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ABSTRACT The complete cDNA coding sequence and de-
rived ,amino acid sequence of human complement component
C3 are presented. The encoded precursor molecule contains a
signal peptide of 22 amino acid residues, the j3 chain (645 resi-
dues), and the a chain (992 residues). The two chains are
joined by four arginine residues not present in the mature pro-
tein. Several functionally important sites have been localized,
such as the thiolester site, the cleavage site liberating the ana-
phylatoxin, and two sites of cleavage by the serine protease
factor I, as well as a peptide fragment with leukocyte mobiliz-
ing activity. At least two carbohydrate attachment sites, one
on each chain, have been identified. Human C3 has 79% iden-
tity to mouse C3 at the nucleotide level and 77% identity at the
amino acid level. The protease a2-macroglobulin and comple-
ment component C4 show considerable homology to C3, sug-
gesting that the three proteins have evolved from a common
ancestor.

Complement plays a major role in the defense against infec-
tion by microorganisms (1, 2). It consists of a group of plas-
ma proteins that, when activated by antibodies or cellular
surfaces, interact in cascade fashion to produce a membrane
attack complex capable of direct cytolysis. The third compo-
nent of complement (C3) is indispensable, because it func-
tions in both the classical and alternative pathways of com-
plement activation. Individuals affected by homozygous C3
deficiency suffer from recurrent pyogenic infections such as
pneumonia, septicemia, otitis media, and meningitis, and the
absence of C3 is frequently lethal (3, 4). The human C3 locus
probably contains a single gene and has been assigned to
chromosome 19 (5). Expression of the human C3 gene is tis-
sue specific, with liver hepatocytes being the main site of C3
synthesis (6). C3 is an acute-phase reactant, increased syn-
thesis of which is induced during acute inflammation (7). A
single chain precursor (pro-C3) is found intracellularly,
which is processed by proteolytic cleavage into two sub-
units, the a and P chains (8). In the mature protein, these are
linked by disulfide bonds.

Cleavage of C3 by C3 convertases gives rise to two acti-
vated fragments, the anaphylatoxin C3a-a vasoactive pep-
tide and a mediator of inflammation (9, 10)-and C3b. In
activated C3b, a highly reactive thiolester group becomes
exposed (11), which allows the fragment to bind covalently
to the surfaces of foreign particles by a transacylation reac-
tion (12). Surface-bound C3b acts as a cofactor in the forma-
tion of C5 convertase and thus can complete activation pf the
complement cascade (1). It is also recognized by C3b recep-
tor-bearing B lymphocytes and facilitates phagocytosis of
the foreign particles by C3b receptor-bearing macrophages
(13). Activity of C3b is limited by specific proteolytic cleav-
age involving factors I and H (14). Experimentally defined
degradation products of C3b can have biological activities of

their own. Fragment C3dK, generated by factors I and H
together with kallikrein, has been shown to inhibit T-cell
proliferation in vitro and to mobilize leukocytes in rabbits
and mice (15).
Here we report the nucleotide sequence of the C3 cDNA

coding region and the complete sequence of the translated
product. The protein sequence will enable synthesis of pre-
cisely defined peptides as an approach to solving structure-
function relationships within C3 and its interaction with oth-
er complement compQnents and cell-surface receptors. The
cDNA sequence will be a basis for study of the human C3
gene and the molecular origin of human C3 deficiencies.

MATERIALS AND METHODS
Restriction endonucleases were from Boehringer Mannheim
except BstEII (New England Biolabs). Klenow fragment of
DNA polymerase I was obtained from Bethesda Research
Laboratories and the 17-nucleotide universal sequencing
primer was from Collaborative Research (Waltham, MA). T4
DNA polymerase, dideoxy-, and deoxynucleotide triphos-
phates were purchased from Pharmacia P-L Biochemicals.
Radionucleotides [a-32P]dCTP (>400 Ci/mmol; 1 Ci = 37
GBq) and [a-35Slthio-dATP (>400 Ci/mmol) as well as a
nick-translation kit were from Amersham. T4 DNA ligase
and Escherichia coli strain JM101-TG1, used in transfec-
tions, were gifts from D. Bentley and S. Fields and from T.
Gibson, respectively.

Screening of the cDNA Library. Approximately three com-
plexities of human liver cDNA library 1 (16) were plated and
screened by colony hybridization (16, 17). A 1.39-kilobase-
pair (kb) fragment of human C3 genomic DNA (5) labeled
with [a-32P]dCTP by nick-translation, was used as a first
probe. Mouse C3 probes were also used and were 32P-la-
beled by making copies from single-stranded M13/mouse C3
cDNA recombinants (18) using standard sequencing reaction
conditions (19) in the absence of dideoxynucleotides. Hu-
man C3 positive recombinants were analyzed by preparing
plasmid DNA (20) and by comparing their banding pattern
on agarose gels after digestion with restriction endonucle-
ases.
DNA Sequence Analysis. Inserted cDNA was purified from

large-scale plasmid DNA preparations by restriction endo-
nuclease digestion and electrophoresis in low melting point
agarose (21). A "shotgun" DNA sequencing strategy was
used in which each cDNA fragment was randomly fragment-
ed by sonication and subcloned in the vector M13mp8 (19).
Recombinants were selected at random and the inserts were
sequenced by the dideoxynucleotide chain termination
method using 3S label and buffer gradient gels (22). A con-
sensus sequence was assembled from individual insert se-
quences and was analyzed using the computer programs of

Abbreviations: kb, kilobase pairs; C3, C4, third and fourth compo-
nents of complement; pro-C3, precursor polypeptide of C3; a2M, a2-
macroglobulin.
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Staden (23-25). The sequence was determined at least once,
and >96% at least twice, on each strand of DNA.

RESULTS

The human liver cDNA library (16) was screened with a
1.39-kb fragment of human C3 genomic DNA (5). This probe
has been analyzed and contains 250 nucleotides of coding
sequence (probe A, Fig. 1; unpublished results). Seventy-
five C3 positive recombinants were found (about 1 per 300
colonies). Subsequent screening of these with probes corre-
sponding to the 5' end of mouse C3 cDNA (18) allowed se-
lection of 15 recombinants containing potentially full-length
cDNA, of which pC3.11 was chosen for further study. Its
insert was cleaved from the vector pAT153/Pvu 11/8 (26) us-
ing Cla I and Sal I recognition sites in the flanking vector
sequence. The 4342-nucleotide cDNA sequence and its cor-
rect reading frame could be identified by comparison to
mouse C3 cDNA (18) and independently determined human
C3 amino acid sequences (9, 15, 27-30). It represented the
coding sequence for --90% of human C3 measured from the
COOH terminus (Fig. 1). Because the pC3.11 insert harbors
an internal Sal I site (Fig. 1), an overlapping Cla I/BamHI
fragment was purified and sequenced from the BamHI end
only, verifying that no small Sal I/Sal I fragments had gone
undetected.
To obtain the remainder of the C3 cDNA coding sequence,

a 1-kb BstEII/BstEII fragment was purified from the pC3.11
insert (probe B, Fig. 1) and was used to rescreen the cDNA
library. Of the many C3 positive recombinants found,
pC3.49 was selected. On the basis of its restriction fragment
pattern, the insert of -2.9 kb could be shown to partially
overlap with pC3.11 extending in the 5' direction (Fig. 1). By
double digestion with Cla I and BstEII, a 1.2-kb subfragment
of the pC3.49 insert was isolated and used for sequencing.
The resulting data completed the coding sequence of human
C3, leaving a 5' nontranslated region of =440 nucleotides,
which would be -380 nucleotides longer than the corre-
sponding region of mouse C3 cDNA (18). To verify this, a
third C3 cDNA insert (pC3.59) was sequenced and found to
agree with the pC3.49 sequence from its 3' end until 60 nu-
cleotides upstream from the coding sequence. Whether ei-
ther of the two differing sequences in pC3.49 and pC3.59 is
part of the 5' nontranslated region has not been verified.
None of the three inserts contained the polyadenylylation
signal and tail. Fig. 2 shows the derived consensus sequence
for the human C3 cDNA coding region. In addition to the
4992-nucleotide translated sequence, it contains the 60-nu-
cleotide 5' nontranslated region discussed above as well as
15 nontranslated nucleotides at the 3' end.

DISCUSSION

The C3 Precursor Molecule. Human C3 mRNA is translat-
ed into a precursor molecule of 1663 amino acid residues,

SP
5''.

NH~2 BEProbe BBE

JR a
3' C3cDNA

BS -Probe A COOH
pC3. 11
pC3.49

1 kb p03.59

FIG. 1. Organization of human C3 cDNA as derived from the
consensus sequence of recombinant inserts pC3.11, pC3.49, and
pC3.59. A precursor molecule is encoded with, at the NH2-terminal
end, a signal peptide (SP) followed by the 8 chain, a joining region
(JR) of four arginine residues, and the a chain at the COOH-terminal
end. Cleavage sites for the restriction enzymes BstEII (BE), BamHI
(B), and Sal I (S) are indicated. Other details are described in the
text.

prepro-C3. At the NH2-terminal end, a 22-residue signal pep-
tide is located, which closely resembles those of other se-
creted proteins (33). The secreted forat of human C3 (pro-
C3; see ref. 8) consists of the remaining 1641 residues. By
comparison to amino acid sequences of mature C3 (9, 27) the
f chain (645 amino acid residues) can be located at the NH2-
terminal and the a chain (992 residues) at the COOH-termi-
nal end. They are joined by four arginine residues not pres-
ent in the mature protein (27). Identical or similar quadru-
plets of basic residues have been found in mouse pro-C3
(34), and in human and mouse pro-C4, both at the junctions
between the p and a, and between the a and y subunits (16,
35). They are presumably removed by specific proteases
similar to those that process prohormones and blood coagu-
lation factor X at basic residues (36, 37). The coding regions
of human and mouse C3 cDNA have 79% nucleotide identi-
ty, and the encoded precursor proteins have an identical or-
ganization. Of the codons, 51% are unchanged and 26% have
changed conservatively, together accounting for 77% amino
acid identity. All four percentages are highest for the a chain
and lowest for the signal peptide. The human a chain is one
amino acid residue shorter than its mouse counterpart (be-
tween residues 687 and 688; Fig. 2), and the human f chain is
three residues longer (residues 23, 397, and 567). The signal
peptides differ by two residues, the human one being shorter
(between residues 8 and 9).
The Mature Protein. Comparison to independently deter-

mined amino acid sequences of human C3 (9, 15, 27-30) en-
abled us to locate the site of C3 activation by C3 convertase
and the two sites of inactivation by factor I, as well as the
primary cleavage sites for kallikrein, elastase, and trypsin
(Fig. 2). This definitively establishes the order of the various
C3 cleavage products (Fig. 3), confirming observations made
by others (27, 29). The C3dK fragment has been shown to
increase the number of circulating leukocytes when injected
into rabbits or mice (15). The C3dg fragment, which starts 9
residues downstream, does not have this activity (29).
Therefore, it must be either partially or completely deter-
mined by the 9 residues mentioned. Recently, a correspond-
ing synthetic nonapeptide has been shown to produce the
leukocyte mobilizing activity in rabbits (38). However, be-
cause intact C3 and C3b are not active in this respect (15)
and no likely analogue for the human kallikrein cleavage site
is found in mouse C3 (18), it remains unclear whether the
leukocyte mobilizing activity is a normal property of C3 in
vivo.
The protease factor I has been proposed to cleave in vitro

at the NH2 terminus of C3dg using the C3b-receptor CR1
rather than factor H as a cofactor (39, 40). C3 convertase and
factor I play important regulatory roles in controlling the bio-
logical activity of C3. Both established factor I cleavage sites
and the C3 convertase cleavage site have the specific se-
quence Arg-Ser (Fig. 2). The sequence at the third putative
factor I site is Arg-Glu. Whereas the Arg-Ser sequences are
conserved in mouse C3, the Arg-Glu sequence is replaced by
Gln-Gly (18). In view of the otherwise high degree of homol-
ogy between human and mouse C3, this implies that cleav-
age at the NH2-terminus of C3dg is unlikely to have a regula-
tory function in vivo.
The highly reactive thiolester group, which enables C3b to

attach covalently to the surfaces of foreign particles, is locat-
ed in the C3d fragment (ref. 30; Fig. 2). By amino acid se-
quence analysis, the thiolester site has been characterized as
Gly-Cys-Gly-Glu-Glx (11), in which cysteine and glutamic
acid (or glutamine) are thought to be involved in a thiolester
linkage. Clarification of the mechanism of thiolester forma-
tion, however, has been hampered by the ill-defined nature
of the Glx residue. The C3 cDNA sequence (ref. 34; Fig. 2)
clearly identifies this residue as glutamine. Identical thioles-
ter sites have been found in complement component C4 and
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<----- N-TERMINUS SIGNAL PEPTIDE C-TERMINUS
5' G P T OB P S L L L L L T H L P L A 20
CTCCTCCCCATCCTCTCCCTCTGTCCCTCTOTCCCTCTBACCCTGCACTBTCCCAGCACCATGBBACCCACCTCAGOTCCCABCCTBCTGCTCCTBCTACTAACCCACCTCCCCCTGGCT 120

----> <----- N-TERMINUS BETA CHAIN
L 0 $ P M Y S I I T P N I L R L E S E E T M V L E A H D A 0 o D V P V T V T V H 60
CTGBBBABTCCCATGTACTCTATCATCACCCCCAACATCTTBCGGCTGBAGABCBAGGAGACCATBGTBCTGGABGCCCACGACBCGCAAGBGGATGTTCCAGTCACTOtTACTGTCCAC 240

*CHO
D F P 0 K K L V L S S E K T V L T P A T N H N 0 N V T F T I P A N R E F K S E K 100

GACTTCCCAGBCAAAAAACTABTGCTGTCCAGTBABAAGACTBT6CTGACCCCTGCCACCAACCACATOGGCAACGTCACCTTCACGATCCCAGCCAACAGGGA TTCAA T A A^AAA 360

O R N K F V T V 0 A T F 0 T 0 V V E K V V L V S L 0 S 0 Y L F I 0 T D K T I Y T 140
GBBCGCAACAAGTTCBTB^CCBTGCABBCCACCTTCBGBACCCAAGTGTGGBAGAAGBTGBTBCTGBTCAGCCTGCABABCOGGTACCTCTTCATCCA ACA ACAA ACCATCTACACC U006 ~~~480
P 0 S T V L Y R I F T V N H K L L P V 0 R T V M V N I E N P E 0 I P V K 0 D S L 180

CCTGBCTCCACAGTTCTCTATCOGATCTTCACCBTCAACC-ACAAGCTGCTACCCQTGiB8CCB0ACBBTCATBBTCAACATTGAGAACCCGGAABGCATCCCBGTC*AAGCAGBACTCCTTG 600

$ S 0 N 0 L 0 V L P L S d D I P E L V N N o a W K I R A Y Y E N S P 0 a V F S T 220
TCTTCTC'ABAACCABCTTBBCBTCTTBCCCTTGTCTTrGGACATTCCGGAACTCBTCAACATBGBCCAGTGGAABATCCGAGCCTACTATGAAAACTCACCACAGCAGBTCTTCTCCACT 720

E F E V K E Y V L P S F E V I V E P T E K F Y Y I Y N E K 0 L E V T I T A R F L 260
GABTTTGABGTGAABGAGTACGTGCTGCCCAGTTTCGABGTCATAGTGGABCCTACABAGAAATTCTACTACATCTATAACBAGAAGGGCCTGGAGGTCACCATCACCGCCABGTTCCTC 840

Y 0 K K V E 0 T A F V I F 0 I 0 D 0 E a R I S L P E S L K R I P I E D 0 S 0 E V 300
TACBGBAAGAAABTGBAGGGAACTGCCTTTGTCATCTTCBBGATCCAGBATBBCBAACABAGGATTTCCCTGCCTGAATCCCTCAABCBCATTCCBATTGAGBATGGCTCGBGGGAGGTT 960

V L S R K V L L D 0 V a N L R A E D L V 0 K S L Y V S A T V I L H S 0 5 D M V 0 340
BTGCTBAGCCOGAAGGTACTGCTBGACOGGGTGCAGAACCTCCGAGCAGAAGACCTBOGTBBBAAGTCTTTBTACBTBTCTBCCACCBTCATCTTBCACTCABBCATBTACATBBTGCAG 1080

A E R S 0 I P I V T S P Y a I H F T K T P K Y F K P 0 N P F D L M V F V T N P D 380
BCABABCOCABCCOBATCCCCATCGTGACCTCTCCCTACCAGATCCACTTCACCAAGACACCCAAGTACTTCAAACCABBAATBCCCTrTTOCCTCATBBTBTTCOTBACBAACCCTBAT 1200

0 S P A Y R V P V A V a o E D T V a S L T Q 0 D B V A K L S I N T H P S a K P L 420
GBCTCTCCABCCTACCGABTCCCCBTBBCABTCCABGBCBAGBACACTBTBCAOTCTCTAACCCABBBABATBBCBTBBCCAAACTCABCATCAACACACACCCCABCCAGAAGCCCTTG 1320

S I T V R T K K 0 E L S E A E a A T R T M a A L P Y S T V O N S NN Y L H L S V 460
ABCATCACBBTBCBCACBAAQAABCAGABCTrcCTBBGABBCAGABCABBCTACCABBACCATBCABBCTCTBCCCTACAGCACCBTBGBCAACTCCAACAATTACCTBCATCTCTCAGTG 1440

L R T E L R P G E T L N V N F L L R N D R A H E A K I R Y Y T V L I M N K O R L 500
CTACBTACABABCTCAGACCCGBBBABACCCTCAACGTCAACTTrccTCCTBCBAATBGACCBCBCCCACBAGBCCAABATCCBCTrACTrACACCTrACCTBATCATBAACAAGBBCABBCTG 1560

L K A 0 R a V R E P 0 a D L V V L P L S I T T D F I P S F R L V A Y Y T L I 0 A 54Q
TTOAAOOCOBOACOCCAOOTOCOAGAOCCCOOCCAGGACCTGGTGOGTCTOCCCCTOTCCATCACCACCOACTTCATCCCT TCCTTCCGCCTOGTOOCOTACTACACGCTOATCOOTOCC 1680

S O G R E V V A D S V U V D V K D S C V G S L V V K S 6 Q S E D R Q P V P aQ 580
ABCBBCCABAGBBAGBTBBTBBCCBACTCCBTBTBBBTBBACBTCAAGBACTCCTBCBTBBBCTCBCTBOTBOTAAAAABCBBCCACTCABAAGACCBBCABCCTBTACCTBBBCABCAB 1800

N r L K I E 0 D H 0 A R V V L V A V D K 0 V r V L N K K N K L T a S K I W D V V 620
ATGACCCTBAABATAGAGBBTBACCACOBBBCCCB0GTBGTACTOOTBOCCOTBBACAABBBCBTBTTCBTBCTBAATAAGAABAACAAACTBACBCAGABTAAGATCTBBACBTBBTB 91)20

E K A D I B C T P B S B K D Y A G V F S D A B L T F T S S S BOG T A O R A E L 660
BAGAABBCAGACATCBBCTBCACCCCBBBCABTBBBAABBATTACBCCBBTBTCTTCTCCBACBCAGBBCTBACCTrTrCACBAGCABCAOTBBCCABCAGACCBCCCAGABOOCABAACTT 2040

C-TERMINUS -----> <----- N-TERMINUS ALPHA CHAIN/C3a
a C P a P A A R R R R S V 0 L T E K R N D K V 0 K Y P K E L R K C C E D 0 N R E 700

CABTBCCCBCAGCCABCCBCCCBCCBACBCCBTTCCBTBCABCTCACBBABAAGCBAATBBACAAAOTCBBCAAGTACCCCAABBABCTBCBCAAGTBCTBCBAGB*CBBCATBCBBBAB 2160

N P N R F S C a R R T R F I 5 1 0 E A C K K V F I D C C N V I T E L R R a N A R 740
AACCCCATGAGGTTCTCGTGCCAGCGCCGGACCCGTTTCATCTCCCTGGBCGAGGCGTGCAAG*AAGTCTTCCTG6ACTGCTGCAACTACATCACAGAGCTGCGGCGGCAGCACGCGCGG 2280

C3 CONVERTASE
C3a C-TERMINUS -----> <----- N-TERMINUS ALPHA' CHAIN
A S H LO8L A R S N I D E D I I A E E N I V S R S E F P E S U LUW N V ED0 IKE 780
GCCAGCCACCTOGGCCTG0CCAGGAGTAACCTOGAT0AGGACATCATTGCAGAAGAGAACATCGTTTCCCGAAGTGAGTTCCCAGAAOACT00CTGTG0AAC0TTOG0GACTTOAAAGA0 2400

P P K N 0 I S T K I N N I F I K D S I T T U C I I A V S N S D K K 0 I C V A D P 820
CCACCGAAAAATGGAATCTCTACGAAGCTCATGAATATATTTTTG*AAGACTCCATCACCACGTOGGOAGATTCTGGCTGTCAGCATGTCGGACAAGAAAGGGATCTGT0TGGCAGACCCC 2520

F C V T V NO O F F I DIL RILP V S V V R N E V E I R A V I V N Y R 0 NO C L 860
TTCGAGGTCACAGTAATGCAGGACTTCTTCATCGACCTGCGGCTACCCTACTCTGTTGTTCGAAAC0^GCAGGTG0AAATCCGA0CCOTTCTCTACAATTACCG0CAGAACCAAGAGCTC 2640

K V R VC INLHN P A F C S LA T T K R RH 0 0T V T I P P K 98 S8V PY V VI 900
AAGGTGAGGGTGGAACTACTCCACAATCCAGCCTTCTGCAGCCTGGCCACCACCAAGAGGCGTCACCAGCAGACCGTAACCATCCCCCCCAAGTCCTCOTT0TCCGTTCCATATGTCATc 2760

*CHO
V P- L K T 0 L 0 E V E V K A A V Y H H F I S 0 0 V R K S L K V V P E 0 I R N N K 940

BTBCCBCTAAABACCBGCCTBCABBAAGTBBAABTCAAGBCTBCCBTCTACCATCATTTCATCABTBACGBTBTCABBAABTCCCTBAAGBTCBTBCCBBAAGBAATCABAATBAACAAA 2880

KALLIKREIN FACTOR I?
------> CUdK ----> C3dg/C39

T V A V RI T L D P E R L G R E 0 V 0 K E D I P P A D L S D 0 V P D T E S E T R 1 980

CIASTASE TRVPSIN
ELASTASE

C3 .-----> -----> C3d THIOESTER SITE
L L 0 T P VI A O N T E D A V D A E R L K H L I V T P S B C O E O N N I O N T P 1020

CTCCTGCAABGGOACCCCAGTBBCCCAGATGACAGAGBATBCCBTCBACBCBGAACBGCTBAABCACICTCATTBTBACCCCCTCBBBCTBCOGBBAACAOAACATBATCBBCATGACBCCC 3120

T V I A V H Y L D E T E 0 U E K F 0 L E K R 0 0 A L E L I K K 0 Y T 0 0 L A F R 1060

ACGBTCATCGCTBTBCATT^CCTIGATBAAACBBAGCABTBGGABAAGTTCGGCCTABABAAGCBBCABGBBBCCTTGOAOCTCATCAAGAAGBBBTACACCCABCABCTGBCCTTCAGA 3240

a P 5 5 A F A A F V K R A P 5 T U I T A V V V K V F S I A V N I I A I 0 5 0 V 1 1100
CAACCAOCTTOCCTTOCOCCTTCTGAACGOOCCCCACACCOOCTOCCOCTACOTOTCAGOTCTCTCTTOOCOTCAACTCACOCCACOACCCCAATCC 33606

C 0 A V K U L I L E K 0 K P D 0 V F 0 E D A P V I H 0 E N I G 0 L R N N N E K D 1140
TGCGGGBCTGTTAAATBGCTGATCCTGGAGAAGCAGAAGCCCGACGGGGTCTTCCAGGAGGATGCGCCCGTGATACACCAAGAAATGATTGGTGGATTACGGAACAACAACGAGAAABAC 3480

M A L T A F V L I S L 0 E A K D I C E E 0 V N S L P 0 S I T K A 0 D F L E A N Y 1180
ATGGCCCTCACGGCCTTTGTTCTCATCTCGCTGCAGGAGGCTAAAGATATTTGCGAGGAGCAGGTCAACAGCCTB¢CAGOCAdCATCACTAAAGCAGGAGACTTCCTTGAAGCCAACTAC 3600

M N L 0 R S Y T V A I A 0 Y A L A 0 N 0 R L K 0 P L L N K F L T T A K D K N R U 1220
ATGAACCTACAGAGAT CC T ACACTGTGGCCAT TGC TGGCTATGCTC TGGCCCAGATGGGCAG.GCTGAAGGGGCCTC tTCTTAACAAATTTCTGACCACAGCCAAAGATAAGAACCGCTGG 3720

FIG. 2. (Figure continues on next page.)
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E 1 P 6 K 0 L Y N V E A T S Y A L L A L L 0 L K D F D F V P P V V R W L N E 0 R 1260
GAGGACCCTGGTAAGCAGCTCTACAACGTGGAGGCCACATCCTATGCCCTCTTGGCCCTACTGCAGCTAAAAGACTTTGACTTTGTGCCTCCCGTCGTGCGTTGGCTCAATGAACAGAGA 3840

Y Y G G 6 Y G S T 0 A T F M V F 0 A L A 0 Y 0 K D A P D H 0 E L N L D V S L 0 L 1300
TACTACGGTG5TGGCTATGGCTCTACCCAGGCCACCTTCATGGTGTTCCAAGCCTTGGCTCAATACCAAAAGGACGCCCCTGACCACCAGGAACTGAACCTTGATGTGTCCCTCCAACTGr 963960

FACTOR I FACTOR I

PS IS S K I T H R I H W E S A S L L R4 S E E T K E N E G F T V T A E G K G 0 G 1340
CCCAGCCGCAGCTCCAAGATCACCCACCGTATCCACTGGGAATCTGCCAGCCTCCTGCGATCAGAAGAGACCAAGGAAAATGAGBGTTTCACA4TCACAGCTGAAGGAAAAGGCCAAGGC 4ME

T L S V V T M Y H A K A K D 0 L T C N K F D L K V T I K P A P E T E K R P 0 D A 1380
ACCTTGTCGGTGGTGACAATGTACCATGCTAAGGCCAAAGATCAACTCACCTGTAATAAATTCGACCTCAAGGTCACCATAAAACCAGCACCGGAAACAGAAAAGAGGCCTCAGGATGCC 4200

K N T M I L E I C T R Y R G D 0 A T M S I L D I S M M T 6 F A P D T D D L K 0 1420
AAGAACACTATGATCCTTGAGATCTGTACCAGGTACCGGGGAGACCAGGATGCCACTATGTCTATATTGGACATATCCATGATGACTGGCTTTGCTCCAGACACAGATGACCTGAAGCAG 4320

L A N G V D R Y I S K Y E L D K A F S D R N T L I I Y L D K V S H S E D D C L A 1460
CTGGCCAATGGTGTTGACAGATACATCTCCAAGTATGAGCTGGACAAAGCCTTCTCCGATAGGAACACCCTCATCATCTACCTGGACAAGGTCTCACACTCTGAGGATGACTGTCTAGCT 4440

F K V H 0 Y F N V E L I 0 P G A V K V Y A Y Y N L E E S C T R F Y H P E K E D 6 1500
TTCAAAGTTCACCAATACTTTAATGTAGAGCTTATCCAGCCTGGAGCAGTCAAGGTCTACGCCTATTACAACCTGGAGGAAAGCTGTACCCGGTTCTACCATCCGGAAAAGGAGGATGGA 4456

K L N K L C R D E L C R C A E E N C F I 0 K S D D K V T L E E R L D K A C E P G 154

AA6CTGAACAAGCTCTGCC6TGATGAACTGTGCCGCTGTGCTGAGGAGAATTGCTTCATACAAAAGTCGGATGACAAGGTCACCCTGGAAGAACG6CTGGACAAGGCCTGTGAGCCAGGA 4680

V D Y V Y K T R L V K V 0 L S N D F D E Y I M A I E 0 T I K S G S D E V 0 V G 1580
GTGGACTATGTGTACAAGACCCGACTGGTCAAGGTTCAGCTGTCCAATGACTTTGACGAGTACATCATGGCCATTGAGCABACCATCAAOTCAGGCTCGGATGAGGTGCAGGTTGGACAG 4ME

*CHO ?

0 R T F I S P I K C R E A L K L E E K K H Y L W 6 L S S D F W E K P N L S Y 1620
CAGCGCACGTTCATCAGCCCCATCAAGTGCAGAGAAGCCCTGAAGCTGGAGGAGAAGAAACACTACCTCATGTGGGGTCTCTCCTCCGATTTCTGGGGAGAGAAGCCCAACCTCAGCTAC 4920

ALPHA/ALPHA' CHAIN C-TERMINUS
I I 6 K D T W V E H W P E E D E C 0 D E E N 0 K 0 C 0 L 6 A F T E S M V V F 6 1660

A TCATCBGGAAGGACACTTOOGTGGAGCACTGGCCTGAGGAGOACGAATGCCAAGACGAAGAGAACCAOAAACAATGCCAOACCTCGGCGCC TTCACCGAGAGCATGGTTGTCTTTGGG 5040

C P N * 3'C
TGCCCCAACTGACCACACCCCCATTCC

1663
5067

FIG. 2. The cDNA sequence coding for human C3. The coding region is translated in the one-letter amino acid code and is flanked by 5' and
3' nontranslated regions. The 3' end of C3 mRNA, including the polyadenylylation signal, is not represented. Whether the 5' end of C3 mRNA is
represented has not been verified. The nucleotide and amino acid sequences are numbered in the column to the right starting from the 5' end and
the first residue of the signal peptide, respectively. The NH2 and COOH termini of the signal peptide and a and chains are indicated.

Proteolytic cleavage sites ( I ), the anaphylatoxin C3a, and the overlapping peptide fragments C3dK, C3dg, C3g, and C3d are shown. The
COOH termini of C3dK, C3dg, and C3d are at amino acid residue 1303. Also shown is the thiolester site with codons corresponding to residues
that are conserved in a2M (31) and C4 (16) underlined. Potential carbohydrate (CHO) attachment sites (32) are denoted by an asterisk above the
corresponding amino acid residue. Items labeled with question marks are discussed in the text.

in a2-macroglobulin (a2M) (30, 31), and for both a glutamine
residue is encoded (ref. 16; unpublished data).
No free sulfhydryl groups have been observed in native C3

(11), but the number and distribution of disulfide bridges are
not known. All 27 cysteine residues are conserved in mouse
C3 (18) and of these 13 are clustered in the 39.5-kDa frag-
ment of the a chain (Fig. 3). The 22.5-kDa fragment contains
only two cysteines and the P chain contains only three, all of
which are situated near the COOH terminus of the chain.
The 22.5- and 39.5-kDa fragments together with the chain
migrate as a unit (C3c) during electrophoresis (41). The
asymmetric distribution of c-steine residues limits the num-

ber of ways in which the fragments of C3c can be linked. If
two of the chain residues form an internal bridge, the two
chains would be connected by one disulfide bridge only, re-

C3a
A,

quiring an internal bridge between the two a chain fragments
(e.g., see Fig. 3).
Human C3 is a glycoprotein, and three potential carbohy-

drate attachment sites of the type Asn-X-Thr/Ser (32) have
been identified (Figs. 2 and 3). Independent evidence con-
firms the sites on the chain and the 22.5-kDa fragment of
the a chain (42). The third attachment site, therefore, re-
mains putative.
The Relationship Between C3, C4, and a2M. C3, C4, and

a2M are large plasma proteins of similar molecular size, and
all three contain a unique thiolester group (2). The finding of
substantial amino acid homology among the three proteins
(18, 31) was, therefore, not unexpected and suggests that
they have arisen from a common ancestral gene. The pairs of
human C3/C4 and C3/a2M have ""29% and "23.5% amino

C3b

S s
C3d

C3 Convertase AK I? E T _ A II

[ - I n xnIPIMfl= U ' Ic
j m -TvUU lU I-"

HOOC -NH,12-Chain

C3g

S C3dg40,000)S C3dk(40,0000

FIG. 3. Schematic representation of mature human C3. Shaded areas (C3c) are attached to each other but positions of disulfide bridges are
not known (1). Cleavage by C3 convertase liberates the anaphylatoxin C3a from the NH2 terminus of the a chain and generates C3b. Cleavage
sites ( ) for kallikrein (K), factor I (1), elastase (E), and trypsin (T) define the subfragments C3dK, C3dg, C3g, and C3d as indicated. Carbohy-
drate attachment sites are denoted by t. Molecular sizes (in Da) for the various fragments have been calculated from the amino acid sequence
(Fig. 2) and do not include carbohydrate content. Both the elastase and trypsin cleavage sites can be used to define the NH2 terminus of C3d and
the molecular size varies accordingly. Items labeled with question marks are discussed in the text.

711

I

:i4di.[IL11111 lSeR : . b U'.IIIII-"~'.....'",.,..~.-,.,""-,.~-IIIIHuman.I inFUOI C-Lollal
-rnnu - rk.;"bFIMffi 7 h 11 1l1 MIX".:f:.0 _ A InLi M I



712 Biochemistry: de Bruijn and Fey

Compm Cmpnent C3
1641

Coement Cmpen C3
1641

FIG. 4. Homology among the amino acid sequences of C3, C4, and a2M. Diagonal matrix comparisons between the C3 propeptide (horizon-
tal axes) and a2M (Left, vertical axis; see ref. 31) as well as the C4 propeptide (Right, vertical axis; see ref. 16) score for amino acid similarity
and have been generated using the computer program DIAGON (25). The NH2 termini of both sequence pairs are in the top left corner of the
corresponding panel and the total number of residues in each sequence is indicated at the corresponding COOH terminus. The relative positions
of chains (a, f3, y), the C3a and C4a peptides, and of the thiolester sites (TES) and bait region are shown. The percent score parameter was set at
275 and the sliding window at 25 residues.

acid identity. As illustrated in Fig. 4, the amino acid similar-
ities are far greater, extending over the entire length of the
sequences and obscuring their numerically different chain
structures. The P/a chain junction regions of C3 and C4
have no homologue in a2M and the a/y junction of C4 is
absent from both C3 and a2M. The anaphylatoxins C3a and
C4a are very similar and, notably, all six cysteine residues
are conserved. The COOH-terminal half of these peptides,
however, which is responsible for their biological activity
(1), is not represented in the a2M sequence. The sites of acti-
vation at the COOH termini of C3a and C4a are not con-
served in a2M, but the equivalent "bait region" of a2M is
located in a corresponding position. The almost identical lo-
cation of the thiolester sites further emphasizes the high de-
gree of similarity among the three proteins. Finally, the ob-
served homology between C3b and C4b, together with that
between C2 and factor B (26), helps to explain the common
substrate specificity (1) of the two distinct C3 convertases
(C4b,2 and C3b,B) of the classical and alternative pathways
of complement activation.
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