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ABSTRACT  Six overlapping cosmid clones having an average

insert size of 40 kilobase pairs were identified and isolated from
. a human genomic library by using a cDNA probe, Alu-7, specific
for the amino acid sequence of C4d, a known region of the fourth
component of human complement. Analysis of these genomic
clones by restriction digestion and Southern blotting shows that
all six probably contain the same complete C4 gene. Nucleotide
sequence comparison of the genomic clone Cos-A and the cDNA
clone Alu-7 shows an identical sequence except for the presence
of a 1,500-base-pair intron in the genomic sequence. The amino
acid sequence predicted from the nucleotide sequence agrees with
the known C4d region amino acid sequence with one exception.

In the major histocompatibility locus of man, HLA, there are
genes coding for three classes of antigen. Class I HLA-A, -B,
and -C are transplantation antigens, class II HLA-D are the
human analogues of the mouse I-region-associated antigens,
and class III are the complement components C2 and C4 and
factor B. Class I and class IT antigens show an exceptionally high
degree of polymorphism (1); class III shows much less but many
allelic forms of the complement components have been rec-
ognized, mainly by differences in charge. In C4, there is evi-
dence from population studies of two loci with several alleles
at each locus (2).

The genetics of C4 was clarified when O’Neill et al (3, 4)
showed that the erythrocyte antigens Chido and Rogers are
fragments of C4 and these were identified as C4d (5). They are
bound to the.erythroeyte surface and their antigenic specifici-
ties correlate with electrophoretic variants of C4. Rogers cor-
relates with C4A (or C4F) and Chido correlates with C4B (or
C4S). The pattern of inheritance suggests that there are separate
loci for C4A and C4B and that each have multiple allelic forms.

C4 is a protein of M, about 200,000 with three peptide chains,
a (M,, 95,000), B (M,, 75,000), and y (M,, 30,000). C4d is a
degradation fragment of M, about 40,000 coming from the mid-
dle of the a chain (6). C4-is, however, synthesized as a single
peptide chain in mouse (7-9) and guinea pig (10, 11), and pre-
sumably in other species, that undergoes proteolytic cleavage
on secretion to give the B, a, and 7y chains in that order (12, 13).
The C4d fragment corresponds therefore to the center section
of pro-C4 and much of the polymorphism of C4 appears to de-
rive from structural changes in this part of the molecule.

The molecular organization of C4 genes has been investigated
by isolation of the cDNA coding for sections of C4d and using
this to‘identify a C4 gene in a human cosmid library provided
by F. G. Grosveld (National Institute for Medical Research,
London).

MATERIALS AND METHODS

Isolation of RNA. Fresh postmortem human liver was sliced
and dropped into liquid nitrogen. RNA was extracted from ho-
mogenized tissue in 4 M guanidine thiocyanate/14% 2-mer-
captoethanol (14) and precipitated by addition of 0.5 vol of

- ethanol and 0.025 vol of 1 M acetic acid with stirring for 20 min’
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in a salt water/ice bath. After two extractions with 6 M guan-
idine'HCI, the precipitates were combined and dissolved in 10
mM Triss’HCl/1 mM EDTA/0.1% NaDodSO, and 0.1 vol of
dimethy] sulfoxide was added. The mixture was heated to 65°C

for 5 min and then the RNA was fractionated on a 15-30% su-

crose gradient for 16 hr at 25,000 rpm in a Beckman SW28 rotor

.at 20°C. One-milliliter fractions were translated in a rabbit re-
ticulocyte cell-free system (Amersham) with [**S]methionine

(600 Ci/mmol; 1 Ci = 37 GBq).

_ Translation of pro-C4 was determined by immunoprecipi-
tation with C4-specific rabbit antiserum. Cell-free translation
reaction mixtures (15) of 200 ul were diluted to a final vol of 500
ul with detergent buffer to a final concentration of 25 mM
Tris'HCI, pH 7.5/150 mM NaCl/0.5% Nonidet P-40/methi-
onine (1 mg/ml)/1 mM EDTA/10 mM diisopropyl fluoro-
phosphate. Excess antibody and 5 ug of carrier C4 were added
and mixtures were incubated at 4°C for 2 hr.

Synthesis of DNA In Vitro. Approximately 100 ug of 28S
RNA was primed with 6 ug of oligo(dT);,_is and transcribed
with 48 units of avian myeloma virus reverse transcriptase (J.
W. Beard) in a 60-ul reaction mixture at 42°C for 90 min. The
reaction was terminated by addition of 20 mM EDTA, and the
mixture was extracted with phenol and then desalted on a 1-ml
Sephadex G-100 column. RNA was degraded by dissolving the
ethanol precipitate from the pooled peak fractions in 0.1 M
NaOH/1 mM EDTA at 70°C for 20.min. The mixture was neu-
tralized with 0.1 M HCI/1 M Tris*HCI, pH 8.0, and the RNA
was precipitated with 2.5 vol of ethanol.

Double-stranded DNA was synthesized using conditions
modified from Wickens et al. (16). After brief denaturing of sin-
gle-stranded cDNA at 70°C for 3 min and quick cooling in ice
water, 8 units of the Klenow subfragment of Escherichia coli
DNA polymerase I (Boehringer Mannheim) was added (final
vol, 40 ul) and the mixture was incubated at 25°C for 2 hr. The
reaction was terminated by addition of 20 mM EDTA, the mix-
ture was extracted with phenol, and RNA was precipitated with
ethanol.

Preparation of the: Recombinant Library. A human ¢cDNA
library containing 5 X 10° recombinants was prepared as fol-
lows. Approximately 0.8 ug of double-stranded DNA was di-

- gested with 10 units of Alu I at 37°C for 2 hr. After termination

of the reaction with 20 mM EDTA and extraction of the mixture
with phenol, the material was fractionated on a 1-ml Sephacryl
300 column in 200 mM NaCl/10 mM Tris'HCl/1 mM EDTA.
The peak fractions were-pooled and concentrated by ethanol
precipitation.

The resultant fragments were ligated by using T4 DNA ligase
to the plasmid vector pAT-153-PVU II-8 that had previously
been cleaved at its unique Pou II site and treated with calf in-
testinal phosphatase to minimize self-ligation. This ligation mix-
ture was then used to transform competent E. coli K-12 strain

Abbreviations: bp, base pair(s); kbp, kilobase pair(s); C2, C4, etc., sec-
ond, fourth, etc., components of human complement.
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MC 1061 (17). An aliquot of the transformed cells was removed
for analysis and the remainder was amplified in 2 liters of Luria
broth containing ampicillin at 100 ug/ml for 8 hr. Transform-
ants were then centrifuged and suspended in fresh Luria broth/
ampicillin/15% glycerol, and aliquots were stored at —70°C.

Synthesis of the Oligonucleotide Probe. A mixture of 16 dif-
ferent 14-nucleotide-long oligonucleotides was synthesized (18)
based on the known C4d amino acid sequence Met-Ala-Gln-
Glu-Thr, using the solid-phase phosphotriester technique. The
oligonucleotide chosen

- >

5'-C-T—€-T—C-2—T-C- -G-C-C-A-T-3'

Q0

was complementary to the mRNA.

Screening the cDNA Library. Approximately 10,000 colo-
nies were plated on ampicillin-containing bacteriological plates,
transferred to Whatman 541 filter paper by blotting, and pro-
cessed for hybridization as described by Gergen et al. (19). Fil-
ters were incubated at 55°C in 0.9 M NaCl/90 mM Tris-HCI,
pH 7.5/6 mM EDTA/0.5% Nonidet P-40 containing boiled
sonicated salmon sperm DNA at 100 ug/ml for 3 to 4 hr and
then hybridized for 16 hr at 32°C in the same solution with about
2 X 10° dpm (0.5 ng/ml) of 5'-*P-labeled oligonucleotide
probe (20). Filters were washed with 0.9 M NaCl/0.09 M so-
dium citrate at 20°C for 1 hr and then four times at 34°C over
a 2-hr period, air dried, and autoradiographed at —70°C.

Isolation of the C4 Genomic Clones. Approximately 200,000
colonies of the human genomic library constructed with the
pTM cosmid vector and partially Mbo I-digested placental DNA
by F. G. Grosveld were plated onto 16 nitrocellulose filters (14-
cm Millipore HAWP, 0.45 uM) on nutrient agar plates with
ampicillin. Replicas were prepared and processed for colony
hybridization according to Grosveld et al. (21). Prehybridization
incubation and hybridization were carried out at 42°C in 50%
formamide solution (22).

The 301-base-pair (bp) C4 ¢cDNA probe, Alu-7, used for
screening was labeled to a specific activity of approximately 10
dpm/ug of DNA by using the Amersham nick-translation kit
(23). The hybridization mixture contained 2-5 X 10° dpm/ml.

After hybridization, the filters were washed with four
changes of 0.3 M NaCl/0.03 M sodium citrate at room tem-
perature, with four changes of 0.15 M NaCl/0.015 M sodium
citrate at 65°C over 2 hr, and finally with two changes of 0.03
M NaCl/3 mM sodium citrate at 65°C for 30 min each. Filters
were autoradiographed at —70°C.

Isolation of DNA. Cosmid and plasmid DNAs were extracted
(f)rgm bacterial colonies by using the alkaline NaDodSO, meth-

(24).

Partial Characterization of a C4 Cosmid Clone. The cosmid
Cos-A containing the C4 gene was partially mapped by a series
of single and double restriction enzyme digestions, under man-
ufacturers conditions, and separation of the fragments by elec-
trophoresis on agarose gels in 90 mM Tris borate, pH 8.3/1 mM
EDTA. DNA fragments were blotted onto nitrocellulose filters
(25) and hybridized with either the C4 cDNA probe Alu-7 or
the pTM vector.

RESULTS

Isolation of C4 mRNA from Human Liver. Approximately
2 mg of total RNA per gram of frozen human liver was recovered
after a single extraction with 4 M guanidine thiocyanate followed
by two extractions with 6 M guanidineHCI.

Cell-free translation in a rabbit reticulocyte lysate using RNA
fractionated on sucrose gradients followed by immunoprecipi-
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tation and analysis on NaDodSO, polyacrylamide gels (Fig. 1)
showed that the 28S RNA fraction was enriched in C4 mRNA.
The minor bands seen in track 1 are probably breakdown prod-
ucts of C4. No bands are seen when the irrelevant ovalbumin-
antiovalbumin is precipitated in the translation mixture. As also
occurs in the mouse (7-9) and guinea pig (10-12), pro-C4 was
translated as a single polypeptide chain of M, approximately
180,000. The intensity of the M, 180,000 band in the total RNA
translation mixture may be accounted for by the observation
that immunoprecipitation with antisera to complement proteins
C3 (Fig. 1, track 2) and C5 (not shown) gave similar sized prod-
ucts.

Identification and Isolation of C4 cDNA Clones. The C4d
region amino acid sequence Met-Ala-Gln-Glu-Thr (D. N. Chak-
ravarti, R. D. Campbell, and J. Gagnon, personal communi-
cation) was chosen for preparing a mixture of 16 synthetic 14-
base-long oligonucleotides that were complementary to the
mRNA sequence. This mixture was end labeled with [y-
32P]ATP and used to screen approximately 10,000 cDNA clones

3 4

—160

—115

=G0

=75

FiG. 1. The28S fraction of human liver RNA contains the message
for C3 and C4. [3°S]Methionine-labeled proteins were translated in a
cell-free rabbit reticulocyte lysate from the 28S fraction of human liver
RNA, precipitated with specific antisera, and analyzed on NaDodSO,/
6% polyacrylamide gels. Lanes: 1, immunoprecipitation with rabbit
anti-human C4; 2, immunoprecipitation with rabbit anti-human C3;
3, immunoprecipitation in the presence of 5 ug of ovalbumin and an
equivalent amount of antiovalbumin; 4, total translated protein. Num-
bers on the right represent M, x 1073,
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F1G. 2. Comparison of the pro-C4 molecule, the proposed C4 mRNA, and Alu-7 cDNA. The 301-bp insert cDNA of the Alu-7 clone isolated from
a human liver cDNA library is complementary to a region of the C4 mRNA that codes for the amino acid sequence of a known C4d region.

by colony hybridization. Two positive clones, Alu-7 and -16,
were identified over background after a final wash at 41°C. The
cloned cDNA inserts were excised for Maxam-Gilbert analysis
(26) by Cla 1/BamHI double digestion followed by selective
filling-in of the BamHI end with [a-32P]dATP.

Although both clones contained the complementary oli-
gonucleotide sequence, only Alu-7 coded for the homologous
C4d amino acid sequence (Fig. 2). Sequence comparison of the
Alu-7 301-bp insert with the known C4d amino acid sequence
shows identity at all but one position (Fig. 3). The cDNA codes
for serine rather than alanine at amino acid position 92. A G—T
first-base codon change would account for this coding differ-
ence.

Equal mixtures of valine/alanine and leucine/arginine at
amino acid positions 13 and 16, respectively, have been shown
by amino acid sequence analysis of C4 prepared from pooled
serum (D. N. Chakravarti, R. D. Campbell, and J. Gagnon,
personal communication). The cDNA sequence shows valine
and leucine together, suggesting that the pooled serum con-
tained two forms of C4.

Identification, Isolation, and Characterization of the C4
Genomic Clones. Approximately 200,000 colonies from a hu-
man genomic cosmid library constructed with the pTM vector
by F. G. Grosveld were screened by colony hybridization with
a nick-translated labeled Alu-7 cDNA probe.

Six positive clones were identified and grown in 100-ml cul-
ture mixtures for isolation of the cosmid DNA. All six cosmids
had an average insert size of 40—45 kilobase pairs (kbp) and ap-
peared identical by Southern blot analysis with the Alu-7 cDNA
probe.

A partial restriction map (Fig. 4) was prepared for one of the
clones, Cos-A. Comparison of the remaining five clones (data
not shown) with Cos-A showed all of them share the 25-kbp Cla

I fragment that hybridizes to the cDNA probe but some extend
as much as 8 kbp further on the 5’ end.

Southern blot analysis of Cos-A genomic DNA with the
Alu-7 ¢cDNA probe showed that there are additional restriction
sites not seen in the cDNA sequence. Further digestion with
Alu 1 suggested the presence of at least one intron of approxi-
mately 1,500 bp, occurring after nucleotide position 100 (Fig.
4). To compare the genomic sequence in this region with the
cDNA, DNA fragments on both the 5' and the 3’ ends of the
intron were subcloned and the nucleotide sequences were de-
termined.

The nucleotide sequence of the genomic DNA was identical
to that of the cDNA up to position 107 (Fig. 3), where the con-
sensus dinucleotide splice signal G-T appeared, and there was
also a stop codon several nucleotides downstream. The nucleo-
tide sequence on the 3' end of the intron showed the consensus
splice signal A-G followed by the cDNA coding sequence be-
ginning at nucleotide 108 and continuing with the identical
cDNA sequence.

DISCUSSION
A cDNA library was prepared from human liver mRNA that had
been enriched for higher molecular weight fractions. One
cDNA clone, Alu-7, was found to hybridize with an oligonu-
cleotide probe synthesized to correspond to a known penta-
peptide sequence in C4d. The 301-bp nucleotide sequence of
Alu-7 coded for a 100-amino acid sequence identical to the
known peptide sequence except in one position, where a serine
replaced an alanine. Polymorphism had already been recog-
nized in the amino acid sequence, where both alanine and valine
were found at position 13 and arginine and leucine were found
at position 15. The cDNA sequence coded for valine and leucine
in these positions. It is most likely therefore that the Ser — Ala
(position 92) change represents an allelic or locus variation that

I T A Y A L T L T K A P UV D L L 6V A HNNILMMMAMNMOARGQGETGDNIL Y HW
AGCTTCAGCTGCCATCACGGCCTATGCCCTGACACTGACCAAGGCGCCGGTGGACCTGCTCGGTGT TGCCCACAACAACCTCATGGCAATGGCCCAGGAGACTGGAGATAACCTGTACTG
20 30 40 80

10 S0

G 8§ VT G s @ S N A VvV S P T P A P R N

T
g0 100 110 120

P 8§ D P M P @ AP AL W1 ETTAYATLL

GGGCTCAGTCACTGGTTCTCAGAGCAACGCCGTGTCGCCCACCCCGGCTCCTCGCAACCCATCCGACCCCATGCCCCAGGCCCCAGCCCTGTGGATTGAAACCACAGCCTACGCCCTGET

130 140 150 160 170
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190 200 210 220 230 240
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G
GCACCTCCTGCTTCACGAGGGCAARAGCAGAGATGGCAGACCAGGCTTCGGCCTGGC TCACCCGTCAGGGCAGCTGCA

250 260 270 280 290 300 310

Fic. 3. Nucleotide sequence of the Alu-7 cDNA insert. Insert cDNA was excised from the plasmid vector pAT-153-PVU II-8 by digestion with
BamHI/Cla I and the 3' end was selectively labeled with [«-*?P]dATP. Labeled cDNA fragments were isolated from 4% native polyacrylamide
gels and the nucleotide sequence was determined by the Maxam-Gilbert technique (26). The sequence complementary to the oligonucleotide probe
is underlined. Amino acids: A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; H, histidine; I, isoleucine; D,
lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine.
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F1G. 4. Partial restriction map of cosmid clone Cos-A. A partial restriction map was prepared by single and double digestion of Cos-A DNA
followed by separation of the DNA fragments on 0.6% and 0.8% agarose gels. For Southern blot analysis, DNA fragments were transferred to
nitrocellulose and hybridized with either nick-translated [a-32P]dATP-labeled Alu-7 cDNA or the pTM vector probe. The C4d region coding sequence
is approximately 10 and 25 kbp from the 5’ and 3’ fragment ends, respectively. The expanded region of the map shows the 1,500-bp intron with
the C4d coding sequence on the 5’ and 3’ ends. Restriction enzyme sites used: A, Hae IT; B, BamHI; C, Cla I; F, HinfT; H, HindIll; K, Kpn I; P, Pvu

IL R, EcoRL; S, Sal I, U, AluI; V, Ava II; X, Xho L.

is not detected in the amino acid sequence because of the rel-
atively poor yield of the phenylthiohydantoin derivative of
serine in the Edman degradation.

Using the Alu-7 cDNA as a probe, we found that six over-
lapping cosmids hybridized in a human genomic library con-
structed by F. G. Grosveld. All six have been investigated by
Southern blot analysis and found to contain an identical 25-kbp
Cla1fragment. Fifteen different restriction enzymes were used
and this suggests that, if more than one form of the C4 gene is
present, their sequences are very similar.

One of the cosmids, Cos-A, probably contains the whole C4
gene; mapping showed that the section hybridizing with the
probe is not less than 10 and 25 kbp from the 5' and 3' vector
ends, respectively. The probe corresponds to a central part of
the precursor C4 molecule with approximately 1,100 and 700
amino acid residues on the amino- and carboxyl-terminal sides,
respectively. Even if several introns are present, it is likely that
this cosmid contains the complete gene. However, further char-
acterization will be required to prove this.

The nucleotide sequences of the subcloned Cos-A restriction
fragments show identity with the cDNA sequence, including
positions corresponding to the amino acids serine, valine, and
alanine at positions 92, 13, and 15, respectively. As mentioned
above, this sequence is likely to be that of one genetic variant
of C4. A noncoding nucleotide sequence was, however, found
beginning at base 108 and was approximately 1,500 bp long with
the consensus dinucleotide splice signals G-T and A-G at the
5' and 3’ ends, suggesting that it is an intron.

Genetic evidence suggests the two C4 loci are tightly linked
and may be tandemly arranged on the chromosome (2). An end
fragment of a second C4 gene could be present in Cos-A but
undetected because the cDNA probe recognizes only a region
near the middle of the gene. Further analysis with 5’- and 3'-
end probes will be necessary to detect the presence of an ad-
ditional C4 gene and more restriction enzyme digestion should
identify the genes coding for the different variants of C4.
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