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ABSTRACT: A human C5  clone (pC5HG2) was isolated from a cDNA library constructed from Hep G 2  
mRNA.  The D N A  sequence showed that the pC5HG2 insert was comprised of 3309 base pairs of pro-C5 
coding sequence and 404 base pairs of 3’-untranslated sequence. The derived amino acid sequence contained 
the entire coding sequence of the C5 a-chain, the 0-a-chain junction region, and 100 amino acids (ap- 
proximately 50%) of the @-chain. Protein sequences of four C5 tryptic peptides were aligned exactly to 
this sequence and demonstrated that C5 synthesized and secreted by Hep G 2  cells is probably identical 
with plasma-derived C5. Coding sequence alignment of the human C5 sequences with those of murine C5 
indicated that 80% of the nucleotides and 79% of the amino acids were placed identically in the two species. 
Amino acid sequence alignment of the homologous family members C3, C4, and a,-macroglobulin with 
that of C5 demonstrated 27%, 25%, and 19% identity, respectively. As was found in murine C5, the 
corresponding thiol ester region of human C5 contained several conserved amino acids, but the critical cysteine 
and glutamine residues which give rise to the intramolecular thiol ester bond in C3, C4, and a2-macroglobulin 
were absent in C5, having been replaced by serine and alanine, respectively. With the use of a panel of 
hamster-human somatic cell hybrids, the C5 gene was mapped to human chromosome 9. In situ chromosomal 
hybridization studies employing metaphase cells further localized the gene to bands 9q32-34, with the largest 
cluster of grains a t  9q34.1. 

Complement  is a self-assembling biological system of plasma 
proteins which constitutes a major humoral defense system 
against bacterial and viral pathogens. The fifth component 
of complement (C5)’ is of particular importance because, after 
activation, it participates in both inflammatory and cytolytic 
processes. 

C5 is synthesized as an intracellular single-chain precursor, 
pro-CS, which is processed and secreted as a two-chain 
functionally active glycoprotein (Ooi & Colten, 1979; Pate1 
& Minta, 1979). Native C5 is comprised of disulfide-linked 
a- and @-polypeptides with molecular weights of 115 000 f 
12 000 and 75 000 f 8000, respectively (Nilsson et al., 1975; 
Tack et al., 1979). The native C5 molecule is cleaved during 
complement activation into two biologically active fragments, 
C5a and C5b. The larger macromolecular product, C5b, 
initiates the assembly of the C5b-9 complex which mediates 
membrane lysis of target cells [reviewed by Muller-Eberhard 
(1984)l. The smaller C5a fragment (C5a anaphylatoxin) is 
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a cationic peptide derived from amino acid residues 1-74 of 
the C5 a-subunit (Fernandez & Hugli, 1978; Tack et al., 
1979). C5a, the most potent of the complement-derived 
anaphylatoxins, expresses many important biological activities 
including (a) contraction of smooth muscle (Cochrane & 
Muller-Eberhard, 1968), (b) degranulation of mast cells 
(Johnson et al., 1975), (c) chemotaxis of polymorphonuclear 
neutrophils (Jensen et al., 1969), and secretion of granular 
enzymes from polymorphonuclear neutrophils (Goldstein & 
Weissman, 1974). Several physiologically relevant proteases 
also cleave C5, thereby generating C5a-like activities (Bronza 
et al., 1977; Hugli, 1977; Wetsel & Kolb, 1982, 1983). 

Individuals affected by C5 deficiency lack bactericidal ac- 
tivity and have a severely impaired ability to induce chemotaxis 
(Miller & Nilsson, 1970; Rosenfeld et al., 1976; Nilsson et 
al., 1979). Genetic C5 deficiency is present in 39% of inbred 
mice strains, and sera of these deficient mice lack detectable 
C5 hemolytic activity and protein (Cinder & Dubiski, 1964; 
Cinder et al., 1964). It has been demonstrated that there are 
restriction fragment polymorphic differences within the C5- 
deficient structural gene which correlate with the protein 
deficiency (Wheat et al., 1987). The gene encoding mouse 
C5 has been mapped to the Hc locus on chromosome 2 (D’- 
Eustachio et al., 1986). 

Extensive sequence studies of C3 (Lundwall et al., 1984; 
Wetsel et al., 1984; deBruijn & Fey, 1985), C4 (Belt et al., 

Abbreviations: C3, C4, and C5, third, fourth, and fifth components 
of complement: a2M, a,-macroglobulin; kb, kilobase(s): PBS, phos- 
phate-buffered saline; DTT, dithiothreitol; HPLC, high-pressure liquid 
chromatography; HAT/O medium, hypoxanthine/aminopterin/thymi- 
dine/oubain medium. 
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1984, 1985; Sepich et al., 1985; Nonaka et al., 1985), C5 
(Lundwall et al., 1985; Wetsel et al., 1987), and a z M  
(Sottrup-Jensen et al., 1984b) have established that these 
proteins are homologous family members and share a common 
evolutionary origin. With the exception of C5, each of these 
proteins has a highly reactive internal @-cysteinyl-y-glutamyl 
thiol ester bond (Janatova et al., 1980; Tack et al., 1980; 
Campbell et al., 1981; Harrison et al., 1981; Sottrup-Jensen 
et al., 1980). As demonstrated by sequencing of a mouse C5 
cDNA, the cysteine and proximal glutamine which give rise 
to the intramolecular thiol ester bond in C3, C4, and a Z M  are 
replaced by serine and alanine, respectively (Wetsel et al., 
1987). 

In this paper, we report the isolation and sequence of a large 
cDNA coding for approximately 80% of the human C5 pro- 
molecule. In addition, we report the isolation and partial 
characterization of a human C5 genomic fragment. Collec- 
tively, these sequence data allowed us to (1) compare the 
human and mouse C5 sequences, thereby evaluating the degree 
of phylogenetic conservation of this molecule’s amino acid and 
mRNA structure, (2) compare this cDNA with that of an 
unusual C5 cDNA which contained Alu consensus sequence, 
and (3) exactly align the human C3, C4, C5, and aZM protein 
sequences, thereby analyzing their evolutionary relationships. 
Furthermore, we employed the cDNA as a probe to determine 
the chromosomal location of the human C5 structural gene. 

MATERIALS AND METHODS 
Isolation of the Human C5 cDNA Clone. A cDNA library 

of 150000 recombinants was prepared from twice poly(A)- 
selected RNA employing the method of Okayama and Berg 
(1983). The RNA was isolated from cultured Hep G2 cells 
by the guanidinium isothiocyanate method (Davis et al., 1986). 
High-density screening of the library was performed by using 
duplicate filters and a 32P nick-translated RsaI restriction 
fragment derived from a partial human C5 clone (Lundwall 
et al., 1985). One clone hybridized in duplicate with the 
radiolabeled probe. The C5 positive recombinant (pC5HG2) 
was colony purified by subsequent rounds of screening, its 
plasmid purified by the alkaline lysis procedure (Maniatis et 
al., 1982), and its insert excised intact with the restriction 
enzyme XhoI. The C5 cDNA insert of approximately 4.0 
kilobases was recovered from 1 .O% agarose preparative gel by 
trough-elution (Maniatis et al., 1982). 

Isolation of the Human C5 Genomic Clone. A human fetal 
liver genomic library, constructed in the X Ch4A vector 
(Maniatis et al., 1978), was screened for clones containing C5 
gene fragments. Of the 600000 recombinants screened, 3 
hybridized with the 32P nick-translated human C5 RsaI 
fragment. The positive recombinants were colony purified by 
two additional rounds of screening, and the phage particles 
containing the C5 genomic fragments were purified (Helms 
et al., 1985). The DNA (2 pg) isolated from each clone was 
digested with several restriction enzymes and characterized 
by Southern blot analysis. To map the arrangement of ge- 
nomic fragments, Southern blots were probed with several 32P 
nick-translated human C5 cDNA restriction fragments. A 
1.3-kb genomic fragment which corresponded to the previously 
described (Lundwall et al., 1985) 5-16 C5 clone’s Alu sequence 
boundary was identified. This genomic fragment was isolated 
by trough-elution employing a 0.8% agarose preparative gel. 

DNA Sequence Analysis. Both the cDNA and genomic 
sequences reported in this paper were obtained by the 
“shotgun” DNA sequencing strategy (Bankier & Barrell, 
1983). Ten micrograms of the cDNA or genomic fragments 
was self-ligated, sheared randomly by sonication, end-repaired, 

and cloned into M 13mp8. The M 13 recombinants were se- 
quenced by the dideoxy chain termination method (Sanger et 
al., 1977) employing 3sS label and gradient gels (Biggin et al., 
1983). Each cDNA or genomic DNA strand was sequenced 
at least once, and on average, each cDNA and genomic base 
position was sequenced 4.8 and 3.2 times, respectively. All 
nucleotide data were complied and joined into a contiguous 
sequence by the Staden computer programs (Staden, 1982b). 

Isolation and Sequence Determination of Tryptic Peptides 
of C5. Human C5 was purified by ion exchange (Hammer 
et al., 1981) and immunochemical (Wetsel et al., 1980) column 
chromatographic procedures as briefly outlined below. Par- 
tially purified C5, which was recovered after DEAE-Sephacel 
column chromatography (Hammer et al., 1981), was dialyzed 
against PBS and applied to a goat anti-human CS-Sepharose 
CL-4B column (Wetsel et al., 1980). The purified C5 was 
eluted from the column with 4 M guanidinium chloride. 
Twenty milligrams (100 nmol) of purified C5 was reduced with 
DTT and carboxymethylated with iod0[2-~H]acetic acid 
(Sottrup-Jensen et al., 1984a) under fully denaturing condi- 
tions. After being desalted on a Sephadex G-25 column 
(equilibrated with 0.15 M ammonium bicarbonate) (pH 8.25), 
the protein was digested with 1% (w/w) N-tosylphenylalanine 
chloromethyl ketone treated bovine trypsin for 100 min at room 
temperature. Tryptic C5 peptides were then isolated by 
DEAE-Sephacel and reverse-phase high-pressure liquid 
chromatography (HPLC) as described in detail elsewhere 
(Kristensen et al., 1986). After amino acid analysis of 20 
peptides employing a Beckman 6300 Amino acid analyzer 
(Beckman Instruments, Palo Alto, Ca), 4 peptides were se- 
lected and sequenced with a Beckman 890D sequencer. The 
0.1 M Quadrol program (345801) was employed, and phe- 
nylthiohydantoin amino acids were analyzed by using an 
analytical Dupont Zorbax ODS CI8  column (Zimmerman & 
Pisano, 1977). 

Probe Preparation. The human C5 probe, employed in the 
somatic cell and in situ hybridizations, was prepared by di- 
gestion of 50 pg of pC5HG2 C5 insert with XmnI. The 3398 
(Figure 1) base pair fragment was isolated by trough-elution 
(Maniatis et al., 1982). The ABL probe was a 1-kb KpnI 
restriction fragment of a human ABL genomic clone (gift of 
C. A. Westbrook, University of Chicago). 

Somatic Cell Hybrids. A panel of 34 somatic cell hybrids 
was selected for mapping studies from a large number of 
hybrids created by poly(ethy1ene glycol)-mediated fusion of 
Syrian BHK-B1 or Chinese E36 hamster cells to human VA-2, 
A549, or IMR90 fibroblast cells. The hamster cells have 
mutant thymidine kinase or hypoxanthine phosphoribosyl- 
transferase genes, respectively, while human cells cannot 
survive in 10 pM oubain, permitting the selection of hybrids 
in hypoxanthine/aminopterin/thymidine/oubain (HAT/O) 
medium. After initial selection, the hybrids were routinely 
cultured in HAT medium. The hybrids retain the entire rodent 
genome but have selectively lost different combinations of 
human chromosomes by segregation. The human chromosome 
composition of each hybrid was determined by screening for 
up to 34 gene enzyme systems (O’Brien et al., 1982), and in 
selected cases by complete cytogenetic analyses using tryp- 
sin-Giemsa banding (Lemons et al., 1978). High molecular 
weight DNA for Southern blots and cell homogenates for 
isozymes were prepared from the same passage of cells for each 
hybrid clone. 

The high molecular weight DNA was digested to completion 
with EcoRT or BamHI restriction endonucleases (New Eng- 
land Biolabs, Beverly, MA), separated by electrophoresis 
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FIGURE I : Nucleotide and derived amino acid sequence of human C5. Cysteine residues are circled. Potential N-linked carbohydrate attachment 
sites are indicated by the symbol ( 9 ) .  The region which corresponds to the thiol ester domains of C3, C4, and a2M is bracketed. Boxed sequences 
correspond to the P-a junction, the stop codon, and the putative polyadenylation recognition signal. The 5' sequence which comes before the 
wedge symbol (V) was derived from the clone 5-16; the remaining sequence was derived from the clone pCSHG2. The sequences corresponding 
to the human C5 tryptic peptides are  depicted by lines above their amino acids. XmnI cleavage sites are indicated by the downward arrows 
(1). 
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through agarose gels, transferred by Southern blotting to nylon 
membranes, and hybridized with the C5 or ABL probes. The 
human probes were 32P radiolabeled by the random oligo- 
nucleotide priming method (Feinberg & Vogelstein, 1984) to 
a specific activity of (1-3) X lo9 dpm/pg. The C5 probe 
detects multiple human BamHI or EcoRI restriction fragments 
distinct from those of hamster. The ABL probe detects a single 
EcoRI and two BamHI fragments distinct from those of 
hamster. 

I n  Situ Chromosomal Hybridization. Human metaphase 
cells prepared from phytohemagglutinin-stimulated peripheral 
blood lymphocytes were hybridized with a 3H-labeled 3.4-kb 
XmnI fragment of a C5 cDNA clone. Radiolabeled probes 
were prepared by nick translation of the purified fragment 
DNA with all four 3H-labeled deoxynucleoside triphosphates 
to a specific activity of 1.5 X los dpm/pg. In situ hybrid- 
izations were performed as previously described (Le Beau et 
al., 1984). Metaphase cells were hybridized with 4.0 and 8.0 
ng of probe/mL of hybridization mixture. 

RESULTS AND DISCUSSION 
Isolation and Characterization of pC5HG2 cDNA. A 

cDNA library constructed from Hep G2 mRNA (Materials 
and Methods) was screened for clones containing C5 inserts. 
One C5 positive recombinant was obtained (pC5HG2) and, 
after restriction analysis, was determined to contain a cDNA 
insert of approximately 4.0 kb. The C5 cDNA was recovered 
intact after XhoI digestion. 

Nucleotide and Derived Amino Acid Sequence of pC5HG2. 
The 4.0-kb C5 cDNA was fully sequenced by the “shotgun” 
dideoxy chain termination method (Banker & Barrell, 1983). 
The pC5HG2 nucleotide and derived amino acid sequences 
are shown in Figure 1. Nucleotide sequence data indicated 
that the pC5HG2 insert was comprised of 3309 base pairs of 
pro-C5 coding sequence and 404 base pairs of 3’-nontranslated 
sequence. The nontranslated region began with the stop codon 
(TAA) and contained a putative polyadenylation signal 
(ATTAAA) located 16 base pairs upstream of a poly(A) tail 
of undetermined length. As was the case in earlier human 
(Lundwall et al., 1985) and murine (Wetsel et al., 1987) C5 
cDNA sequences, the C5 cDNA obtained from Hep G2 cells 
displayed the P-a-chain orientation. The derived amino acid 
sequence indicated that the pC5HG2 cDNA contained the 
entire coding sequence for the C5 a-chain, the 0-a-chain 
junction region, and 100 amino acids of the carboxy terminus 
of the P-chain. Additionally, the protein sequence indicated 
that the C5 molecule synthesized by Hep G2 cells is probably 
structurally identical with the C5 molecule obtained from 
human serum. This conclusion was based on two observations: 
(1) the sequences of four peptides, derived from trypsin di- 
gestion (Materials and Methods) of human C5 protein, were 
aligned exactly to the pC5HG2 amino acid sequence (see 
Figure 1); (2) the human C5a peptide sequence (Fernandez 
& Hugli, 1978) was identical with the corresponding C5a 
sequence derived from the Hep G2 C5 cDNA. 

Carbohydrate has been reported to be contained within the 
C5a and C5a’ fragments (DiScipio et al., 1983). From our 
sequence data, four potential N-linked carbohydrate attach- 
ment sites were localized within the C5a chain. One was the 
previously determined site found within the C5a fragment at 
position 330. Three additional attachment sites were all 
localized within the C5 a-chain at positions 500, 704, and 1219 
of Figure 1. Additionally, there were 26 cysteine residues 
found in the deduced human C5 a-chain amino acid sequence. 
Seven of these cysteines were clustered in the C5a fragment. 
Eleven cysteines were clustered in the final 203 carboxy-ter- 

AGT CTC GCT CTG TCG CCC AGG 

Y R T S G M Q F C V K M S A  
pCSHG2 ..TAT 4GG ACT TCT GGG 4TG C4G TTC TGT GTT AAA ATG TCT G C l  

6. 
J-16.. ..TAT AGG ACT TCT GGG ATG CAG AGT CTC GCT CTG TCG CCC AGG ’ 

Genom,c...TAT AGG ACT TCT GGG ATG C 4 G m l 4 G G  TGT TAA TAT TTA . . . .  

FIGURE 2: (A) Alignment of 5-16 and pC5HG2 nucleotide and derived 
amino acid sequences. Nucleotides and amino acid residues at the 
point of divergence between the two clones are shown. The Alu 
sequence which gives rise to the divergence between the two clones 
is boxed. The amino acid sequence shown here for pC5HG2 corre- 
sponds to amino acids 437-450 of Figure 1. (B) Comparison of 5-16 
and C5 genomic nucleotide sequences. The Alu sequence in J- 16 is 
underlined. The 5’ intron consensus sequence is boxed. 

Human 02M 

Human C 3  

Human C4 

Human C5 

FIGURE 3: Thiol ester domains of human azM, C3, and C4 aligned 
with the corresponding region in human C5. Amino acids which are 
identical in at least two of the protein sequences are boxed. The central 
five amino acids highly conserved in thiol ester containing proteins 
are indicated by the asterisks. 

minal amino acids. Of the 262 amino acids thus far deter- 
mined for the human C5 0-chain, there were 3 cysteine res- 
idues found and no N-linked carbohydrate binding sites. 

Comparison of Human C5 Sequences Obtained from J-16 
andpC5HG2 Clones. A partial human C5 cDNA clone (J- 
16), obtained from an acute-phase liver library, has been 
characterized previously (Lundwall et al., 1985). Although 
this clone contained approximately 1320 nucleotides of coding 
sequence for human C5, it also contained approximately 150 
base pairs of human consensus Alu nucleotide sequence in- 
serted immediately after the C5 coding sequence and right 
before the stop codon, TGA. Alignment of the 5-16 and 
pC5HG2 cDNA sequences (Figure 2A) reveals that the actual 
C5 coding sequence of 5-16 ended at the glutamine residue 
(immediately before the boxed residues in Figure 2A) rather 
than the serine three residues upstream as previously thought 
(Lundwall et al., 1985). Past the location where the C5 coding 
sequence of the 5-16 clone ends, the cDNA sequences of the 
two clones completely diverge. That is to say, pC5HG2 
contains no comparable Alu consensus sequence, and, in ad- 
dition, the stop codons, 3’-untranslated sequences, and poly- 
adenylation signals of these two clones are completely different. 

A human C5 genomic clone has recently been isolated which 
contains a DNA sequence that corresponds to the C5 coding 
region preceding the Alu consensus sequence in the C5 5- 16 
clone. DNA sequence analysis revealed that at exactly the 
nucleotide position where the C5 coding sequence stops in the 
5-16 clone an intron sequence begins in the human C5 gene 
(Figure 2B). However, this intron does not contain the Alu 
consensus sequence present in the 5- 16 clone. This finding 
indicates that the Alu sequence and the following 3’-un- 
translated region present in the 5-16 clone are not derived by 
incomplete splicing of the adjacent intron. Instead, the Alu 
and 3’ region of the 5-16 clone must be obtained from a more 
distant intron in the C5 structural gene, or from another C5 
gene or from an unrelated gene. Isolation of the complete C5 
structural gene and subsequent Southern analysis and se- 
quencing should indicate if this Alu sequence is C5 derived. 

Comparison of the Murine and C.5 Sequence. A large 
murine cDNA clone (5217 base pairs) which codes for pro-CS 
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has recently been isolated and fully sequenced (Wetsel et a]., 
1987). Coding sequence alignment of the murine C5 clone 
with the human pC5HG2 C5 clone reveals 79% identity a t  
the protein level and 80% identity at the nucleotide level. Of 
the 759 nucleotide changes in the pC5HG2 clone, 159 are 
silent substitutions. In other words, 21% of the substituted 
nucleotides which occur in the human C5 mRNA result in no 
amino acid substitutions in the human C5 protein sequence. 

The mouse and human C5 amino acid sequences each 
contained 29 cysteine residues, 3 in each P-chain and 26 in 
each a-chain. All of the cysteines remain identically located 
in these two species except at two positions. The cysteine at 
position 293 of the human C5 sequence (Figure 1) is replaced 
by an arginine residue in the mouse sequence. Likewise, the 
tyrosine a t  position 700 of the human C5 sequence is sub- 
stituted by a cysteine in the mouse sequence. 

It has been postulated that a given protein will evolve a t  a 
rate determined by the functional constrains placed on its 
primary structure (Dickerson, 197 I ) .  For example, fibrino- 
peptides have no specific function other than being released 
as degradation fragments from fibrinogen during blood clot- 
ting. Therefore, there are no structural constraints put on these 
peptides, and consequently they exhibit the fastest known rate 
of evolution. On the basis of the 79% identity of its murine 
and human primary sequences, C5 would be expected to evolve 
a t  a moderate rate. As anticipated, C5 has evolved slower 
than, for example, albumin which has 68% amino acid identity 
between the mouse and human amino acid sequences (Du- 
gaiczyk et al., 1982; Minghetti et al., 1985). However, C5 
has evolved much faster than cytochrome c which has a 96% 
mouse/human primary sequence identity. 

Interestingly, the portion of the mouse and human C5 se- 
quences which exhibits the greatest degree of divergence is the 
C5a fragment. Even when the three additional amino acids 
contained a t  the amino terminus of the mouse C5a fragment 
are excluded from the calculations, the two C5a sequences 
share only 64% identically placed residues (36/74). This 
observation would suggest that only portions of the C5a se- 
quence are necessary to mediate its inflammatory activities. 

Evolutionary Relationships among C3, C4, C5, and cy2-  

Macroglobulin. It has been established from previous sequence 
comparisons that the serum protease inhibitor a2-macro- 
globulin shares a common evolutionary origin with the com- 
plement components C3 and C4 (Sottrup-Jensen et al., 1985). 
All three proteins harbor a highly reactive P-cysteinyl-y- 
glutamyl thiol ester enabling each protein to bind covalently 
to surfaces at amino and hydroxyl groups. Recently, sequence 
determination of a mouse C5 cDNA clone has demonstrated 
definitively that the fifth complement component lacks this 
thiol ester moiety but otherwise shares extensive homology with 
C3, C4, and a2M (Wetsel et al., 1987). Alignment of the 
protein sequences of these family members indicated that the 
corresponding thiol ester region of C5 contained several of the 
conserved amino acids. However, the critical cysteine and 
glutamine residues, which bridge to form the thiol ester, had 
been replaced by serine and alanine, respectively. From our 
current study, these exact two amino acid substitutions were 
found in human C5 (Figure 3). 

When the complete primary structures of human C3, C4, 
and a 2 M  are compared with the primary structure of C5 
(Figure 4), it is clear that C5 shares, in addition to the cor- 
responding thiol ester domain, extensive sequence homology 
with its family members. As expected, C5 displayed more 
sequence homology with C3 and C4 than with a z M .  Of the 
1639 amino acids of C5 compared, 27% were identical with 

Table I 
Rodent X Human Hybrid Clones“ 

Synteny Test of the C5 Gene and Human Chromosomes in 

human 
chromo- C5 gene/human chromosome 

some +/+ +/- -/+ -/- asvntenv 
1 1 1  8 4 5 43 
2 5 12 3 6 58 
3 1 9 1 0 91 
4 5 5 2 0 58 
5 10 7 4 3 46 
6 11 I 1 2 52 
I 0 9 0 1 90 
8 10 8 5 4 48 
9 25 0 0 9 0 

10 5 12 0 6 52 
11  14 2 I 0 39 
12 8 8 6 1 61 
13 13 5 8 0 50 
14 13 5 I 2 44 
15 8 9 3 5 60 
16 13 4 6 3 38 
17 19 6 9 0 44 
18 1 9 4 3 56 
19 11 8 5 3 48 
20 10 8 5 6 41 
21 2 15 0 9 58 
22 0 12 0 1 92 
X 5 5 5 4 53 

“Somatic cell hybrids were scored for the presence (+) or absence 
(-) of specific human chromosomes and for the presence or absence of 
human C5 coding sequences as described under Materials and Meth- 
ods. 

human C3, while 25% were identical with human C4. Of the 
1478 amino acids (1-1478) of C5 compared to human azM,  
19% of the residues were identical. 

The complement component family members displayed high 
conservation in the distribution of their cysteine residues. As 
shown in Figure 4, there are 11 conserved cysteines clustered 
around the carboxy termini of the @-chains and the amino 
termini of the a-chains of these complement promolecules. In 
addition, there are 11 completely conserved cysteines in the 
carboxy termini of the a-chains of C5 and C3 and within the 
y-chain of C4. In contrast, the distribution of the cysteines 
of a2M is not conserved with the complement family members. 
Only two of the a2M cysteines (positions 540 and 666) are 
identically placed within the C3, C4, and C5 primary struc- 
tures. Interestingly, the least conserved area of a 2 M  resides 
within the anaphylatoxin sequences of the complement com- 
ponents. Thirty-five amino acids present in the C3a, C4a, and 
C5a domains have been deleted in the corresponding region 

Southern blot analyses of 
BamHI- or EcoRI-digested DNA from the hybrid panel re- 
vealed 100% concordance between human C5 sequences and 
human chromosome 9. All other human chromosomes showed 
a discordancy of 38-92% with C5 sequences (Table I) .  As 
an internal control to confirm this assignment, the Southern 
blots were washed to background and rehybridized with the 
ABL probe previously assigned to human chromosome 9q34 
(Heisterkamp et al., 1982). All 34 clones showed 100% 
concordance between C5 and ABL sequences and human 
chromosome 9. 

The murine C5 gene has been mapped to the proximal 
portion of mouse chromosome 2 (D’Eustachio et al., 1986). 
Comparative mapping studies have revealed several loci on 
this portion of mouse chromosome 2, C5 now being identified 
as a member of this linkage group, whose human analogues 
are located on human chromosome 9 (Lalley & McKusick, 
1985). Thus, the C5 gene is highly conserved as it displays 

of a2M. 
Chromosome Localization. 
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FIGURE 5: Distribution of labeled sites on chromosome 9 in 100 normal 
metaphase cells from phytohemagglutinin-stimulated peripheral blood 
lymphocytes that were hybridized with the C5 cDNA clone. The 
labeled sites observed in this hybridization were clustered at 9q32-34; 
the largest cluster of grains was located at 9q34.1. 

both sequence and chromosome (linkage) homology between 
mouse and man. 

To sublocalize the C5 gene on chromosome 9, we performed 
in situ chromosomal hybridization to normal human metaphase 
cells using a cDNA clone specific for this gene. This hy- 
bridization resulted in specific labeling of chromosome 9. The 
hybridization was repeated twice and gave identical results. 
In hybridizations performed with the cDNA probe, we ob- 
served specific labeling of the distal long arm of chromosome 
9. Of 100 metaphase cells examined from this hybridization, 
49 (49%) were labeled on region q3, bands q32-34 of one or 
both chromosome 9 homologues (P < 0.0005). The distri- 
bution of labeled sites on chromosome 9 is illustrated in Figure 
5. A total of 72 grains were observed on this chromosome; 
of these, 67 (93%) were clustered at  bands q32-34 and rep- 
resented 40% (67/167) of all labeled sites. The largest cluster 
of grains was observed at 9q34.1. 

Thus, the C5 gene is localized to chromosome 9, at bands 
q32-34. As discussed above, C3, C4, C5, and a2M have amino 
acid sequence homology indicating that these proteins are 
homologous family members and share a common evolutionary 
origin. The genes encoding C3, C4, and a Z M  have been 
localized to 19~13.2-p13.3 (Whitehead et al., 1982; Peri- 
cak-Vance et al., 1985), 6p21.3 (Carroll et al., 1984), and 
chromosome 12 (Kan et al., 1985), respectively, indicating that 
these genes are dispersed to different human chromosomes. 
Our localization of the C5 gene to 9q32-34 indicates that the 
C5 gene also maps to a distinct chromosomal region. 
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