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ABSTRACT To elucidate the molecular basis underlying
the difference in the mode of gene expression between mouse
complement C4 (constitutive) and sex-limited protein (Slp)
(testosterone-regulated), we compared nucleotide sequences
and transcriptional regulatory activities of the 5’'-flanking
regions of these two genes. Although the two sequences showed
a high degree of overall homology (95%) up to 1.9 kilobases
(kb) upstream from the transcription initiation site, the Sip
sequence lacked a 31-nucleotide segment containing ACACCC
repeats and a 60-nucleotide segment containing ACAC repeats,
which are present, respectively, 1.6 kb and 200 base pairs (bp)
upstream from the transcription initiation site of the C4 gene.
When assayed in human hepatoma-derived HepG2 cells, the
1.8-kb 5'-flanking DNA fragment of the C4 gene demonstrated
strong transcriptional activity, whereas the corresponding
DNA fragment of the Sip gene showed only negligible activity.
By progressive deletion experiments, it was shown that the
difference in the constitutive transcriptional activity of the C4
and Slp genes was accounted for by the presence or absence of
the positive regulatory domain located between 1700 bp and
400 bp upstream of the transcription initiation site.

The fourth component of complement (C4) plays a pivotal
role in activation of the classical pathway as a constituent of
the C3 convertase (1). Two C4 isotypes have been described
in humans (C4A and C4B) and in mice [C4 and sex-limited
protein (Slp)], and their structural genes are closely linked to
each other and to the C2 and factor B genes in the major
histocompatibility complex (2, 3). Nucleotide sequence anal-
ysis of cDNA clones revealed a high degree of sequence
homology between isotypes in both species (4-6), suggesting
that they were duplicated very recently and/or there is a
mechanism maintaining identity. Both human C4A and C4B
are active as complement components, although some dif-
ference in reactivity has been reported (7). In mouse, in
contrast, only C4 shows complement activity; Slp is
hemolytically inactive and has no known function (8). Com-
parison of the complete primary structures of the mouse C4
and Slp proteins deduced from the cDNA sequences revealed
a cluster of amino acid differences close to the C1 cleavage
site of C4, and the possibility has been suggested that these
differences render Slp resistant to C1 and, hence, hemolyti-
cally inactive (6, 9).

The mode of gene expression of C4 isotypes also shows a
striking contrast between humans and mice. Whereas both
human C4A and C4B are expressed constitutively, in mice of
standard inbred strains, only C4 is constitutively expressed
and Slp is testosterone-regulated—that is, Slp is present only

in male adult mice. In addition to this standard pattern,
mouse C4 and Slp show extensive genetic variation in serum
levels among inbred and wild mice (10), thus providing an
attractive system for the study of eukaryotic gene regulation.
For example, mice with H-2* haplotype have =~1/20th as
much C4 as other common inbred strains. Slp has not been
detected in either males or females in certain inbred mice or
in almost all wild mice so far studied. The possibility that
these mice lack the bulk of the Sip gene has been excluded (3,
11, 12). In mouse strains carrying wild-type-derived H-2*7,
H-2*'5, and H-2"!° haplotypes, Slp is constitutively ex-
pressed. Mice of these strains have multiple Sip genes, and
possible involvement of the extra genes in constitutive
expression was suggested (12-14). In addition, trans regula-
tion for the female expression of Slp genes was reported for
mouse strains FM, PL/J, and NZB. In these strains, reces-
sive genes not linked to H-2 and not linked to each other
regulate female expression of Sip by a testosterone-indepen-
dent mechanism. However, the breeding experiment showed
that the Slp gene of FM strain mice per se is a testosterone-
regulated gene (15). Recently, C4- and Slp-specific cDNA
probes became available for quantification of liver mRNA
levels of C4 and Slp by RNA blot analysis. In almost all cases
so far studied, differences in serum levels of C4 and Slp are
paralleled by differences in the steady-state levels of the
respective liver mRNA (11), suggesting that the regulation
mechanism for C4 and Slp gene expression is in most cases
acting at the transcriptional level. To analyze at the molecular
level the nature of the transcriptional control mechanism of
mouse C4 and Slp genes, here we compared the nucleotide
sequences of the 5'-flanking region of the C4F™ (constitutive
gene) and SIp™™ (testosterone-regulated gene) and the tran-
scriptional control activities of these genes using a chloram-
phenicol acetyltransferase (CAT) assay system.

MATERIALS AND METHODS

Materials. We obtained [a-3?P]dATP, [a-?P]dCTP, [y
32P)ATP, and [*C]chloramphenicol from the Radiochemical
Centre; restriction enzymes, Klenow fragment, alkaline
phosphatase, T polynucleotide kinase, S1 nuclease, and
HindIIl linker were from Takara Shuzo (Kyoto, Japan) and
Boehringer Mannheim; reverse transcriptase was from
Bethesda Research Laboratories. pSVOcat and pSV2cat
were a gift from B. H. Howard; HepG2 cells were a gift from
H. R. Colten.

Isolation and Characterization of Genomic Clones Encom-
passing the 5'-End Regions of the C4 and Slp Genes. Isolation
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Abbreviations: C1, C2, and C4, first, second, and fourth components
of complement; Slp, sex-limited protein; CAT, chloramphenicol
acetyltransferase; kb, kilobase(s); bp, base pair(s).
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F1G. 1. - Nucleotide sequences of the 5’ end and flanking regions
of the mouse C4 and Sip genes. The nucleotide sequence of the C4
gene is presented, with residue numbers on the left. The A of the
initiator methionine codon is denoted +1, and residues preceding it
are given negative numerals. Nucleotide residues placed below the
C4 sequence are those of the Sip sequence that are different from the
C4 sequence. Dashes indicate deletions introduced to maximize
homology. Since no homology was detected from —1973 further
upstream between the C4 and Slp sequences, all residues of both C4
and Slp sequences are presented. Arrowheads and solid circles
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of genomic clones containing the C4 and Sip genes from FM
strain mouse and characterization of exon—intron structures
at the 5’-end regions have been described (16, 17). The
transcription initiation sites for the C4 and Sip genes were
determined by S1 nuclease mapping (18) and primer-exten-
sion analysis (19), using liver mRNAs of FM mouse isolated
as described (9). All nucleotide sequences were determined
at least twice in both directions following the dideoxy-chain
termination method (20).

CAT Assay. Fragments of the 5'-flanking DNA of the C4
and Sip genes were introduced into the HindlIII site of the
plasmid pSVO0cat using HindIII linkers. The orientation of the
insert was determined by restriction analysis. Plasmid DNA
was used for transfection after two cycles of purification by
centrifugation in CsCl gradients. HepG2 cells (1-3 X 106) (21)
propagated in 100-mm plates were transfected with 16 ug of
recombinant plasmids by the calcium phosphate/DNA
coprecipitation method (22). Glycerol shock was performed
at 25% and CAT activities were estimated by the method of
Gorman et al. (23) with the following modification. The cell
extract containing 100 ug of protein was assayed for CAT
activity in 180 ul of reaction mixture.

RESULTS

Nuelcotide Sequences of 5'-Flanking Regions of the C4 and
Slp Genes. \ phage clones containing the 5'-end regions of the
C4 gene, A\C4-2.2, and the Sip gene, \Slp-3.22, of FM strain
mouse were isolated and characterized as described (16, 17).
The nucleotide sequences of the 5’'-flanking regions of the C4
and Slp genes were determined up to 2.7 kilobases (kb) (C4)
or 2.2 kb (Slp) upstream from the AUG initiation codon, and
major parts of these sequences are shown in Fig. 1. In these
sequences, we denoted the A of the AUG initiation codon as
position +1. Upstream nucleotides in the genomic sequence
are given consecutive negative numerals. Although there are
some insertion/deletions of nucleotides between the C4 and
Sip genes, all the nucleotide positions of the Sip gene are also
expressed according to the C4 numbering system for the
convenience of a comparison. When the nucleotide se-
quences of the 5’-flanking regions of the C4 and Sip genes
were compared, a high degree of homology (95%) was
observed up to 1972 base pairs (bp) upstream from the AUG
initiation codon (Fig. 1). Further upstream from this point,
the C4 and Sip sequences diverge markedly and no homology
was recognized between the 700-bp C4 sequence and the
400-bp Slp sequence 5’ to this point (only part of these
sequences is shown in Fig. 1). In spite of the overall sequence
homology up to —1972 from the AUG initiation codon, two
major deletions 31 and 60 nucleotides long were observed in
the Slp sequence, =1.7 kb and =300 bp, respectively,
upstream from the AUG initiation codon. In both regions, the
corresponding segments of the C4 gene consist of C+ A-rich
sequences. In the —1.7-kb region, the C4 sequence has seven
ACACCC repeats (Fig. 1, arrows), whereas the Sip.sequence
has only two repeats of this motif because of the deletion and
substitutions. In the —300-bp region, the C4 sequence has
ACAC repeats and the Slp sequence again lacks the major
part of these repeats (Fig. 1, solid lines).

~ around position —60 indicate transcription start sites determined by

primer-extension and S1 nuclease mapping analysis, respectively.
Boxed sequence preceding the transcription initiation site indicates
the possible TATA box. The underlined +2 to +19 represents the
nucleotide sequence corresponding to the primer used for primer
extension. Arrows and solid lines over the C4 sequence or under the
Sip sequence indicate ACACCC repeats and ACAC repeats, respec-
tively. Restriction enzyme sites used for CAT assay are shown above
or below the sequences.
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Mapping of 5' Termini of C4 and Slp mRNA. To determine
the initiation point of transcription for mouse C4 and Slp
mRNA we used S1 nuclease mapping and primer elongation
analysis. The initiation sites for both the C4 and Sip genes had
been expected to be present between the Hap II site (—119)
and the A (+1) of the AUG initiation codon, because only
DNA fragments of the C4 gene downstream of the Hap Il site
hybridized with mouse liver mRNA (16). In the primer
elongation experiment, we used as primer a synthetic 18-mer
oligonucletide complementary to the 5’ end of the leader
sequence, +2 to +19 (Fig. 1, underlining). Three major
initiation sites were detected (Fig. 2A, arrows) at positions
—55, =56, and —65 (Fig. 1, arrowheads). Since the relative
content of C4 mRNA and Slp mRNA in FM liver RNA
preparations has been estimated as 6:1 based on the numbers
of isolated C4-specific and Slp-specific cDNA clones (9), the
major bands shown in Fig. 24 are probably attributable to the
C4 gene. However, as the nucleotide sequences of the C4 and
Sip genes are completely identical in the region correspond-
ing to the primer, it is likely that the initiation site of the Sip
gene was also detected by this experiment. At present, we
can neither understand the significance of multiple initiation
sites detected by primer extension analysis nor determine
which initiation sites are attributable to the C4 and Sip genes.
However, these results clearly indicate that the main tran-
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F1G. 2. Determination of the transcription initiation sites of the
C4 and Sip genes. (A) Primer extension of the C4 and Slp mRNas. A
5'-end-labeled oligonucleotide primer synthesized according to the
nucleotide sequence from +2 to +19 was hybridized with 4 ug of
>28S mRNA isolated from FM mouse liver (lane 1) or 4 ug of yeast
tRNA (lane 2). After incubation with 80 units of reverse enzyme at
42°C for 30 min, primer-extended products were analyzed in 7 M
urea/8% polyacrylamide gel. Arrows indicate positions of the ex-
tended products. Lanes M, size markers. (B) S1 nuclease mapping of
the 5’ portion of the C4 and Slp mRNAs. The Taq I (—437)/BamHI
(—9) fragment of the C4 gene was subcloned in M13mp11. Uniformly
labeled probes for S1 nuclease mapping were synthesized as de-
scribed (24). Ten micrograms of poly(A)* RNA isolated from FM
mouse liver (lane 1) or 10 ug of yeast tRNA (lane 2) was hybridized
to the single-stranded probe. After digestion with S1 nuclease (3
units/ul) for 40 min at 30°C, resistant products were separated in 7
M urea/8% polyacrylamide gel. Arrows indicate positions of major
bands in the autoradiograph. Lanes M, size markers.
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scription initiation site of the C4 gene is between —65 and
—55. The same conclusion was obtained by S1 nuclease
mapping analysis. In S1 nuclease mapping, we used a
uniformly labeled probe synthesized by M13 phage contain-
ing the Taq I (—437)/BamHI (-9) fragment of the C4 gene
sequence. As shown in Fig. 2B, a ladder of protected
fragments was consistently detected. Some of these multiple
bands are probably due to overdigestion and/or underdiges-
tion of the DNA-RNA hybrids by S1 nuclease. From the
position of the major bands, it is concluded that the 5’
untranslated region of C4 mRNA consists of 58—-66 nucleo-
tides (Fig. 1, solid circles). The major start sites detected by
primer elongation and S1 nuclease mapping analysis showed
a few nucleotides difference, which appear to be within the
error of these methods. Together, these results indicate that
the initiation point of the C4 gene is most likely to be present
between —66 and —55. S1 nuclease mapping analysis by
using a single-stranded probe synthesized according to the
Sip sequence showed the same digestion pattern as shown in
Fig. 2B (data not shown), suggesting that a single nucleotide
deletion at position —25 and one nucleotide substitution at
position —18 were not recognized by S1 nuclease under the
conditions used, and therefore the fragments protected by the
Slp mRNA are also included in the ladder shown in Fig. 2B.
As shown in Fig. 1, the nucleotide sequences of the C4 and
Slp genes are highly homologous near the C4 initiation sites.
Therefore, on the basis of the results of primer extension, S1
nuclease mapping, and sequence analysis, the initiation site
of the Sip gene was also located =60 bp upstream of the AUG
initiation codon. Similar observations have been made by
Tosi et al. (25), who used mRNA isolated from BALB/c
(H-2%) mice. The result of a CAT assay in which the DNA
fragment containing nucleotides —244 to —9 of the Slp gene
showed promoter activity (to be described in the following
section) also supports this conclusion. Both the C4 and Sip
gene lack typical TATA and CAAT boxes. However, a
possible variant of a TATA box—GATCAA A—is recognized
=20 bp 5' of the transcription initiation sites determined by
primer elongation and S1 nuclease mapping analysis (Fig. 1,
box).

Difference in Transcriptional Control Between the C4 and
Slp Genes Estimated by CAT Assay. We tested transcriptional
regulation activity of the 5'-flanking regions of the C4 and Sip
genes by using a CAT assay system (23). CAT assays were
performed with human hepatoma-derived HepG2 cells,
which have been shown to produce human C4 in culture (21).
As positive and negative controls, we transfected HepG2
cells with pSV2cat, which contains the simian virus 40 early
promoter region, and with pSV0cat, which lacked the entire
simian virus 40 promoter region (23). As expected, HepG2
cells transfected with pSV2cat showed a significant CAT
activity, whereas HepG?2 cells transfected with pSVOcat did
not show any detectable CAT activity. Transcriptional reg-
ulation activity of the 5’'-flanking DNA segments of the C4
and Slp genes was tested after subcloning into the HindIII site
of pSV0cat, which is located immediately upstream of the
CAT structural gene. In all the following CAT experiments,
the BamHI (-9) site found between the transcription initia-
tion sites and the AUG initiation codon of both C4 and Slp
sequences (Fig. 1) was used as the 3’ end of the inserted DNA
fragments. When a 2.9-kb BamHI1/BamHI 5’-flanking frag-
ment of the Sip gene and 2.0-kb HindIII/BamHI 5'-flanking
fragment of the C4 gene were inserted in either orientation
into pSVO0cat, only the 5'-flanking sequence of the C4 gene in
the correct orientation showed a significant activity to direct
CAT transcription in HepG2 cells (Fig. 3). To determine the
initiation point of the CAT transcript directed by the 5'-
flanking sequence of the C4 gene, we performed S1 nuclease
mapping analysis using the same probe as described in the
legend for Fig. 2B. We found that this CAT transcript was
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Fi1G.3. CAT activities directed by the 5'-flanking DNA fragments
of the C4 and Slp genes. (Left) Schematic representation of the C4
and Slp genes. Thick lines represent the regions where a high degree
of homology is recognized between the C4 and Slp genes. White
areas in the thick line of the C4 gene show the positions of the
C+A-rich sequences corresponding to the two major deletions of the
Slp gene. Arrows indicate ranges and directions of the inserts
subcloned into the HindIII site of pSVOcat. HepG2 cells were
transfected with these recombinant plasmids or with pSV2cat (pos-
itive control), and CAT activities were evaluated as described (23).
(Right) Autoradiogram shows the conversion of chloramphenicol
(CM) to its acetylated products (AcCM).

initiated faithfully from the transcription start site of the C4
gene (data not shown). To identify the DNA region required
for the transcriptional activity, we subcloned 5’-flanking
segments of the C4 gene of various lengths into pSVOcat and
assayed for CAT activity. These fragments had a common 3’
end, the BamHI (-9) site, and variable 5’ ends. As shown in
Fig. 4, the HindIIl (—1938)/BamHI (-9) and Hincll
(—1782)/BamHI (-9) fragments showed high activities of the
same level. A substantial reduction in activity was observed
with the Ava I (—1061)/BamHI (—9) fragment. A shorter Tag
I (—437)/BamHI (-9) fragment showed little or no activity.
Then, much shorter fragments, the Rsa I (—333)/BamHI (-9)
and the Rsa I (—244)/BamHI (—9) again showed a significant
activity, which amounted to 50% the level of maximum
activity. The shortest Hap II (—119)/BamHI (-9) fragment,
however, did not show any detectable activity. These results
indicate that the 5’-flanking region of the C4 gene contains at
least three functional domains; (i) a putative promoter located
between the Rsa I (—244) site and the transcription initiation
sites; (ii) an inhibitory domain present between the Taq I
(—437) site and the Rsa I (—333) site; and (ii) a positive
regulating domain still further upstream. To identify the
domains of the Slp gene that are functionally different from
those of the C4 gene, we subcloned three 5'-flanking seg-
ments of the Slp gene into pSVO0cat and assayed for their
activity to direct CAT transcription. These three fragments
are Rsa I (—244)/BamHI (—9), Hincll (—439)/BamHI (-9),
and Hincll (—1782)/BamHI (—9), which, respectively, cor-
respond to the promoter, the promoter plus the inhibitory
domain, and the promoter plus the inhibitory domain plus the
positive regulatory domain of the C4 gene. As shown in Fig.
5, very similar levels of CAT transcription were directed by
the putative promoter domain of C4 and Slp fragments. The
DNA fragments of both the C4 and Sip genes containing the
putative promoter domain plus the putative inhibitory do-
main directed only negligible CAT transcription. However, a
marked difference in the CAT activity was recognized when
the C4 and Slp fragments containing all of the three putative
functional domains were compared. Thus, the Slp fragment
directed only very negligible CAT transcription, while the
corresponding C4 sequence directed quite high CAT activity.
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F1G. 4. Effect of successive 5’ deletion on the transcriptional
regulation activity of the 5'-flanking region of the C4 gene. (Upper)
Schematic representation of the 5'-flanking region of the C4 gene is
shown as a bold line. White areas show positions of C+A-rich
sequences corresponding to the two major deletions of the Sip gene.
Arrows indicate range of inserts subcloned into the HindIII site of
pSVOcat. They have common 3’ ends (BamHI site, —9) and 5’
deletions of various extents. (Lower) CAT activities directed by
these 5'-deleted inserts are plotted against the 5’ ends of the inserts.
After visualizing the results of the CAT assay by autoradiography,
areas containing chloramphenicol and its acetylated metabolites
were cut from the silica plates and measured by scintillation
counting. CAT activity was calculated as percentage conversion to
acetylated metabolites and then values were converted to percentage
of the maximum of each experiment. Closed circles indicate average
values from three experiments involving independent clones or
independent plasmid preparations; vertical bars indicate range of
values.

It is highly likely that the Hincll (—1782)/BamHI (-9)
fragment of the Slp gene lacks the positive regulatory
function. The absence of the positive regulatory sequence in
the 5’-flanking region of the Slp gene and in the presence of
the functionally intact promoter and the negative regulatory
domains probably explains the difference in the activity to
direct CAT transcription between the long fragments of
5’-flanking sequences of C4 and Sip genes.

DISCUSSION

When tested by CAT assay, the 5'-flanking regions of the C4
and Sip genes showed a marked difference in the transcrip-
tional regulation activity. The plasmids containing the 1.8-kb
5’-flanking DNA of the C4 gene showed strong activity to
direct CAT transcription in HepG2 cells at a comparable level
as pSV2cat. In contrast, the plasmid containing the corre-
sponding 5'-flanking fragment of the Slp gene showed a
negligible activity indistinguishable from the background
level. The extreme inefficiency of the 5’'-flanking region of the
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FiG. 5. Expression of CAT activities in HepG2 cells transfected
with recombinant plasmids containing various 5'-flanking fragments
of the C4 and Sip genes. The 5'-flanking fragments of the C4 gene
containing one (—244 to —9), two (—437 to —9), or three (—1782 to
—9) functional domains and the corresponding fragments of the Sip
gene were subcloned into pSV0cat and assayed for transcriptional
control activity. Restriction enzyme sites used were as follows: Hc,
Hincll; Tq, Taq I; Rs, Rsa 1; Bm, BamHI. Explanations for the
schema of the 5’-flanking regions of the C4 and Sip genes and the
autoradiogram are in the legend for Fig. 3. This figure shows the
result of one of three independent assays. The other two assays
showed very similar results.

Sip™ gene in the transcriptional regulation is at first glance
contradictory to the apparent constitutive Slp expression in
FM strain mice, but it is compatible with the idea proposed
by Brown and Shreffler (15) that the seemingly constitutive
expression in FM mice is due to the extra H-2, trans-acting
factor. The 5’'-deletion experiment of the 5'-flanking region of
the C4 gene showed the presence of at least three functional
domains; a putative promoter domain, an inhibitory domain,
and a positive regulating domain in this order from proximal
to distal. The difference in transcriptional regulation between
the C4 and Slp genes is explained by the difference in the most
upstream positive regulating regions. The putative promoter
region of the Sip gene showed the same level of activity as the
C4 gene.

In contrast to a marked difference in the transcriptional
regulation, a high degree of nucleotide sequence homology
(95%) was observed between the C4 and Sip genes up to 2 kb
upstream from the AUG initiation codon. The degree of
homology is striking in the sense that it is almost the same
degree as the homology observed between the protein-coding
regions of these two genes (96%) (5). However, the Sip
sequence had two major deletions with the length of 31
nucleotides and 60 nucleotides in the 5'-flanking region. The
corresponding segments of the C4 gene were occupied by
characteristic C+A-rich sequences, ACACCC repeats
(—1685 to —1655 region), and ACAC repeats (—315 to —256
region). ACAC repeating sequences are known to be wide-
spread in a broad range of eukaryotic genomes. For example,
mammalian genomes contain 10°-10° copies of this sequence
(26). The ACACCC repeating sequences of the C4 gene
closely resemble the simple repeating sequence of the yeast
telomere, (C,_3A), (27, 28). The biological functions of these
C+ A-rich sequences in the 5'-flanking region of the C4 gene
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are not apparent. However, an intriguing hypothesis is that
these C+ A-rich regions of the C4 gene play some regulatory
role in transcription, since the ACACCC sequence of the
B-globin gene just 5’ to the CAAT box has been shown to be
important for the transcriptional regulation of this gene (29,
30).
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