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ABSTRACT Eighteen cDNA clones containing inserts specific
for the third component of complement (C3) have been derived
from high molecular weight mouse liver mRNA. The inserts span
4,600 nucleotides of the C3 coding sequence, including the 3' end
ofC3 mRNA. The length ofC3 mRNA was determined to be 5,100
± 200 nucleotides, including a poly(A)-containing tail of mean
length 170 nucleotides. From cDNA sequence analysis of the 5'-
proximal region of C3 mRNA, the NH2-terminal amino acid se-
quence of the mature C3fi chain was predicted to be Ile-Pro-Met-
Tyr-Ser-Ile-Ile-Thr-Pro-Asn-Val-Leu-Arg-Leu-Glu. This se-
quence is in good agreement with the reported amino acid se-
quences ofhuman and guinea pig C3,B chains. These data position
the C3,B subunit to the NH2-terminal portion of the precursor.C3
molecule (pro-C3) and establish the order of subunits in pro-C3
to be NHw-f3S-a-COOH. In additionl, the cDNA sequence indi-
cates that an NH2-terminal extension peptide precedes the 13 chain
in pro-C3. The amino acid sequence of the mouse C3a fragment
and its flanking regions was determined. The data indicate the
presence of four arginine residues located between the COOH
terminus of the C31 and the NH2 terminus of the C3a subunits
in pro-C3. The coding sequences of-the amino acids that constitute
the internal thioester domain in C3 were determined. Unexpect-
edly, the glutamyl residue that has been shown to participate in
the thioester bond in native C3 was found to be encoded as a glu-
tamine.

Complement is a group of interacting proteins, present in the
blood of all vertebrates, that plays an essential part in the de-
fense against microbial infections. Although the system is ca-
pable ofdirect killing and lysis ofmicroorganisms in the absence
of specific antibodies, complement also acts as an effector of the
humoral. immune response. The third component of comple-
ment, C3, is the central element in both the classical and the
alternative pathways of complement activation. C3 contains
specific sites of interaction for the classical pathway convertase
C4b,2a, the alternative pathway convertase C3b,Bb, and the
control proteins ,B1H and C3b inactivator. The protein is pres-
ent in plasma as a two-chain molecule with disulfide-linked sub-
units a (Mr7 115,000) and ( (Mr) 75,000) (for review, see refs.
1 and 2). C3 is synthesized as a single-chain precursor, pro-C3
(3, 4). Upon proteolytic activation by C3 convertases, C3 is
cleaved into the fragments C3a (Mr, 9,000) and C3b (Mr,
180,000). C3a has anaphylactic activity and mediates inflam-
matory responses (5, 6). C3b has been shown to bind covalently
(7) to the surfaces of foreign particles by means of a transacyl-
ation reaction (8) involving a unique structure in the C3 mol-
ecule, an internal thioester bond (9). Particle-bound C3b is
cleaved by specific proteolysis into fragments C3c and C3d. The

latter remains bound to the particle surface (10) and contains
the thioester region (11). Clearance of C3b-coated particles by
phagocytic cells involves interactions between specific cellular
C3-receptor proteins and binding sites for these receptors on
the C3 molecule (12-14). Thus, the C3 molecule carries sites
for interaction with several complement components, control
proteins, specific cellular receptors, and particle surfaces (1) and
offers an excellent system for the study of separate functional
and structural dnmainmc
We have isolated and characterized several cDNA clones

derived from mouse liver, covering almost the entire C3 mRNA
coding region. Nucleotide sequence data from these clones
were used to predict the amino acid sequence of selected do-
mains of the C3 molecule.

MATERIALS AND METHODS
Isolation and Characterization of Cloned cDNA. Clones

pMLC3/1-3 were isolated as-described (15). Clones pMLC3/
4-8 were identified by colony hybridization (16) with a nick-
translated cDNA insert from clone pMLC3/1. Plasmids were
propagated and plasmid DNAs were isolated as described (17).
Restriction enzyme cleavage maps were established by partial
hydrolysis of labeled fragments (18) and by total digestion with
one or two of the restriction enzymes indicated.

Length Determination of C3 mRNA. Ten micrograms of
polyadenylylated RNA (15) was coprecipitated with 25 ,ug of
carrier Escherichia coli tRNA and 1.5 pmol ofeach ofthe cDNA
fragments 4, 5, and 7 (Fig. 1), which were obtained by digestion
of plasmid pMLC3/1 with Pst I and elution from agarose gels
(19). The precipitate was dissolved in 2.5 ul of H20, 20 ,ul of
formamide was added, and the mixture was incubated at 600C
for 10 min. After addition of 2.5 ,ul of 4 M NaCl/10 mM
Na2EDTA/0. 1 M Pipes, pH 6.4 (20), the hybridization was car-
ried out for 2 hr at 45°C, followed by precipitation with ethanol.
The precipitate was-dissolved in 200 ,ul of 10 mM Tris HCl (pH
7.5). To this-was added 22 1d of 0.1 M Tris-HCI, pH 7.5/1.3
M NH4CI/0. 1 M Mg(OAc)2/50% sucrose/i unit of E. coli
RNase H, followed by incubation of the mixture for 30 min at
37°C. If deadenylylation-of the.mRNA was desired, the incu-
bation was carried out in the presence of 10 ug of oligo(dT). The
sample was adjusted to 20 mM Na2EDTA and 0.5% NaDodSO4,
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extracted with phenol/chloroform, and precipitated with eth-
anol. Glyoxal denaturation ofthe resulting RNA products, agar-
ose gel electrophoresis, transfer to nitrocellulose filters, and
hybridization with nick-translated fragment 2 or fragments 8
plus 9 (Fig. 1) were carried out as described (21, 22). HindIII
and EcoRI fragments of phage A DNA were denatured with
glyoxal, 5' end-labeled by established procedures (23), and used
as molecular weight markers. (21).

Synthesis of 5' End-Labeled eDNA Representing the 5' End
of C3 mRNA. Primer DNA was produced by digesting clone
pMLC3/7 with the restriction enzyme HindIII and by 5' end-
labeling the products. These were cleaved with EcoRI in order
to generate, a single end-labeled product because of the asym-
metric location ofthe EcoRI site (Fig. 1). The resulting products
were separated by polyacrylamide gel electrophoresis, and the
86-bp HindIII-EcoRI fragment 1 was eluted from the gel; 4
pmol (3 x 106 cpm) ofthis primer and 20 .ug ofgradient-purified
high molecular weight (.5,000 nucleotides) mouse livermRNA
(15) were dissolved in 45 Al of 90% formamide and heated for
10 min at 50TC. The NaCI/EDTA/Pipes buffer (5 1.l) was
added, and the sample was incubated for 90 min at 51TC. After
precipitation with ethanol, the pellet was resuspended in 100
A.l of 10 mM Tris'HCI, pH 8.3/7.5 mM KCI/7.5 mM MgCI2/
1mM dithiothreitol/2mM desoxyribonucleotide triphosphates/
4 mM Na4P207. Primer extension was performed~by adding 50
units of avian myoblastosis virus reverse transcriptase (gift of
J. Beard) and incubating the mixture. for 90 min at 42TC. The
reaction products were extracted with phenol, precipitated with
ethanol, and resuspended in 50 A.l of 0.1 M NaOH/1 mM
Na2EDTA. The 5' end-labeled cDNA products were heated for
3 min at 420C, quick-chilled on ice, and, after addition of 50 p.1
of 8 M urea, separated and purified by electrophoresis on a
0.35-mm thick 6% polyacrylamide gel containing urea.
DNA Sequence Analysis. Sequence determination of cloned

cDNA fragments and single-stranded cDNA obtained by
primer-extension experiments was performed by the procedure
of Maxam and Gilbert (23).

RESULTS
Isolation of C3 cDNA Clones. Three C3 cDNA clones have

been isolated previously from a library representing high mo-
lecular weight (25,000 nucleotides) mouse liver mRNA-species
(15). The cDNA insert of one of these (pMLC3/1, Fig. 1) was
used to rescreen the collection of 312 cDNA clones, resulting
in the identification ofnine additional C3 clones. The restriction
enzyme cleavage map of the eight unique cDNA inserts which
were isolated is shown in Fig. 1. Four ofthe 12 clones had iden-
tical inserts.. Further screening with cDNA fragments 2 and 8
(Fig. 1) as probes for colony hybridization resulted in the iso-
lation of six additional C3 clones; all contained inserts already
present in the first 12 clones. The cDNA inserts spanned a con-
tiguous stretch of4,600 nucleotides ofthe C3 mRNA sequence.
Length ofC3 mRNA. The length ofC3 mRNA was measured

by agarose gel electrophoresis in two ways: (i) direct analysis of
C3 mRNA and (ii) RNase H treatment ofmRNA'cDNA hybrids.
Polyadenylylated mRNA from mouse liver was hybridized with
the internal cDNA Pst I fragments 4, 5, and 7 (Fig. 1), followed
by treatment with ribonuclease H. After gelelectrophoresis and
transfer of the RNase H-resistant fraction to nitrocellulose fil-
ters, nick-translated cDNA fragments representing the end re-
gions of the C3 mRNA were used as probes for hybridization
analysis. Hybridization with the 5'-proximal fragment 2 re-
vealed a predominant band of 1.95 kb (Fig. 2A, track c). From
these data weconcluded that the 5' end ofC3 mRNA is located
1.95 kb upstream of the 5' end of the cDNA fragment 4-i.e.,
350 nucleotides upstream ofthe unique EcoRI site at the bound-
ary of fragment 1 (Fig. 1)-and that the 5' end ofC3 mRNA is
not represented by the cloned cDNA. Two fainter bands at 2.6
and 3.5 kb were interpreted to be due to incomplete hybrid-
ization of the internal cDNA fragments with C3 mRNA prior
to treatment with RNase H, thereby generating longer RNase
H-resistant RNA fragments. Hybridization of the gel blot with
the 3'-proximal cDNA fragments 8 and 9 gave a diffuse band
with an intensity maximum at 440 nucleotides (Fig. 2B, track
g). When oligo(dT) was included in the hybridization reaction
of mRNA with internal cDNA fragments, a 270-nucleotide
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FIG. 1. (Lower) Restriction map
of the cDNA inserts contained in

39 clones pMLC3/1-8 and their loca-
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FIG. 2. Determination of the length of C3 mRNA by electropho-
resis in agarose gels. Lanes: b-d and f-h, polyadenylylated mouse liver
RNA treated prior to electrophoresis in different ways; c, g, and h, hy-
bridization with the internal cDNA fragments 4, 5, and 7 (see Fig. 1),
followed by incubation with RNase H; h, oligo(dT) present during the
hybridization; d and f, RNase H treatment in the presence of cDNA
fragments 4, 5, and 7 but without prior hybridization; b, no treatment;
a and e, restriction fragments of phage A DNA 5' end-labeled with 32p
as molecular weight markers (shown in kilobases). Before electropho-
resis on a 1.2% (A) or a 1.6% (B) agarose gel, all samples (lanes a-h)
were denatured with dimethyl sulfoxide and glyoxal. After transfer to
nitrocellulose filters, hybridizations were performed by using the nick-
translated cDNA fragments 2 (A) and 8 plus 9 (B) as probes. The bands
at positions 0.82 and 1.18 kb in lanes f-h are due to a contamination
of the nick-translated probe with fragments 5 and 7.

RNase H-resistant RNA fragment was generated (Fig. 2B, track
h). The 820- and 1, 180-nucleotide fragments visible in tracks
f, g, and h of Fig. 2B were due to a contamination of the radio-
active hybridization probe with these fragments. These data
suggest that the 3' end of C3 mRNA is represented by the
cloned cDNA and that C3 mRNA contains a poly(A)-containing
tail with an average length of 170 nucleotides. In control ex-
periments in which no hybridization with internal fragments
was performed prior to RNase H treatment (Fig. 2, tracks d and
f), or where the RNA was not exposed to RNase (Fig. 2A, track
b), the length of C3 mRNA was determined to be 5,100-5,200
nucleotides. From the map positions of these cDNA fragments
(Fig. 1) and the size of the RNase H-resistant RNA fragments,
the length ofC3 mRNA also was determined to be 5,100 ± 200
nucleotides.

Sequence Analysis of the 3' End of C3 mRNA. Sequence
analysis was performed on cDNA fragments 8 and 9 in both
directions from the 3'-proximal HindIII site (Fig. 1), and a se-

quence of 257 base pairs was obtained (unpublished data; ref.
24). This sequence contains a cluster ofseven consecutive aden-
osine residues. At 16 nucleotides upstream, a polyadenylylation
signal A-A-U-A-A-A (25) was identified. Translation termination
codons occur in this sequence in all three possible reading
frames. It was not possible to determine the exact location of
the COOH terminus of pro-C3 because corresponding amino
acid sequences are not known for mouse C3. The reported
COOH terminus of human C3 (26) does not resemble the se-

quences preceding the translation termination codons con-

tained in any ofthe three reading frames determined for mouse
C3 cDNA. However, from the nucleotide sequence and the
position of these fragments relative to the cDNA map, we con-
clude that this cDNA region represents the 3'-end ofC3 mRNA.

Sequence Analysis of the 5'-Proximal Region of C3 mRNA.
Because the 5'-terminal part of the C3 mRNA was not repre-

1 2 3 4 5 6 7 8 9 10 11 12 13 14
AUC CCC AUG UAU UCC AUC AUU ACU CCC MU GUC CUA CGG CUG GAG

MOUSE I P M Y S I I T P N V L R L E

GUINEA-PIG D P M Y S I I T P N I L R L E

HUMAN S P M Y S I G T P B

FIG. 3. Comparison of the NH2-terminal amino acid sequences of
C30 from mouse, guinea pig (27, 28), and man (26). The top row shows
the mRNA sequence derived from the cDNA sequence.

sented in the cloned C3 cDNA, a 5' end-labeled product, gen-
erated by reverse transcription of this region, was synthesized
by using C3 mRNA as template and the 5' end-labeled HindIII-
EcoRI fragment 1 (Fig. 1) as primer. A 430-nucleotide cDNA
product was obtained, and the sequence of its first 300 nucleo-
tides, starting from the 5'-proximal HindIII site and extending
toward the 5' end of C3 mRNA, was determined. However, it
was not possible to evaluate the nucleotide sequence of the ex-
treme 5' end (i.e., the first 130 nucleotides of the C3 mRNA).
Aided by comparison with the known NH2-terminal sequences
of guinea pig (27) and human C3 chains (26), we predict the
NH2-terminal amino acid sequence of mouse C30 to be: Ile-
Pro- Met- Tyr- Ser- Ile- Ile- Thr- Pro- Asn- Val- Leu- Arg- Leu-
Glu (Fig. 3). Furthermore, within the same 430-nucleotide
primer-extended cDNA product, sequences that covered the
next 10 nucleotides upstream from the triplet coding for the
NH2-terminal Ile-residue of the mature C3M subunit were de-
termined (data not shown). No methionine codon was detected
in this region. Therefore, we conclude that the translation of
the pro-C3 molecule probably does not start with the NH2 ter-
minus of mature C3/, but contains an NH2-terminal extension
peptide.

Sequence Analysis of the Region Coding for C3a. From the
known structure of C3, the region containing the anaphylactic
peptide, C3a, is predicted to be contained in cDNA fragment
4 (Fig. 1). Therefore, nucleotide sequences of a portion of this
fragment were determined; the corresponding amino acid se-
quence ofC3a and its flanking regions was derived (Fig. 4) and
compared with the known C3a amino acid sequences of other
species (29-31). These results demonstrate that mouse C3a
shares 72, 52, and 50 residues, respectively, out of 78 with rat
and out of 77 with human and porcine C3a. The region of this
cDNA fragment that corresponds to the COOH terminus of the
mouse C3 subunit (Fig. 4) specifies the amino acid sequence
Pro-Ala-Ala-Arg-Arg-Arg-Arg. The Pro-Ala-Ala sequence cor-
responds to the known COOH terminus of human C3,B (26); the
four consecutive arginines appear to be present only in the pre-
cursor pro-C3 molecule.

Sequence Analysis of the Internal Thioester Bond Region.
A major portion of the C3d fragment, known to contain the
thioester site, was predicted to be encoded by cDNA fragment
5. In Fig. 5, the nucleotide sequence encoding this site is shown
and compared with the amino acid sequence of the correspond-
ing region of human C3 (11). Thirty-five out of41 residues were
identical. In particular, all 10 residues that are held in common
among human C3d, C4d, and a2-macroglobulin were identical
(refs. 32 and 33; boxed in Fig. 5). The cDNA sequence indicates
that the second glutamyl residue (residue 26 in Fig. 5), which
is involved in the formation of the thioester bond, is encoded
as a glutamine.

DISCUSSION
WehaveisolatedandcharacterizedeightcDNAclones (pMLC3/
1-8) containing inserts representing mouse C3 mRNA se-
quences. Wehadreported previously thattheplasmidspMLC3/
1-3 containedcDNA sequences capable ofretainingmRNA that
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FIG. 4. Comparison of the amino acid sequences of C3a and its flanking regions. (Top) *, Portion of fragment 4 whose sequence was determined.
The positions of the COOH terminus (C) of the C313 subunit and the NH2 terminus (N) of the C3a subunit and the C3a fragment are shown. (Middle)
Amino acid sequences. The mouse mRNA sequence was derived from cDNA sequence. Rat, human, and porcine amino acid sequences were taken
fromJacobs etal. (31), Hugli (29), and Corbin and Hugh (30), respectively. (Bottom) Positions of the COOHterminus (C) of C3a and the NH2 terminus
(N) of C3a'.

could be translated in vitro into immunoprecipitable C3-reac-
tive polypeptides (15). In the present study, we compared our
cloned DNA sequence data with known amino acid sequences
for selected regions of guinea pig, rat, human, and porcine C3.
We conclude that these clones are specific for mouse C3 be-
cause of the high degree of sequence homology-for example,
92% homology with rat C3a and 85% homology with the thioes-
ter site in human C3d. Furthermore, from the known structure
ofC3, we can predict the location ofthe C3 subunit and the C3a
and C3d fragments with respect to the cDNA map. From cDNA
sequence data, we find an exact correspondence with the lo-
cation ofthese subdomains in C3. No protein sequence data are
available for mouse C3 and, thus, direct identification ofcloned
mouse cDNA sequences is not possible.

Using three different methods, we have obtained a value of
5,100 ± 200 nucleotides for the length of C3 mRNA: (i) direct
size measurement by agarose gel electrophoresis ofRNA dena-
tured with glyoxal; (ii) size measurement and map position of
cloned cDNA fragments giving a minimum value of 4,600 nu-
cleotides; subsequent determination by RNase H analysis ofthe

distance from the 5' terminus ofC3 mRNA to known restriction
sites; (iii) sizing of the 5'-terminal mRNA portion, not repre-
sented in cDNA clones, by electrophoresis of primer-extended
cDNA in polyacrylamide gels. Previously, we reported a size
of 7,500 nucleotides (15), using another procedure. We feel the
present value, which includes an analysis of double-stranded
C3 cDNA, is more reliable. From the abundance of C3 clones
in the cDNA collection (18 of 312) and a 20-fold enrichment of
C3 mRNA by size selection (15), we calculated the frequency
of C3 mRNA in the total mouse liver mRNA population to be
on the order of 0.2-0.3%.
The extreme 5'-terminal sequence ofC3 mRNA was not rep-

resented in our cDNA collection. However, its length has been
determined (350 nucleotides), and approximately two-thirds
(220/350) of its nucleotide sequence was obtained by primer-
extension experiments. The NH2 terminus ofthe mature mouse
C3M subunit was identified and positioned in primer-extended
cDNA. Thus, the order of subunits in pro-C3 was determined
to be NH2-f-a-COOH, in agreement with protein sequence
studies ofGoldberger et at (27). Furthermore, our data indicate
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20 30 40
mouse CUG AUC GUG ACC CCC GCC GGC UGU GGG GAA CAG MC AUG AUU GGC AUG ACA CCA ACA GUC AUU GCG GUA CAC UAC CUG ...
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FIG. 5. Comparison of the amino acid sequences encompassing the internal thioester site from murine (predicted from the nucleotide sequence)
and human (11) C3d. (Upper) *, Portion of fragment 5 whose sequence was determined. (Lower) Numbering of amino acid residues in the C3d frag-
ment is from Thomas et al. (11). The boxes indicate conserved amino acid residues that are identical in human C3d, C4d, and a2-macroglobulin
(32, 33).

that additional coding sequences preceding those specifying the
NH2 terminus of mature C3, are present in C3 cDNA in the
same open reading frame. Because C3 is a secreted serum gly-
coprotein, the initial translation product may well contain a sig-
nal peptide (34).
The derived sequence for mouse C3a strongly resembles

known rat, human, and porcine C3a anaphylatoxins. The se-
quence that is COOH-terminal to mouse C3a constitutes the
NH2-terminal region of the C3a' fragment (Fig. 1) and shows
identity in 10 out of 13 residues with human C3a' (ref. 26; Fig.
4). The COOH terminus of C3a and the NH2 terminus of the
a' chain are encoded by contiguous triplets of arginine-serine;
thus, the proteolytic removal ofC3a involves cleavage ofa single
peptide bond, confirming previous evaluations of amino acid
sequence in the region (6, 26). The cDNA data indicate the
existence of four consecutive arginine residues in pro-C3 lo-
cated between the COOH terminus of C3M and the NH2 ter-
minus of C3a (C3a).
A high degree of homology was observed for the C3d region

containing the internal thioester site on comparing the mouse
cDNA and human protein sequence data. The second glutamyl
residue (residue 26 in Fig. 5) which participates in linkage to
the cysteinyl sulfhydryl group (residue 23 in Fig. 5), forming
the thioester, has been shown to appear as glutamic acid after
hydrolysis of the bond (9). However, because this highly re-
active ester represents a secondary protein modification, it is
not possible to decide from protein sequence data whether this
residue was initially encoded as glutamic acid or as glutamine.
The nucleotide sequence data clearly indicate a glutamine.
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