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Abstract
To gain further insight into the evolutionary history of the complement proteins C3, C4, and C5 we have now cloned the ®fth
component of complement from a rainbow trout (Oncorhynchus mykiss) liver cDNA library; this is the ®rst report of C5 cloning
in a species other than human and mouse. The deduced amino acid sequence of a partial cDNA clone (2.25 kb), representing
approximately 44% of the coding sequence, showed 60 and 58% similarity to human and mouse C5, respectively. To validate
the molecular information derived from the cloning we developed an improved puri®cation protocol. Mass spectrometric
analysis of C5 tryptic digests yielded peptide signals that matched theoretical protein sequence derived from the partial
cDNA. Northern blot analysis of RNA from various tissues showed the presence of a single mRNA transcript in trout liver
and Southern blot analysis indicated that the gene coding for C5 is present as a single copy in the trout genome. The presence of
C5 in trout suggests that C3, C4, and C5 must have diverged before the appearance of teleost ®sh. q 2001 Elsevier Science Ltd.
All rights reserved.
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1. Introduction
The complement system consists of a group of
plasma proteins and cell receptors that play a critical
role in host defense by interacting with components of
both the innate and adaptive immunity [1,2]. Complement can be activated through three distinct pathways:
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the classical pathway, which is triggered by antigenantibody complexes, and the alternative and lectin
pathways, which are activated by direct binding of
complement components to microbial surfaces [3].
Complement activation proceeds through a cascade
of proteolytic cleavages that result in the formation
of the membrane attack complex (MAC), or C5b-9
complex, which is responsible for the lysis of complement-targeted cells [4].
Activation of the ®fth component of complement,
C5, initiates the assembly of the MAC. Cleavage of C5
by either the classical (C4b,2a,3b) or the alternative
(C3b, Bb; C3b2Bb) pathway C5 convertase generates
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two proteolytic fragments, C5a and C5b. The newly
generated C5b exposes a binding site for C6, leading
to the assembly of a stable bimolecular complex, C5b6. Sequential binding of C7, C8, and C9 to this original complex results in the formation of a transmembrane porous structure that can insert into lipid
membranes and cause the direct lysis of cells. The
anaphylatoxic fragment C5a participates in several
in¯ammatory reactions exerting a potent chemoattractive effect on various myeloid cells including neutrophils, eosinophils, basophils, monocytes and mast
cells [5]. C5a exerts its function by binding to the
G-protein coupled receptor C5aR which is expressed
on the surface of myeloid and, as recently described,
non-myeloid cells [6].
Human C5 is present in plasma at a concentration
of 75 mg/ml [7]. It is synthesized mainly in hepatocytes as an intracellular single-chain precursor with a
ba-chain orientation and it is secreted as a two-chain
glycoprotein (a and b, Mr 115,000 and 75,000) linked
by disul®de bonds [8,9] . It is noteworthy, however,
that C5 lacks the internal b-cysteinyl-g-glutamyl thiol
ester bond that is a common feature of C3, C4, and
a2-macroglobulin [10].
C3, C4, and C5 are thought to have originated from
a common ancestor by gene duplication [11±13]. This
belief is based on the sequence similarity and exonintron organization of these proteins [14]. It is,
however, not known at what point in evolution the
®rst gene duplication took place. Thus, probing the
molecular structure and function of these proteins at
various levels on the phylogenetic tree should lead to
a detailed understanding of the origin of these proteins
and of the complement system in general. To date, the
complete amino acid sequence of C5 has been
reported for only two higher vertebrates: human
[15±17] and mouse [18±19]. Thus, in order to gain
further insight into the functions of C5 and to elucidate its phylogenetic relationships with C3 and C4, we
have cloned a gene encoding C5 from rainbow trout, a
teleost ®sh representing a critical point in the evolutionary divergence of the complement system. In
addition, we have developed an improved puri®cation
method that yields homogeneous C5 in a single chromatographic step.
In presenting the cloning of C5 from a lower vertebrate species we now demonstrate the structural
conservation of this critical component of the lytic

pathway of complement in phylogenetically divergent
organisms, teleost ®sh and mammals.
2. Materials and methods
2.1. Chemicals
Chemicals for automated sequencing were obtained
from Applied Biosystems (Foster City, CA). Restriction enzymes and trypsin were purchased from
Promega (Madison, WI) and New England Biolabs,
Inc. The nylon membranes used for hybridization
were obtained from BioRad (Hercules, CA). All
other chemicals and reagents used were reagent or
higher grade.
2.2. Animals
Blood was collected from the caudal artery of rainbow trout (Oncorhynchus mykiss) (Clear Springs
Foods, Inc. trout farm, ID) and immediately transferred to capped polypropylene 50-ml tubes containing 20 mM sodium citrate buffer on ice. Trout plasma
was obtained by sequential centrifugation at 2000 g
for 10 min at 48C and 15,000 g for 20 min then stored
at 2708C until processed further.
2.3. RNA isolation and cDNA library construction
RNA isolation and library construction were
performed as previously described [20]. Fresh trout
liver from a single animal was homogenized, and
total RNA was extracted by the guanidine isothiocyanate method after precipitation with CsCl. Polyadenylated RNA was puri®ed using the polyA Tract mRNA
isolation kit (Promega, Madison, WI) according to the
manufacturer's instructions. Double-stranded cDNA
was synthesized from 10 mg of poly (A 1) RNA
using a Time Saver cDNA synthesis kit (Amersham
Pharmacia). After treatment with EcoRI methylase
and addition of synthetic EcoRI linkers, the cDNA
was digested with EcoRI and size-fractionated on a
Sepharose CL4B column. cDNAs larger than 500 bp
were ligated into EcoRI-digested, dephosphorylated
lgt11 arms and packaged in vitro using the Amersham cloning system. The Y1090 strain of Escherichia coli was used as a host for infection by
recombinant l-phages.
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2.4. Cloning of trout C5
During the trout C3 puri®cation we identi®ed and
isolated a molecule with a two-chain structure similar
in molecular weight to that previously published for
trout C5 [21]. N-terminal sequencing of the molecule's a-chain showed high homology with human C5.
The molecule's N-terminal peptide corresponding
to the sequence SYDQQK was then used to design
a degenerate oligonucleotide 5 0 -YTCYTTYTGYTGRTCRTA-3 0 (extends upstream). On the basis
of the conserved amino acid sequence VFHLAG of
human and mouse C5, a second oligonucleotide, 5 0 GTNTTYCAYYTNGCNGGN-3 0 (extends downstream), was also designed. Mixtures of nucleotides
are represented by N  A, G, C and T; Y  C and T;
R  A and G. These primers were subsequently used
in RT-PCR reactions. Thirty cycles of ampli®cation
were conducted in a PCR Sprint thermocycler using
the following parameters: 958C for 0.5 min, 468C for
0.5 min and 728C for 1 min. The PCR product of the
expected size (127 bp) was gel-puri®ed and cloned
into the p-GEMTeasy vector (Promega).
To isolate the trout C5 cDNA, a trout liver cDNA
library containing 1.8 £ 10 5 phages was screened
under high stringency conditions (658C) with a 32Plabeled cDNA probe corresponding to the PCR
product described above. The probe was labeled
using the random primed DNA labeling kit (Amersham Pharmacia). Positive phages were plaque-puri®ed and subcloned into the pIBI31 (IBI, New Haven,
CTT) plasmid vector.
DNA sequence analysis of the trout C5 recombinant clones was performed by the dideoxy chain
termination method [22] using the VISTRA 725
sequencer. Each sequence was determined at least
twice from both strands.
2.5. Peptide synthesis and antibody production
A 14-amino acid peptide spanning the C-terminus
of the trout C5 b-chain and the N-terminus of the achain (human C5 amino acid positions: 669±683) was
synthesized using an Applied Biosystem 430A
peptide synthesizer (Foster City, CA) as previously
described [23]. The peptide was then coupled to
BSA by the glutaraldehyde method and used for the
immunization of rabbits and the production of immu-
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noreactive antisera. The anti-peptide-speci®c antibody was puri®ed by af®nity chromatography using
the synthetic peptide coupled to cyanogen bromideactivated Sepharose 4B (Pharmacia, Piscataway, NJ).
2.6. Puri®cation and characterization of trout C5
Trout C5 was puri®ed from plasma using a single
chromatographic step. In brief, trout plasma (1 ml)
was precipitated with 4% (w/v) polyethylene glycol
(PEG) under constant stirring at 48C for 30 min in the
presence of the following inhibitors: 10 mM EDTA,
10 mM benzamidine, 0.001% NaN3 and 1 mM
phenylmethylsulfonyl ¯uoride (PMSF). The supernatant collected after centrifugation (10,000 g for
20 min at 48C) was further precipitated with 16%
PEG. After centrifugation the pellet was resuspended
in 20 mM Na2HPO4 buffer, pH 7.8, and loaded onto a
Mono Q HR5/5 anion exchange chromatography
column (Pharmacia) pre-equilibrated with the same
buffer. Trout C5 was eluted with a linear gradient of
NaCl (0±250 mM), and C5-containing fractions were
identi®ed by SDS±polyacrylamide gel electrophoresis and immunoblotting using the af®nity-puri®ed
trout C5 anti-peptide antibody. The immunoreactive
fractions were pooled and dialyzed overnight against
phosphate-buffered saline, pH 7.4, at 48C. The purity
of the C5 preparation exceeded 95%, as determined
by SDS±PAGE analysis.
The serum-puri®ed protein was characterized by
mass spectrometric analysis and Edman sequencing.
2.6.1. Tryptic peptide mass mapping by matrixassisted laser desorption ionization mass
spectrometry (MALDI-MS).
Tryptic peptides derived from the trout C5 chains
(,30 pmoles each of the a- and b-chains) were fractionated by SDS±PAGE at 7.5% acrylamide concentration under reducing conditions (inset, Fig. 6). Gel
slices were subjected to an in-gel tryptic digestion
procedure: [24]. Gel slices were equilibrated with
100 mM ammonium bicarbonate buffer, dehydrated,
and re-swelled in buffer containing ,2 pmole of
sequencing grade porcine trypsin (E/S  ,1/15).
Tryptic peptides extractable with 60% acetonitrile/
0.1% TFA were subjected to MALDI-MS analysis
using a Micromass (Beverly, MA) TofSpec 2E timeof-¯ight mass spectrometer (1.0 m ¯ight tube)
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equipped with a nitrogen laser (337 nm) and a re¯ectron. Data were collected in the positive ion mode
using the re¯ectron. Accelerating and detector
voltages were set at 20 and 1.75 kV, respectively.
Peptide samples were desalted by a matrix para-crystalline method previously described [25]. The mass
spectrometer was calibrated using synthetic peptide
external standards, resulting in a mass measurement
accuracy within 0.3 amu below mass 4500. Mass
matching and peptide identi®cation was assisted by
mass-matching BIOLNYX algorithms provided by
the manufacturer's (Micromass, Beverly, MA) software package MASSLYNX.
2.6.2. Amino terminal sequence analysis by
automated Edman degradation chemistry.
Amino acid sequencing of electroblotted proteins was
accomplished using a PE-ABI Model 473A Protein
Sequencer (Foster City, CA) equipped with on-line
PTH-amino acid analysis, using programmed chemistry
cycles and HPLC operation programs provided by the
manufacturer. Amino acid determinations were made
by visual inspection of the data. An internal sequencing
standard, a 17-residue synthetic peptide containing the
atypical residues norleucine and succinyllysine, was
used to monitor sequencer performance and to establish
whether a protein is N-terminally modi®ed blocking the
initiation of the Edman chemistry
2.7. Northern blot analysis
To analyze the tissue distribution of trout C5, tissue
samples including brain, intestine, kidney, and liver
were freshly harvested and immediately frozen in
liquid nitrogen. Twelve micrograms of total RNA
from each tissue were denatured using formamide,
separated by electrophoresis on a 1% agarose gel,
and blotted onto a nylon membrane (Zeta-Probe
membrane, Biorad) as previously described [26].
Prehybridization was performed for 30 min at 438C
in a solution containing 50% formamide, 0.12 M
sodium phosphate (pH 7.2), 0.25 M sodium chloride,
7% SDS and 1 mM EDTA. The membrane was hybridized at 438C for 16 h with the 32P-radiolabeled probe
of 700 bp representing the 5 0 end of the partial cDNA
clone (2226 bp) obtained from the screening of the
library (digestion with EcoRI and AccI). The
membrane was washed twice for 15 min at room

temperature in 2 £ standard sodium citrate and
0.1% SDS buffers. The ®lm was developed after
16 h of exposure.
2.8. Southern blot analysis
To determine whether C5 is present as single or
multiple copies within the trout genome, Southern
blot analysis was performed using the same probe
described for the northern blot. In brief, genomic
DNA was isolated from trout erythrocytes using the
phenol-chloroform method, and 12 mg of DNA were
digested to completion with 10 units/mg of restriction
endonucleases (EcoRI, HindIII, PstI). The digests
were subsequently electrophoresed on a 0.8% agarose
gel and transferred to a nylon membrane. After incubation at 808C for 2 h, the membrane was prehybridized for 30 min at 658C in a solution containing 7%
SDS, 0.5 M sodium phosphate (pH 7.2) and 0.1 M
EDTA. The membrane was then hybridized with the
32
P-labeled probe at 658C for 16 h and washed twice
for 20 min with 40 mM Na2HPO4 and 1 mM EDTA in
5% SDS at room temperature. The X-ray ®lm (Kodak)
was developed after 2 days of exposure.
2.9. Computer methods
Multiple alignments were generated using the Clustal W 1,5 program [27] and the obtained alignment
was used to construct a phylogenetic tree using the
neighbor-joining method (MEGA) [28].
3. Results
3.1. Isolation and sequence analysis of a partial
cDNA encoding trout C5
To clone the gene encoding C5 in trout, we generated a cDNA probe by RT-PCR using trout liver
mRNA and degenerate primers as shown in Fig. 1.
The primers were designed on the basis of the following protein sequences: (1) -VFHLAG-, which is
found to be conserved in human and mouse C5, and
(2) -SYDQQK-, which was obtained by N-terminal
sequencing of trout C5. RT-PCR ampli®cation
resulted in a single DNA band of the expected size
(126 bp), which corresponded to positions 1935±2061
of human C5 cDNA. The DNA was gel-puri®ed and
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Fig. 1. RT-PCR ampli®cation scheme of a trout C5 cDNA fragment. The primers used in the RT-PCR reaction were designed based on the
amino acid sequence (-VFHLAG-) which is highly conserved among human and mouse C5. The anti-sense primer was designed based on the
trout N-terminal sequence (-SYDQQK).

subcloned into the p-GEM Teasy vector (Promega).
Then, the nucleotide sequence of the insert was determined, and its deduced amino acid sequence showed 40,
27 and 29% identity with the corresponding regions of
human C5, C4, and C3, respectively. Therefore, this
cDNA clone (clone 4) was identi®ed as trout C5. Subsequently, the PCR-ampli®ed clone 4 was used as a
probe to screen a trout lgt11 library under high-stringency conditions (658C). Among the 18 £ 10 4 clones,
approximately 40 positive signals were detected, and 12
clones were plaque-puri®ed and analyzed by restriction
enzyme digestion using EcoR1. Subsequently, the
nucleotide sequence was determined. The longest
clone was 2226 bp and predicted a single open reading
frame of 745 amino acids corresponding to residues
388±1119 of human C5.
3.2. Alignment of the trout C5 amino acid sequence
with the C3, C4, C5 and a 2M sequences from various
species
The deduced amino acid sequence of trout C5 was
aligned with those of C5, C4, and C3 from representative species using Clustal W software. Part of this alignment containing only human and mouse C5 is shown in
Fig. 2. The amino acid identity of trout C5 was 40% with
human C5 and 39% with mouse C5. Lower degrees of
amino acid identity, of 27, 29 and 23%, were observed
between the trout C5 amino acid sequence and the
human C4, C3, and a2M sequences, respectively.
Based on the similarity of trout C5 with various

members of the a2M protein family, a phylogenetic
tree was constructed using the neighbor-joining method.
Trout C5 clustered with human and mouse C5 (Fig. 3).
3.3. Isolation and characterization of the trout C5
protein
To isolate the protein coded by the gene related to
the clone under study we developed an improved twostep puri®cation method. Plasma was fractionated by
PEG precipitation and then subjected to anionexchange chromatography. In order to detect the
protein of interest throughout the puri®cation procedure we generated an antibody against a peptide corresponding to residues 669±683 of human C5, spanning
the C-terminus of the C5 b-chain and the N-terminus
of the a-chain.
This antibody reacted in western blot analysis only
with the b-chain of trout C5, indicating that after the
coupling to BSA either the C-terminus portion was
only exposed or that the N-terminus portion is not
antigenic. Homogeneous trout C5 was obtained after
a single chromatographic step, as judged by Coomasie
blue staining of the eluted fractions under reducing
conditions (Fig. 4, left panel).
Immunoblotting of the eluted fractions after anion
exchange chromatography showed reactivity only in a
single region of the elution pro®le. Furthermore,
western blot analysis of total serum and of fractions
resulting from various steps of the PEG precipitation
revealed again the presence of a single band.
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Fig. 3. Phylogenetic tree showing the relation of C5 to other thioester-containing proteins. The relationships among human C3, human C4,
human C5, human PZP, human a2M, mouse C3, mouse C4, mouse C5, rat C3, rat A1I3, rat a2M, guinea pig C3, chicken C3, cobra C3, cobra
VF, trout C3-3, trout C3-4, trout C3-1, carp C3H2, carp C3H1, carp C3S, xenopus C3, lamprey C3, hag®sh C3, and trout C5 was analyzed by
the neighbor-joining method (MEGA) for their entire amino acid sequences, based on the alignment performed with CLUSTAL W software.
The numbers on the branches show the percent recovery in 1000 bootstrap replications. The numbers on the right indicate the percent amino
acid sequence identity and similarity among trout C5 and C5, C3, and C4 of various species.

Edman degradation of the C5 a-chain generated an
amino acid sequence identical to that deduced from
the cDNA clone (Fig. 5, underscored residue region).
The negative sequencing result obtained for an equimolar amount of b-chain and the positive co-sequencing run obtained on the internal standard for the
sequencing run suggest that the N-terminal amino
acid of the b-chain was not available for Edman
degradation. That the b-region band did indeed represent the b-chain was con®rmed by mass spectrometric
analysis of the tryptic peptides derived from this band
and by mass-matching to theoretical tryptic peptide
sequences that were derived from the cDNA clone
isolated in this study.
Prominent mass spectral signals were obtained for
tryptic peptides that cover or account for 31% of the

known cDNA-derived amino acid sequence. The ion
signals that had masses consistent with those calculated from sequence derived from cDNA sequence are
indicated by an asterisk in the MALDI-mass spectrum
shown in Panel A of Fig. 5. The amino acid sequences
represented by tryptic peptide ion signal masses are
shown in bold face in Panel B of Fig. 5.
3.4. Northern and Southern blot analyses
To examine the tissue distribution pro®le of trout
C5 mRNA, northern blot analysis was performed
using total RNA from several trout tissues. The 32Plabeled cDNA probe detected a single, 5-kb band only
in trout liver (Fig. 6); brain, intestine, kidney showed
no hybridization, suggesting that trout C5 is expressed

Fig. 2. Alignment of the deduced amino acid sequence of trout C5 with human and mouse C5. The alignment was performed using the Clustal
W 1.5 program. Dots represent positions in the aligned sequence that are well conserved; stars indicate amino acids identical in all three
sequences, and dashes show gaps introduced to increase the identity. Boxed sequence corresponds to the a±b junction. The amino acid
numbers are given on the right.
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only in the liver. In order to estimate the copy number
of this gene, we performed Southern blot analysis
using the same probe used for the northern blot.
Only a single hybridizing band was detected when a
panel of restriction enzymes (EcoRI, HindIII and PstI)
was employed, suggesting that the trout C5 gene is
present as a single copy in the trout genome (Fig. 7).
4. Discussion

Fig. 4. Elution pro®le, SDS±PAGE and Western blot analysis of
trout C5. 4±16% PEG-precipitated trout serum was injected onto a
MonoQ HR5/5 column equilibrated with 20 mM Na2HPO4, pH 7.8.
C5 was eluted with a 20 ml gradient of NaCl (0±500 mM) at a ¯ow
rate of 1 ml/min. Ð, A280; ± ± ±, concentration of NaCl. The shaded
peak represents the fractions containing C5. The right panel shows
the reactivity of these fractions with an anti-trout C5 antibody that
recognizes the b-chain. The left panel represents an SDS±PAGE
pattern of homogeneous trout C5 (3 mg) resolved under reducing
conditions and stained with Coomasie blue.

C5 represents a critical component of the complement system, since it is the initial molecule in the
assembly of the cytolytic MAC and a key mediator
in several in¯ammatory processes. Various components of the lytic pathway (MAC) have been identi®ed
in two teleost ®sh, trout [29] and carp [30]. They have
been found to have similar chain structure to the
mammalian MAC.
Several studies [31,32] have raised the question
whether C5 predated C3 and C4 in the divergence

Fig. 5. Mass spectrometric analysis (MALDI) of trout C5. Panel A shows the spectra corresponding to the tryptic digests of the a- and b-chains,
respectively. Panel B represents the deduced amino acid sequence of trout C5 in which tryptic peptides identi®ed by mass spectrometry (see
asterisks in panel B) are highlighted. The underlined sequence indicates the peptide identi®ed by Edman degradation.
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Fig. 6. Northern blot analysis of trout C5. Twelve micrograms of
total RNA from various trout tissues were denatured with formamide, separated by electrophoresis on a 1% agarose gel, and blotted
onto a nylon membrane. After hybridization a band of 5 kb was
observed in the line representing total RNA from liver. The 28
and 18 S rRNA subunits served as internal molecular weight
markers.

of the three molecules from a common ancestral
molecule. These issues still remain unresolved
because of a lack of suf®cient structural/functional
information about C3, C4, and C5 in lower vertebrates. C3 has been extensively characterized in all
major groups of vertebrate [33], including invertebrate species such as ascidians [34] and the sea urchin
[35]. Furthermore, the primary structure of C4 has
been reported in teleost ®sh [36] and amphibians
[37]. However no data have been generated thus far
concerning the structure of C5 in lower vertebrates
and to date, characterization of this molecule has
been reported only for humans [15] and mice [18].
Therefore, to gain further insight into the evolutionary history of C5 and to study its phylogenetic relationships with C3 and C4 we have now cloned the
gene encoding C5 in a teleost ®sh, the rainbow
trout. In addition to facilitating future studies of the
role of complement in immune recognition and helping to delineate the mechanism by which it exerts its
functions, this study has produced an improved puri®cation method that yields homogeneous C5 in a
single chromatographic step, in contrast to the three
chromatographic steps used in a previously published
method [21].
In this study we report the amino acid sequence of a
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Fig. 7. Southern blot analysis of trout C5. Twelve micrograms of
trout genomic DNA were digested with the restriction enzymes
EcoRI, HindIII and PstI, separated by electrophoresis on a 0.8%
agarose gel, and blotted onto a nylon membrane. Hybridization with
a DNA probe was performed for 16 h at 658C. The positions of
DNA standards are shown at left.

cDNA clone encoding for the C-terminal 285 amino
acid residues of the C5 b-chain, the entire C5a fragment, and the N-terminal 379 residues of the a 0 -chain.
Several lines of evidence indicate that the DNA
sequence we obtained is that of trout C5: First, the
DNA sequence shows high similarity to that of human
(60%) and mouse C5 (58%) and very low similarity to
that of C3 cloned from trout or other species (,46%).
Second, it is of particular note that tryptic peptide
mass mapping of the puri®ed protein showed at least
31% coverage of the protein level information with
that deduced from cDNA. Several dominant ion
signals derived from both the a- and b-subunits indicate that the serum protein is the product of the gene
represented by this partial cDNA clone. It should be
noted that the mass spectral results were obtained on a
total protein digest. Complete accounting of every
possible tryptic peptide is not expected when a total
in-gel digest is presented to the mass spectrometer as a
single analysis. This is partly attributed to ion
suppression effects that mask some peptide signals
as well as to incomplete recovery of peptides in the
in-gel digestion technique. Nevertheless, the high
number of sequence/mass-assignable peptides
demonstrates that the puri®ed material is assuredly
derived from a gene represented by the cDNA clone
analyzed. Ion signals that are not assigned may represent post-translationally modi®ed peptides or partial
tryptics that cannot be unambiguously placed, given
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mass data alone. A third line of evidence that the
reported sequence represents indeed the C5 cDNA
clone is the fact that the trout C5 transcript lacks an
internal thiolester bond, as previously reported [38].
Examination of the deduced amino acid sequence of
trout C5 indicates that the molecule is synthesized as a
single-chain precursor with a b/a orientation and a
conserved linker sequence -RPKR- at the junction
between the two chains. It is interesting that the residue Arg-78 at the C5 convertase cleavage site of
human C5 (Arg-Leu) is conserved in the trout whereas
the Leu residue has been replaced by Val.
The deduced trout C5a peptide consists of 77 amino
acids, with all six cysteine residues conserved as in
mouse [18], and rat C5a [39]. Of note is the fact that
trout C5a contains three additional amino acids at its
amino terminus that are not present in the human [15],
bovine [40], or porcine [41] C5a sequences. This
feature is shared with mouse and rat C5a. Studies of
the spasmogenic activity of rat C5a in guinea pig
ileum contraction have reported a 100- to 1000-fold
higher activity than that for human C5a, suggesting
that these N-terminal amino acids are essential for the
stabilization of the active conformation of the molecule [39].
A number of critical residues involved in the interaction with C5aR have been identi®ed by site-directed
mutagenesis studies of the human C5a molecule [42±
44]. Results of these studies suggest that three discontinuous regions of the human C5a molecule, including
residues Arg-74, Leu-72, and Lys-68, appear to act in
concert to achieve binding speci®city and full
potency. Protein sequence alignment of the trout and
human C5a carboxyl-terminal regions showed that
Arg-74 and Leu-72 are conserved in the trout, whereas
Lys-68 has been replaced by His. Furthermore, our
analysis revealed that Arg-40, in the disul®de-linked
core region, is also conserved. NMR studies have
shown that substitution in this position of the core
causes a localized conformational change that is associated with loss of potency. However, other investigators have reported that replacement of this core
residue Arg-40 with Gly does not signi®cantly affect
functional C5a activity [44].
Ala-26, located in the region between the core and
the amino terminal helix, is highly conserved in all
species whose sequences have been reported thus far.
However, in trout C5a this residue has been replaced

by Leu. Furthermore, trout C5 includes a ®ve-amino
acid insertion at position Val-43 (of human C5a) that
is not present in any other C5a that has been
sequenced; the effect that these residues have on the
biological activity of the peptide is currently not
known.
The striking conservation of several functionally
important residues that we have found in this lower
vertebrate species may be useful in determining a
minimal structure that can retain binding ef®ciency
and biological potency.
Northern blot analysis revealed the presence of a
single mRNA transcript of approximately 5kb in trout
liver suggesting that C5 is synthesized in the liver as a
single isoform. Furthermore, Southern blot analysis of
trout genomic DNA suggested that the gene encoding
trout C5 is present as a single copy in the trout
genome.
The construction of a phylogenetic tree using the
aligned protein sequences of several members of the
a2M family, including the partial sequence of trout
C5 reported in this study, revealed that trout C5 is
grouped in a common cluster with human and
mouse C5. This ®nding indicates that C5 has retained
a high degree of structural conservation throughout
evolution, which is consistent with its critical role in
several immunoregulatory and effector pathways of
the innate immune response.
Concerning the evolution of C3, C4, and C5 a
prevailing hypothesis [14] is that these proteins were
generated by gene duplication from a2M. One of the
duplicated a2M genes must have been modi®ed to
form a C3/C4/C5 ancestral gene, which was then
duplicated a second time to give rise to C3, C4 and
C5. The exact points of these gene duplications,
however, are not yet known. Preliminary results in
our laboratory have indicated the presence of a C4
molecule in trout. This ®nding, together with the
presence of C5 in trout, suggests that C5, C3, and
C4 must have diverged before the appearance of teleost ®sh.
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