides, with a few
differences (underlined). These discrepancies may be due
to differences between the species analyzed. E.stoutii (Raison
and Litman) and E.burgeri (this report). Thus, this hagfish
gene does actually encode the proteins so far isolated as
hagfish 'antibodies' by three independent groups of
investigators.

Discussion
Comparison of hagfish complement with mammalian
complements C3, C4 and C5
In Figure 6, the amino acid sequence of the hagfish gene
isolated in this study is compared with those of human C3
and C4, as well as murine C5 (De Bruijn et al., 1985: Belt
et al., 1984; Wetsel et al., 1987). Based on these alignments
of sequences, the extent of sequence identity between the
hagfish complement, human C3 and C4, and murine C5 was
calculated (Table I). While the sequence of Xenopus C3
shows 49% amino acid identity to human C3 (Grossberger

833

GTCTTCGAATATTATGAACCTGATTTCCGCTGTAGCAAATCCTACCACCCAAAGATGGAGGTGAACCCTGATGCTTCC-LGTCATGGAAATATCTGCAATTGTCTGCAACGACATTGTGTT



H.ishiguro et al.

HAG-C SKVLVIAPAATSSYDDLAVAILMVDQKKITEVHVLLVNPHTGATLD.EKKVKLQWDNKF.....IAFTKLQVTPKEVEKWKEDFVRLMVKWDGGQHMEIDIPLTSRRG
C3 SPMYSIITPNILRLESEETM-LEAHDA-GDVPVTVTVHDF-GKKLV-SS--T-LTPAT-HMGN ... VT--IPANREFKS--GRNK--.TVQATF-T-W-KVVLVSLQS-
C4 KPRLLLFSPSVVHLGVPLSVGVQLQDVPRGOVVGSVFLRNPSRNNVPCS-KVDF--SS-RDFA-LSLOVPLKDAKSCGLHQLLRGP--QLVAHSPWLKDSLSRTTNIQG-NLLFS
CS PG-HGYTEAFDATLS-KSY-DKKV-FSS.GY-N-SPE---QNAALLTLQPN--.-R-ESPVSHVYLEVVS-HF...SKSKK--I-YNN-

103 LVFAQTDQPIYTPNNDVNIRLFPVTRQLNPILSSLVDIMNPDGVVVDRIEKNAFEVEELRPFHVPAITSLGDWKIVSMKDKPQFNYTSGFKVEEYVLPTFDVSITSEQPYLHVYD
YL-I---KT----GST-LY-I-T-NHK-L-VGRTVM-N-E--E-IP-KQDSLSSQNQLG-LP-S.WDI-ELVNM-Q---RAYYENS--QVFSTE-E-K-----S-E-IVEPTEKFYYI-N
HL-L-------N-GQR-RY-V-ALDQKMR-STDTIT-MVE-SH-LR-RKK-VYMPSSIFQDD...-VI-D-SEP-T---SARFS-GLES-SSTQ-E-KK----N-E-K--PGK--ILTVP
IL-IH--K-V---DQS-K--VYSLGDD-K-AKRET-LTFID-E-SE--IV-E-DYTGIISFPD..-KI-SNPKY-V-T-KANY-KDFTTTG-AY-EIK-----R-S---EL-RTFIGYKN

223 ...KAFTIHIKAMHIYGKPV.MGRAYVRYGVKH...QSKRTLLSTSSALARFEQGEAMHTLRQKHILE... .QYPDPKLLLGQSLYVF.ASVISSDAGEIENSILDDIPIVASPYSIKSKW
E..-GLEVT-T-RFL---K-.E-T-F-IF-IQD... GEQ-IS-PE-LKRIPI-D-SGEVV-SR-VL-DGV..-NLRAED-V-K----S-T--LHSGSDMVQAERSG----T---Q-HFTK
GHLDEMQLD-Q-RY------. Q-V----F-LLD..EDG-K-FFRGLESQTKLVN-QSHIS-SKAEFQDALEKLNMGITD-Q-LR---A-AI-E-PG--M-EAE-TSWYF-S--F-LDLSK
F..-N-E-TV--RYF-N-V-PDAEV-AFF-LREDIKDEEKQMMHKATQA-KLVD-V-QISFDSETAVKEL..S-NSLED-NNKY--IAVT-TE-SG-FS-EAEIPGVKY-L---TLNLVA

332 TVPFFKPGVPYIYKVLVLNPDGSPASGVPIKVSFS......... FDSSGNWITQKRKTMDNGIAMQTINTARNSKKLNIKVQTEDERLEQSQQAEASFTIASYSSPSGSFIHLNAHREVK
-PKY----M-FDLM-F-T-------YR--VA-QGE........... DTVQSL--G.DGVAKLSINTHPSQKPL-ITVRT-K-ELS-AEQATRTMQ- ..LPY-TVGN-NNYL--SVL-TEL
-KRHLV--A-FLLQA--REMS------I-V---A............. TVSSPGSVPEAQ-IQQNTDGSGQVSIPIIIPQTISELQLSVSAGSPHP-IARLTVAAP---GPGF-SIE-PDS
-PL-V---I-FSI-AQ-KDSLEQAVG---VTI^MAQTVDVNQETSDLETKRS--HDTDGVAVFVLNLPS-VTVLKFEIRTDDPELP-ENQA-KEY--VAYSSLSQ-YIYIAWTENYKPMLV

443 SP... GEHIVFDVFIKSAAKDHVLHF..NYLMISNGKIHNFLQ..EGRKGDTTSVSLLLTPELVPQFRLVAFFILPSG.... ELVADSIIIDV.KDSCHAKLSLDVAGGKRLFS.PRDNV
R-...--TLNVNFLLRMDRAHEAKIRYYT--IMNK-RLLKAGRQVREPGQ-LVVLP-SI-TDFI-S-----YYT-IGASGQR-V----VWV--.----VGS-VVKSGQSEDRQPV-GQQM
R-PRV-DTLNLNLRAVGSGATFSHYY ...-MIL-R-Q-VFMN... REP-RTL----VFVDHH-A-S-YF--FYYHGDHP .......--N-LRV--QAGA-EG--E-S-D-A-QYRN ..GES-
.......YLNIM-TP--PYI-KIT-Y ..---IL-K---VQYGTREKLFSSTYQNINIPV-QNM--SA--LVYY-VTGEQTA.-----AVW-NI.EEK-GNQ-QVHLSPDEYVY-.-GQT-

V v

550 NFDLSGESDSWVAVGVVDKAAY..VLDKKNKLTANKVYKAMEASDLGCSVGSGKTGPLVFRDAGLAIMAKEISGMDDVKDPGCPNGHT. RRKR ELVL..EIAIEKASTYPA.ELRKCC
TLKIE-DHGAR-VLVA---GVF..--N------QS-IWDVV-KA-I--TP---KDYAG--S----TFTSSSGQQTAQRAELQ--QPAA. --R- SVQ-.T-KRMD-VGK--K.------
KLH-ETD-LAL--L-AL-T-L-AAGSKSHKP-NMG--FE--NSY----GP-G-DSALQ--QA----F.SDGDQWTLSR-RLS--KEK-T -K-- NVNF.QKAIN--LGQ-ASPTAKR--
SL-MVT-A-----LSA--R-V-K.-QGNAKRAMQRVFQALD-K-----GA-G-HDNAD--HL---TFLTNANADDSHYR-DS-KEIL.. -S-- N-H-LRQKIE-Q-AK-KHSVPK---

662 RDAAIESPLRLSCEERTKHIHDEGEGCQETFLECCKHVEEELLIAMEEEDEDLGR ...SQGEDFMIQESQVVIRSHFPESFMWEIIKLSRSAENGKS..RITKKMPDSITTWDIQAVEV
E-GMR-N-M-F--.Q-RTRFISL--A-KKV--D--NYIT-LRRQHARASHLG-A- ...-NLDEDI-A-ENI-S--E----WL-NVED-KEPPK--I-TKLMNIFLK------E-L--SM
Q-GVTRL-MMR--.-QRARVQQ.PD-R-P--S-QFA-SLRKKSRDKGQAG-Q ALEILQ-EDL-D-DDIPV--F---NWL-RVETVD-F.....QIL-LWL---L---E-HGLSL
Y-G-RVNFYE.T----VAR.VTI-PL-IRA-N---TIANKIRKESPHK.PVQ--- .... IHIKTLLPVMKAD---Y----WL---HRVPKR. KQLQVTL---L---E--GIGI

776 SQSKGLCVGPSLELTVFKQFFLKVHTPYALKQYEQVELRVVIYNYM.NQDVKGEIQVKCGDGIC....... TDAEQMEPLKSRFAVEKNSATSFSFMVVPLSSSDSSVSVLARVFGSD.V
-DK--I--ADPF-V--MQD--IDLRL--SVVRN --I-A-L---RQ--EL-VRVELLHNPAF........ SL-TTKRRHQQTVTIPPK-SL-VPYVI---KTGLQE-E-K-A-YHHF.I
-KT-----ATPVQ-R--RE-H-HLRL-MSVRRF--L---P-L---L.DKNLTVSVH-SPVE-L ......... L-GGGG.-AQQVL-PAG--RPVA-S---TAAAAV-LK-V--GSFEFP-
-D.N-I--ADT-KAK--KEV--EMNI--SWVRG--IQ-KGTV----.TSGT-FCVKMSAVE---TSGSSAASLRTSR,PSRCVFQRI-GS-SHLVT-TLL--EIGLH-INF..SLET-F.G

887 HDAVEKDLRVMPEGN.YEEMSRSWSVQP..RRHGGQQVIVVDNETPQNVVPGTE..MSAFLSAQGNLVAETIQNTLKGSKISNLLRLPRGCGEQNMMYTSITVMVARYLNRSDQWNKMGD
S-G-R-S-K-V---IRMNKTVAVRTLD-ERLGRE-V-KEDIPPADLSDQ--D--..SETRILL--TP--QMTEDAVDAERLKH-IVT-S-------IGMTP--IAVH--DETE--E-F..
G---S-V-QIEK--A.IHREELVYELN-..LD-R-RTLE.IPGNSDP-MI-DGDFNSYVRVT-SDP-DTLGSEGA-SPGGVAS-----------T-I-LAP-LAAS---DKTE--STL..
K-ILV-T---V---V.KR-SYAGVILD-KGI-GIVNRRKEFPYRI-LDL--K-K..VERI--VK-L--G-FLSTV-SKEG-NI-TH--K-SA-AEL-SIAPVFY-FH--EAGNH--IFYP

1002 PQLKKR .. SFDFITSGFASQLTYRKPDYSYAAWLHRASSTWLTAFVAKVFSQARQLVFIPVSEICGSVRWL.MRKQDKDGSFLESKPWHLNMMGQVTG.KVVLTSFVFIALLEAR
.G-E--QGALEL-KK-YTQ--AF-Q-SSAF--FVK--P------Y-V----L-VN-IA-DSQVL--A-K--ILE--KP--V-Q-DA--I-QE-I-GLRNNN.EKDMA--A--L-S-Q--K
-PET-DH.AV-L-QK-YMRIQQF--A-G------S-D--------- L--L-L-QEQ-GGSPEKLQETSN--.LSQ-QA----QDPC--LDRS-Q-GLV-NDETVALTAFVTIALHHGL-V
DT-S--QSLEKK-KQ-VV-VMS--NA----SM-KGASA-------ALR-LG-VAKY-KQDENS--N-LL--VEKC-LEN:--K-NSQYLPIKLQ-TLPAEAQEKTLY--A-SV-GIRK-V

1114 ESCINEV... EGFTVVVEKAHGYL.TSQAMNGLEDFPLAITAYALSLWKVSDGAAKVTMHTLKTSGLQTEELIHWGSNKG. KAAAVESTAYGLLAAIQH
DI-EEQ-... NSLPGSIT--GDF-.EANY--LQRSYTV--AG---AQMGRLK-PLLNKFL-TAKDKNRW-DPGKQLY-.--A-S-A---LL-L
FQDEGAEPLKQRVEASIS--NSF-GEKASAGL-GAHAA---------T-APVDLLG-AHNN-MAMAQE-GDNLY---VT-SQSNAVSPTPAPRNPSDPMPQAP-LWI-T---A--HLLL-
DI-PTM..... KIHTALD--DSF-.LENTLPSKST-T---V------GDRTHPRFR-IVSALRKEAFVKGDPPIYRYWRDTLKRPDSSVPSSG. T-GM--T---A---SLKL

1208 EE.GEIAEKATNWLSQSATFGGYFQSTQDTVMALQALTGFESCQSRMKKMDLSFKIRAEENGVFDKEFQITNDNAFVQKPFKVPV.... HGQLTVTASGTGQGILTFVKKYREKVVIKKD
KD.FDFVPPVVR--NEQRYY--GYG---A-F-VF---AQYQKDAPDHQELN-DVSLQLPSRSSKITH.R-HWES-SLLRSEETKE .... NEGF----E-K---T-SV-TM-HA-AKDQLT
-GKA-M-DQ-SA--TRQGS-Q-G-R------I--D--SAYWIASHTTEERG-NVTLSSTGRNG-KSH.ALQLN-RQIRGLEEELQFSL.GSKIN-KVG-NSK-T-KVLRT-NVLDMKNTT
KD.MNY-NPIIK---EEQRY--G-Y-----IN-IEG--EYSLLLKQ. IHLDMDINVAYKHEGD.FHKYKVTEKHFLGRPVEVSLNDDLVVS-GYSS-LATVYVKTVVHKIS-SEEF

v V

1323 CKGFSLEITTNLDNQV...................... .KQRRRQ ... . SINPEFNVYRFIGCFRYLRNQEP.....GMVVMDISLPTGFEAKKKDLDDMKNLVDN
-NK-D-KV-IKPAP..... ETEKRPQDAK-TMILEI-T--RGD-DA..... T-SIL---MM---APDTD--KQLA-G--R
-QDLQI-V-VKGHVEYTMEANEDYEYDELPAKDDPDAPLQPVTPLQLFEG RRN---R EAPKVVEEQESRVHYTV-IWRNGKVGL.... S--AIA-VT-LS--H-LRA--EKLTS-S-R
-SFYLKID-QDIE............ ASSHFRLSDSGFK-I-A-AS-KPSK-ESTSGSSHA---------IG-NEE--RALVEG--Q

1397 YIVQYEIRPG..... RVF YLDKVNKDKNCVGFRLNQVFESNLVLPVTATVFEYYEPDFRCSKSYHPKME.VNPDASCHGNICNCLQRHC... VELKGMADEDRNADRNGNAC... RAE

--SK--LDKAFSDRNTLI -----SHS. -DD-LA-KVH-Y-NVE-I-GAVK-YA--NLEES-TRF---EK-DGKLNKL-RDEL-R-AEEN-....FIQKSD-KVTLEE-LDK--.EPGVD
-VSHF-TEGP..... H-L--F-S-PTS.RE----EAV-EVPVG--Q-AS--LYD--N-ER---VF-GAPSKSRLLATL-SAEV-Q-AEGK-PRQRRALERGLQ-EDGY-MKF--YYP-V-
LLTD-Q-KD-...... H-I-Q-NSIPSRDFL--R--IFEL-QVGFLN-A-F--Y--HR--KQ-TMI- .. SISDTRLQKV-E-AA-T-VEAD-.. AQLQAEVDLAISADS-KEK--.KPETA

1505 YVFIIGVTKVTKTASYININAALKTVLKKGMDQAINVGARRSFVIPMHCGKNLNVSPGDIYLVMGMHNAHWRNSDRTQ..YVLTSDTWFEKFPLESVCRLPSPPASCQV .......... S

--YKTRLV--QLSNDFDEYIM-IEQTIKS-S- .EVQ--QQ-T-IS-IK-REA-KLEEKKH--MW-LSSDF-GEKPNLS. .-IIGK---V-HW-E-DE-QDEENQKQ--D.....LGAFTE-
-G-QVK-LREDSR-AFRLFETKITQ--HFTK-VKAAANQM-N-LVRAS-R..-RLE--KE--I--LDG-TYDLEGHP-..-L-D-NS-I-EM-S-RL--STRQR-A-AQ.... LNDFLQE
-AYKVRI-SA-EENVFVKYT-T-LVTY-T-E.. -ADENSEVT-IKK-S-T.-A-LVK-KQ--I--KEVLQIKHNFSFKYI-P-D-S--I-YW-TDTT-P .........---AFVENLNNFAED

1613 ENFKGCSLKG
MVVF--PN
YGTQ--QV
LFLNS-E

Fig. 6. Comparison of the amino acid sequence of the hagfish complement with those of mammalian complements, C3, C4 and C5. Human C3 and
C4 sequences were taken from De Bruijnet al. (1985) and Beltet al. (1984), respectively. The mouse C5 sequence was taken from Wetsel et al.
(1987). Bars indicate the same amino acids as those in the hagfish complement. Dots indicate missing amino acids. A possible properdine binding
site is boxed (Grossberger et al., 1989).
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et al., 1989), the hagfish complement has 26-30% identity
to mammalian C3, C4 and C5. Among these three proteins,
C3 had the highest degree of sequence identity to the hagfish
complement. The extent of the sequence identity between
the hagfish complement and either C4 or C5 is roughly equal
to that between C3 and either C4 or C5, respectively. In
higher vertebrates after precursor molecules are synthesized,
they are split into two polypeptides, i3 chains and a chains,
by removal of four basic amino acid residues. In the hagfish
complement, the sequence RRKR is observed at the corres-
ponding region. The 77 residue fragments are removed from
the N-terminal region of the ca chains of C3, C4 and C5 and
show anaphylatoxic activity (Hugli, 1986). The hagfish
complement gene can encode a similar fragment and the N-
terminus of the isolated hagfish complement lacks this region
(Figures 1 and 5). This sequence of 77 amino acids contains
six cysteine residues which are 100% conserved among all
the complements. Mammalian C3 and C4 are different from
C5 with respect to the presence of thioester structure in the
a chains. This thioester in C3 and C4 is highly reactive and
plays a key role in both the classical and alternative pathways
of complement activation (Tack, 1983). Since the hagfish
complement has an identical structure in the corresponding
region, it is likely that the function of the hagfish comple-
ment is similar to that of either C3 or C4. The subunit
structures differ between mammalian C3 and C4. In
mammalian C4, a cluster of basic amino acids is observed
between the a and -y chains. The hagfish complement
contained an amino acid sequence similar to that of C4 in
the corresponding region and, in fact, it was split to yield
a and -y chains. Fujii et al. (1992) purified a complement
composed of two subunits from hagfish and determined the
N-terminal ten residue sequence of the ,B chain, which is
identical to our results. The hagfish complement might be
present in two different stable forms. Salient characteristics
of C3 are its ability to interact with several plasma proteins,

cell-surface receptors and foreign proteins (Becherer et al.,
1989). Among them properdine is noteworthy. Properdine
is a plasma protein that led to the discovery of the alternative
pathway (Pillemer et al., 1956). The properdine binding site
of human C3 was first localized to a peptide of 34 amino
acids in the a chain of C3 (Daoudaki et al., 1988) and was
further localized to a nine residue sequence (Grossberger
et al., 1989). Figure 7 shows the comparison of the amino
acid sequence of the hagfish complement with those of
Xenopus and mammalian complement C3. The RGD
sequence of human complement C3 has been reported to be
involved in iC3b binding to CR3 (Wright et al., 1987).
However, the RGD sequence is absent in the hagfish
complement as in the Xenopus complement C3. On the other
hand, the properdine binding site corresponded to one of
the most conserved regions among them. Thus, it is likely
that the function of the hagfish complement is similar to
that of mammalian C3 in the alternative pathway. The
alternative pathway might be more ancient than the classical
pathway (Farries and Atkinson, 1991) and may have been
established at the cyclostome level of evolution. Although
presence of another complement in cyclostome functionally
equivalent to mammalian C4 has not been excluded, the
degree of sequence homology of the hagfish complement
with mammalian C4 is similar to that with mammalian C3
(Table I). It is possible that diversification into C3 and C4
did not occur at the cyclostome level. C5 could have already
been established as an independent molecule at the cyclo-
stome level, judged from its role in the complement cascade.
Sequence homologies have been found not only among C3,
C4 and C5, but also among these three proteins, a2-macro-
globulin (Sottrup-Jensen et al., 1985), a 1-macroglobulin
(Gordon, 1976), al-inhibitor III (Braciak et al., 1988) and
pregnancy zone protein (Devriendt et al., 1991). Evolu-
tionary relationships between these proteins remain to be
elucidated.

Table I. Amino acid sequence identities between hagfish complement, human C3 and C4, and mouse CS

Hagfish complement Human C3 Human C4 Mouse C5

Hagfish complement - 494/1622 461/1622 424/1622
30.5% 28.4% 26.1%

Human C3 494/1641 - 481/1641 429/1641
30.1% 29.3% 26.1%

Human C4 461/1722 481/1722 - 408/1722
26.8% 27.9% 23.7%

Mouse C5 424/1640 429/1640 408/1640
25.9% 26.2% 24.9%

Amino acid sequence identities between two species of complement were calculated from the sequence alignments in Figure 6. Since the lengths of
polypeptides were different, the lengths in amino acids of the polypeptides in the left column were used as the denominators to calculate the
percentage of identical residues for each comparison.

hagfish
Xenopus
mouse
human

m-- I -I
GCFRYLRNQEPGMVVMDISLPTGFEAKKKDLDDMKNLVDNYIVQYEIRPG.**IRVFLYLDKVNKDEKNCVGFRLNQVFESNLVLPVTATVFEYYEPDFRCSKSYHPKM
A-A-H-K-VDAT-SII---MM---SPDTDS--RLMKG--K--SK--VNK-ANDKGTLI------SHIDEE--K-YAH-Y--VGFIQ-ASV--YD--T--N--T-F--VEE
I-TK--GDVDAT-SIL---MM---APDT---ELLASG--R--SK--MNKAFSNKNTLII--E-ISHT-ED-LT-KVH-Y-NVG-IQ-GSVK-YS--NLEES-TRF---EK
I-T--RGD-DAT-SIL---MM---APDTD--KQLA-G--R--SK--LDKAFSDRNTLII-----SHS-DD-LA-KVH-Y-NVE-IQ-GAVK-YA--NLEES-TRF---EK

I I I

Fig. 7. Comparison of the amino acid sequence of the hagfish complement with those of Xenopus and mammalian complements C3. Only the
properdine binding site and its surrounding regions are shown. Xenopus C3 sequence were taken from Grossberger et al. (1989), and mouse and
human C3 sequences were from Wetsel et al. (1984) and De Bruijn et al. (1985). Bars indicate the same amino acids as those in the hagfish
complement. Dots indicate missing amino acids. The RGD region and the properdine binding site are marked.
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Possibility of the presence of immunoglobulins in
cyclostomes
In this study we clearly showed that the hagfish gene
encoding the proteins isolated as hagfish 'antibodies' encodes
the complement equivalent to mammalian C3. Do cyclo-
stomes really have the ability to produce Abs? Abs should
fulfill the following criteria: (i) production of Abs should
be induced by immunization with a certain antigen; (ii) Abs
should bind to the antigen specifically; (iii) a memory system
should exist for the production of Abs. Many classical studies
using lamprey and hagfish, carried out by several investi-
gators, seem to support the presence of Abs in cyclostomes
(Litman and Marchalonis, 1982). However, the presence of
naturally occurring agglutinins, such as lectin, sometimes
interfered with the detection of Ab-like activity (Linthicum
and Hildemann, 1970) and, moreover, the affinities of Abs
isolated from lamprey and hagfish for specific antigens were
several orders of magnitude lower than those of Abs from
higher vertebrates (Marchalonis and Edelman, 1968; Raison
et al., 1978). Although it is not clear whether all the
physiological observations that apparently revealed the
presence of Ab in cyclostomes were due to the complement
system, there is no doubt that the hagfish gene isolated in
this study is totally different from mammalian genes for Igs.
Marchalonis and Schluter (1989) reported purification of
lamprey antibody. However, since the subunit structure of
the lamprey H chains consisting of two chains, 68 and
70 kDa, was similar to that of hagfish, it is possible that
the lamprey antibody may also be a complement. On the
other hand, several reports showed the presence of
lymphocytes in cyclostomes (Hagen et al., 1983; Fujii,
1982; Ardavin and Zapata, 1987), and for example, Hagen
et al. (1983) have visualized them with specific Ab to Ig
from O'RBC immunized lampreys. The fact that we found
the message for the hagfish complement only in the liver
would argue that it is not produced by lymphocytes, and
therefore there still remains something to be looked for.

Recently, Hashimoto et al. (1990) devised a PCR strategy
for the isolation of MHC genes from lower vertebrates. By
utilizing two conserved blocks of sequence that surround
cysteine residues in one Ig-fold domain, carp genes that
encoded class I and IIf MHC antigens were successfully
isolated. We have applied this strategy to the isolation of
Ig genes from lamprey and hagfish. However, extensive
trials have given only negative results. Although it is very
difficult to draw a definitive conclusion from negative results,
there appears to be no convincing evidence at protein level
for the presence ofAbs in cyclostomes. Previous researchers
seem to have assumed a priori that Ab of cyclostomes should
be heterodimers consisting ofH and L chains (Raison et al.,
1978; Kobayashi et al., 1985; Vamer et al., 1991). The
molecular nature of Abs in cyclostomes, if they exist, could
be different from that in mammals. If TcR appeared earlier
during evolution, and if Ig derived from the ancestral TcR,
the ancient Igs might have been L chain heterodimers like
Fab. If this is the case for Abs of cyclostome, it may explain
why previous workers have overlooked them.

Materials and methods
Determination of polypeptide sequences
The hagfish protein previously described as an Ig by Kobayashi et al. (1985)
was composed of three polypeptides, of 88, 76 and 25 kDa. They were
separated by SDS-PAGE under reducing conditions, electroblotted onto
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a PVDF membrane, and their N-terminal sequences were determined directly
by the published method (Matsudaira, 1987). A mixture of 88 and 76 kDa
polypeptides was separated by HPLC on TSK gel G3000SWXL and G4000
SWXL columns, and digested with CNBr. The products were separated by
reverse phase HPLC on a Synchropack RP-8 column. The amino acid
sequence was determined on an Applied Biosystems 470A protein sequencer
with an on-line 120A PTH analyzer.

Preparation of DNA and RNA
Hagfish, E.burgeri, were captured in the Sea of Japan. The genomic DNA
was prepared from the liver by the published method (Gross-Bellard et al.,
1973). RNA was prepared from various tissues including liver, buffy coat,
pronephros and intestine, by the method described by Chomczynski and
Sacchi (1987). Polyadenylated RNA was further purified on an
oligo(dT)-cellulose column (Maniatis et al., 1982).

Cloning of the hagfish gene by PCR
Oligonucleotides were synthesized chemically on a DNA synthesizer (Applied
Biosystems). PCR was carried out as described by Saiki et al. (1988). In
brief, a 100 yl reaction mixture contained 1 jig of genomic DNA or a portion
of cDNA prepared from hagfish liver RNA using COPYKIT (Invitrogen,
CA), 2 ,tM primers, 200 ltM dNTPs, 2.5 U Taq DNA polymerase
(BIOTECH, WA) in 10 mM Tris-HCl (pH 8.4), 50 mM KCI, 2.5 mM
MgCI2 and gelatin at 200 jg/ml. The mixture was subjected to 35 cycles
of amplification in a Perkin-Elmer/Cetus Thermocycler: 1 min at 94°C,
3 min at 55°C and 20 s-3 min at 72°C. After fractionation by
electrophoresis on either acrylamide gel or agarose gel, the amplified products
were cloned into Bluescript vector (Stratagene) and sequenced.

Preparation of DNA libraries
Hagfish genomic DNA was partially digested with Sau3AI, ligated with
Xdash vector and packaged into phages (Maniatis et al., 1982). A cDNA
library was constructed from hagfish liver mRNA by the method described
by Gubler and Hoffman (1983). Screening of libraries was performed
according to the method of Benton and Davis (1977).

Miscellaneous
Nucleotide sequences were determined by the chain termination method
using Bluescript vectors. Southern and Northern hybridizations were carried
out using the multi-prime-labeling system and nylon membranes (Maniatis
et al., 1982).
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Note added in proof
The sequence data reported here have been submitted to the EMBL/Gen-
Bank/DDBJ nucleotide sequence databases and are available under the
accession numbers Z1 1595 (cDNA sequence in Figure 5) and Z1 1596
(genomic sequence in Figure 3).
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