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ABSTRACT A cDNA clone for the fourth complement com-
ponent (C4), pC4AL1, has been isolated from a human adult liver
cDNA library by using a synthetic oligonucleotide mixture con-
taining all 384 possible sequences coding for residues 14-21 of the
C4 y-chain amino acid sequence. This clone spans the entire.C4
y-chain coding sequence and includes a short 3' untranslated re-
gion, a poly(A) recognition site, and 16 nucleotides of the poly(A)
tail. The 5' end of-the clone-begins 18 nucleotides upstream from
the amino terminus of the C4 y chain and codes for Arg-Asn-Arg-
Arg-Arg-Arg, a highly charged proteolytic cleavage site involved
in the processing of pro-C4 to native C4. Liver mRNA prepa-
rations from C4-deficient guinea pigs were incapable of directing
synthesis of pro-C4 or C4 peptides in cell-free translation exper-
iments. Southern blot analysis using pC4AL1 as a hybridization
probe of C4-deficient guinea pig DNA established that the de-
ficiency is not the result of deletion of the entire C4 gene. RNA
blot analysis using pC4AL1 as a hybridization probe of normal
-guinea pig liver mRNA revealed a C4 mRNA of 5.0 kilobases (kb).
No such mRNA species was observed in C4-deficient guinea pig
liver mRNA; however, a 7.0-kb RNA was detected, indicating the
presence of a C4 precursorRNA. These results suggest that the
basis of C4 deficiency in the guinea pig is a post-transcriptional
defect in the processing of C4 precursor RNA to mature C4 mRNA.

The complement system consists of more than 20 plasma pro-
teins that interact in a highly specific manner to mediate sev-
eral functions associated with host defense against infection (1).
The structural genes for.three of the complement proteins (the
second component, C2; the fourth component, C4; and factor
B) have been localized to the major histocompatibility complex
(MHC) in man, mouse, and guinea pig (2) and have been des-
ignated class III MHC genes.
C4 is a serum glycoprotein of approximately 200 kilodaltons

(kDa) that is comprised of.disulfide-linked polypeptide chains
of 93 kDa (a chain), 73 kDa (P chain), and 33 kDa (y chain) (3).
C4 in man, mouse, and guinea pig is synthesized as a single-
chain precursor molecule, pro-C4 (4-6), in the order NH2-,3-
a-y-COOH (7-9). Pro-C4 undergoes intracellular processing
prior to secretion as native C4. The major sites of C4 biosyn-
thesis are the liver and extrahepatic macrophages (reviewed in
ref. 10).

It has been shown that two C4 loci (C4A and C4B, corre-
sponding to the erythrocyte antigens Rodgers and Chido, re-
spectively) are present-in man (11). Allelic variants, including
null alleles, have been described for each locus (12), and several

C4-deficient patients with no detectable C4A and C4B gene
products have been reported (13). In mouse, variants of C4 have
been identified and linked to the S region of the mouse MHC
(14), and the large differences observed in C4 concentration in
the sera of different mouse strains are genetically determined
by this region (15). In guinea pig, a genetically determined de-
ficiency of C4 (16) has been extensively studied (for review, see
ref. 17). C4-deficient guinea pigs are normal in all respects ex-
cept for failure to synthesize and secrete C4. No pro-C4 is de-
tected intracellularly nor can C4 be detected in culture media
by either immunochemical or functional assays (18). However,
polysome-bound immunoprecipitable C4 peptides were ap-
parently generated in an endogenous cell-free translating sys-
tem derived from C4-deficient guinea pig liver. In these ex-
periments, no intact pro-C4 was detected (19).
The availability of cDNA probes for C4 and the other class

III antigens will provide the means to analyze the structure and
expression of these MHC-linked genes. Recently, cDNA clones
corresponding to the Bb fragment of human factor B (20) and
the C4d portion of the human C4 a chain (21) have been iso-
lated by using specific synthetic oligonucleotide sequences as
hybridization probes. In this report, we describe the isolation
from an adult human liver library of a cDNA clone encom-
passing the human C4 y chain and the use of this clone in the
analysis of the basis of C4 deficiency in the guinea pig.

MATERIALS AND METHODS

Human Adult Liver cDNA Library. The preparation of the
human liver cDNA library has been described (20). Briefly, the
library consists of 230,000 recombinant clones derived from the
insertion of double-stranded G-C-tailed cDNA into the plasmid
pKT218 and subsequent transformation of the Escherichia coli
K-12 host strain MC1061. The mRNA from which the double-
stranded cDNA had been synthesized was from the liver of a
white male cadaver donor (HLA A1,2; Cw3,w6; B15,w39; com-
plotype Bf FS; C2C, C4A4,4; C4B2, QO). In vitro translation
and immunoprecipitation had previously established the pres-
ence of mRNA species capable of directing synthesis of pro-C4
in this preparation (20).

Preparation of the Synthetic Oligonucleotide Mixture. A
mixture of 23-nucleotide-long oligonucleotides that would code
for the C4 y-chain amino acid sequence between residues 14
and 21 (1) was synthesized by a solid-phase phosphotriester

Abbreviations: C2, C3, and C4, second, third, and fourth components
of complement; MHC, major histocompatibility complex; kDa, kilo-
dalton(s); kb, kilobase(s).
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method using a'library of dimer anions (20).
Identification of C4 cDNA Clones. Clones were screened

on 82-mm nitrocellulose filters with the synthetic oligonucleo-
tide mixture by using a modification of the Grunstein-Hogness
procedure (22). The oligonucleotide mixture was 5' labeled by
using ty-32P]ATP and T4 polynucleotide kinase (Bethesda Re-
search Laboratories) (23) and hybridized at 370C for 16 hr to the
filter-bound DNA at a concentration of 1 pug/20 ml in 0.9 M
NaCl/90 mM Na citrate/i x Denhardt's solution (24)/0.05%
Na pyrophosphate/tRNA (100 ,ug/ml). Filters were washed ex-
tensively at 20'C with 0.9 M NaCl/90 mM Na citrate/0.05%
Na pyrophosphate and at 50'C for 10 min in the same buffer.
Hybridization signals were visualized by autoradiography.

Isolation and Analysis of C4 cDNA. Plasmid DNA was iso-
lated from bacteria by the cleared-lysate method (25). Insert
cDNA was excised from the vector by digestion with Pst I and
purified by agarose or polyacrylamide gel electrophoresis. DNA
sequence analysis was carried out as described by Maxam and
Gilbert (23).

Southern .and RNA Blot Analysis. The sizes of restriction
endonuclease-digested DNA fragments and specific RNA spe-
cies were estimated by Southern (26) and RNA (27, 28) blot
analysis. Specific sequences were identified by hybridization
under standard conditions with the appropriate radiolabeled
cDNA probes, prepared by nick-translation (29), followed by
washing under the conditions described for each experiment
and visualization by autoradiography.
RNA Isolation, Cell-Free Translation, and Immunoprecip-

itation. Human and guinea pig liver RNAs were isolated within
10 min of removal of the organs. The tissues were finely minced
and homogenized in 0.25 M sucrose/0.14 M NaCl/0.01 M
Tris HCI, pH 7.5/1.5 mM MgCl2 at 4°C in a glass Dounce ho-
mogenizer. The homogenate was centrifuged at 16,000 X g for
5 min at 4°C and the postmitochondrial supernatant was made
1% in NaDodSO4. Total cytoplasmic RNAwas isolated by phenol/
chloroform extraction and ethanol precipitation as described by
Perry et aL (30), and poly(A)+ mRNA was purified by affinity

chromatography on oligo(dT)-cellulose (31). The mRNA was
translated in a reticulocyte lysate cell-free system (32) using [35S]-
methionine as radioactive precursor, and the specific transla-
tion products were immunoprecipitated as described (33), sub-
jected to NaDodSO4/polyacrylamide gel electrophoresis (34),
and visualized by autoradiography.

RESULTS
Identification of C4-Specific cDNA Clones. A synthetic oh-

gonucleotide mixture comprising all possible 23-nucleotide-long
DNA sequences that would code for the amino acid sequence
of the C4 y chain between residues 14 and 21 (1) was generated
(Fig. 1). This region contains amino acid residues for which there
is a high degree of codon ambiguity; therefore, it was necessary
to synthesize 384 different oligonucleotides to ensure the pres-
ence of the correct sequence.
To identify liver cDNA clones containing C4 sequences, the

synthetic oligonucleotide mixture was radiolabeled and used to
screen approximately 50,000 clones. One hundred sixty-five
clones hybridized specifically to the oligonucleotide mixture.
After colony purification, plasmid DNA was isolated from 16
of the positive clones (25). The insert from the largest of the
clones, pC4ALl (approximately 950 base pairs), was shown by
Southern blot hybridization experiments to cross-hybridize with
11 of the other clones and was selected for further study.

Partial Nucleotide Sequence Analysis of pC4AL1. The 5'
end of the clone begins 18 nucleotides upstream from the trip-
let coding for the amino-terminal glutamate of the C4 y chain
(Fig. l). This 18-nucleotide segment codes for Arg-Asn-Arg-Arg-
Arg-Arg, a highly positively charged amino acid sequence. The
amino acid sequence derived from the next 63 nucleotides cor-
responds to that of the published amino-terminal segment of
the C4 y chain (1) except for the presence of arginine instead
of glycine at position 21. The 3' end of pC4ALl contains a poly(A)
recognition site, A-T-T-A-A-A, and 16 nucleotides correspond-
ing to the poly(A) tail of the mRNA (data not shown), indicating

3' A A A
GTA ATA TGG GACA TAG ACC CCG G C C G T

T T

-His-Tyr-Thr-Val-Cys-Ile-Trp-G~ly-

a
Pro-C4

,
IAAA mRNA

P P P~~~ ~cDNA
AGG AAC CGC CGC AGG AGG GAG GCG CCC AAG GUG GUG GAG GAG CAG GAG UCC AGG GUG CAC UAC ACC GUG UGC AUC UGG CGG

-Arg-Asn-Arg-Arg-Arg-Arg-Glu-Ala-Pro-Lys-Val-Val-Glu-Glu-Gln-Glu-Ser--Arg-Val-Hi.s-Tyr-Thr-Val-Cys- I le-Trp-Arg-

Glu-Ala-Pro-Lys-Val-Val-Glou-Glu-Gln-Glu-Ser-Arg-Val -His---Tyr-Thr-Va.I-Cys-Ile-Trp-Gly
1 ~~~~~His AaCs 21

(i)

(ii)
(iii)

FIG. 1. Relationship between the pC4AL1 clone, pro-C4, itsmRNA, and the synthetic oligonucleotide mixture (top of figure). The 5' nucleotide
sequence and derived amino acid sequence establish the identity and position of the clone relative to the protein. (i) 5' nucleotide sequence. (ii)
Derived amino acid sequence. (iii) Published amino-terminal amino acid sequence of C4 y chain (1). P, Pst I site.
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that pC4AL1 spans the 3' untranslated region, the entire C4
y-chain coding sequence, and 18 nucleotides corresponding to
sequence in the primary translation product amino terminal to
the y chain.

Analysis of Cell-Free Translation Products from Normal
and C4-Deficient Guinea Pig Liver mRNA. Immunoprecipi-
tation of primary translation products from normal guinea pig
liver mRNA (Fig. 2, lane B) reveals the presence of pro-C4
whereas no pro-C4 was detected after translation of C4-defi-
cient guinea pig mRNA (lane C). Both preparations direct syn-
thesis of equivalent levels of total protein, factor B, and pro-
C3 (data not shown). Synthesis of pro-C3 in both C4-deficient
and normal mRNA indicates that both preparations contain
functional mRNA of a similar size to that directing synthesis of
pro-C4. The low molecular weight radiolabeled bands detected
in both C4-deficient and normal guinea pig liver mRNA trans-
lations were also detected in control immunoprecipitations with
antiserum to ovalbumin (data not shown). Similar results were
obtained using mRNA isolated from three additional normal
and three additional C4-deficient guinea pig livers (data not
shown).
RNA Blot Analysis of Human and Guinea Pig RNA with

pC4AL1. Specific hybridization of pC4AL1 to a C4 mRNA spe-
cies with an apparent size of 5.0 kilobases (kb) was detected in
samples isolated from human liver (Fig. 3, lane B). A similar-
sized RNA species was detected in poly(A)+ mRNA from nor-
mal guinea pig liver (lane E). When poly(A)+ mRNA from C4-
deficient guinea pig liver was subjected to similar analysis (lanes

Mr x 13 A B C
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FIG. 2. Analysis ofC4 biosynthesis in a cell-free rabbit reticulocyte
lysate system directed bymRNA isolated from normal and C4-deficient
guinea pig livers. Pro-C4 was precipitated with rabbit anti-guinea pig
C4 serum and analyzed by NaDodSO4/6-15% polyacrylamide gel elec-
trophoresis under reducing conditions. Lanes A-C: specific immuno-
precipitation from [355]methionine-labeled intracellular lysate of nor-
mal guinea pig macrophages and cell-free translation products of normal
and C4-deficient guinea pig liver mRNA, respectively. The difference
in molecular weight between pro-C4 shown in lanes A and B reflects
the absence of carbohydrate in the primary translation product.
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FIG. 3. RNA blot analysis of human and guinea pig C4 mRNA.
RNA samples were size fractionated by agarose gel electrophoresis and
transferred to nitrocellulose filters (27, 28). Samples were hybridized
by standard procedures (35) with the pC4AL1 probe that had been ra-
diolabeled by nick-translation (29). After hybridization, filters were
washed with 150mM NaCl/15mM Na citrate/0.1% NaDodSO4 at 5000
for 45 min; autoradiography was for 16 hr. Lanes: A, control, U937 total
RNA (20 ,ug) (U937 is a human monocyte cell line that does not syn-
thesize C4); B, human liver total RNA (50 lig); C and D, C4-deficient
guineapigpoly(A)+ mRNA (20 Ag); E, normal guineapigpoly(A)+ mRNA
(20 ,tg); F and G, UV photographs of RNA in lanes D and E prior to
transfer to nitrocellulose. Size estimations were made by corunning ra-
diolabeled HindII-digested A phage DNA. Exposure time for autora-
diography of lanes A-E was 18 hr except for lane C, which was a 90-
hr exposure of lane D.

C and D), pC4AL1 hybridized to a higher molecular weight
RNA species (of apparent size 7.0 kb) but did not detect the 5-
kb species identified in the normal guinea pig liver poly(A)+
mRNA preparation. The higher molecular weight species seen
in the C4-deficient RNA was detected as a faint band after 18
hr exposure (lane D) but was not detected even after the longer
exposure time (90 hr) in normal guinea pig RNA (data not shown).
Lanes F and G show the RNA from lanes D and E under UV
illumination prior to RNA blotting and indicate that similar
amounts of poly(A)+ mRNA were present in each. Further-
more, subsequent hybridization of the same RNA blot with a
factor B-specific cDNA probe (20) showed that the C4-deficient
and normal guinea pig mRNA preparations contained similar
amounts of factor B mRNA (data not shown). Identical results
were obtained with poly(A)+ mRNA isolated from another set
of C4-deficient and normal guinea pig livers.

Southern Blot Analysis of Human and Guinea Pig DNA with
pC4AL1. Specific hybridization between pC4AL1 and an ap-
proximately 13-kb DNA fragment was detected in human DNA
after digestion with BamHI (Fig. 4, lane A). Similar analysis of
BamHI-digested normal and deficient guinea pig DNA re-
vealed hybridization of pC4AL1 to fragments of approximately
18.5 and 5.6 kb in the former but hybridization only to the larger
band in the C4 deficient (lanes B and C).
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FIG. 4. Southern blot analysis of human and guinea pig DNA. DNA
samples were prepared from human peripheral blood lymphocytes and
guinea pig liver (36) and digested with BamHI, size fractionated by
agarose gel electrophoresis, and transferred to nitrocellulose filters (26).
Samples were hybridized by standard procedures (37) with the pC4AL1
probe that had been radiolabeled by nick translation (29). After hy-
bridization, filters were washed in 150 mM NaCl/15 mM Na citrate/
0.1% NaDodSO4 at 500C for 45 min prior to autoradiography. Lanes: A,
human DNA (7 jg); B, normal guinea pigDNA (10 .g); C, C4-deficient
guinea pig DNA (10 l.g). The autoradiograph was exposed for 5 days.
Size estimations were made by corunning radiolabeled HindilI-di-
gested A phage DNA.

DISCUSSION
A cDNA clone, pC4AL1, has been isolated from a human adult
liver cDNA library by using a synthetic oligonucleotide mixture
complementary to the mRNA sequence that would code for res-

idues 14-21 of the published C4 y-chain amino acid sequence.
The mixture contained 384 different 23-nucleotide-long oli-
gonucleotides to ensure complementarity. Definitive identifi-
cation of pC4ALl was based on the presence of a nucleotide
sequence corresponding to the first 21 amino acids of the C4
'y chain. Of a total of 16 colony-purified clones, 12, including
pC4AL1, contained cDNA inserts that cross-hybridized with
one another under high stringency conditions, indicating that
most of the clones contained C4 cDNA sequences in spite of
the complexity of the oligonucleotide mixture used for the ini-
tial screening. It should be noted that the nucleotide sequence
of pC4AL1 indicates that, for the C4 species specified by this
clone, there is an arginine rather than a glycine at residue 21.
The consequent mismatch of the second nucleotide from the 5'
end of the appropriate oligonucleotide (Fig. 1) did not, how-
ever, prevent identification of cDNA clones bearing sequences
complementary to this region of C4.
The amino acid sequence derived from the pC4ALl nu-

cleotide sequence specifies glutamine, valine, and isoleucine at
residues 7, 13, and 19 rather than histidine, alanine, and cys-

teine (given as alternatives in the published sequence) at res-
idues 7, 13, and 19. These differences may reflect the allelic
variant of C4 represented by pC4ALl or technical considera-
tions in amino acid sequence analysis.
The 18 nucleotides at the 5' end of pC4ALl code for the six

amino acid residues adjacent to the amino terminus of the C4
y chain. These residues (Arg-Asn-Arg-Arg-Arg-Arg) define a
highly charged region of the pro-C4 molecule that may rep-
resent an exposed proteolytic cleavage site. Plasmin cleavage
of pro-C4 has been described (8) and this region may be the
carboxyl terminus of a short section between the a and Ry chains
that is excised during processing to native C4. A similar argi-

nine-rich cleavage site has been identified from nucleotide se-
quence analysis of the junction of the 13 and a chains of the
precursor of the third component of mouse complement (38),
the conversion of which also can be mediated by plasmin (39).
The availability of larger C4 cDNA clones and identification of
the carboxyl terminus of the mature C4 a chain will permit a
more complete description of this region.

Analysis of the in vitro translation products of C4-deficient
guinea pig liver poly(A)+ mRNA indicated the total absence of
both pro-C4 and C4 peptides. RNA blot analysis using pC4AL1
as the probe established that mature C4 mRNA was not present
in the poly(A)+ RNA of C4-deficient guinea pigs; however, the
presence of a higher molecular weight species was detected (Fig.
3). The existence of this putative C4 precursor RNA suggests
that the basis of C4 deficiency in the guinea pig is a defect of
post-transcriptional processing. Taken together, these data
suggest that the previous finding of polysome-bound C4 pep-
tides in the endogenous translation of C4-deficient mRNA (19)
was artifactual. However, as pC4AL1 is a reagent that has only
C4 y-chain specificity, the presence of truncated mRNA ter-
minating before the y-chain sequence or of highly unstable ma-
ture mRNA cannot be excluded. Southern blot analysis of nor-
mal and C4-deficient guinea pig DNA shows that both carry
similar BamHI-digested fragments bearing sequences comple-
mentary to the C4 y chain and that the deficient state is not
merely the result of a deletion in this portion of the C4 gene.
The presence of a smaller BamHI fragment in the normal guinea
pig only may represent an allelic nucleotide sequence variant
of the C4 gene present in the normal but not in the homozygous
C4-deficient animal. A partial deletion on one side of a BamHI
restriction site within the C4 y-chain DNA sequence of the de-
ficient gene is not excluded. However, absence of the entire
C4 y-chain coding sequence is excluded, based on the high mo-
lecular weight transcription product revealed in RNA blots. Fi-
nally, pC4ALl and other C4 cDNA clones will be useful for the
analysis of C4 deficiency and C4 polymorphism in man.
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