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ABSTRACT  Cloning of the overlapping DNA fragments to-
gether with Southern hybridization experiments showed the or-
ganization of the human C, and C,, gene cluster as 5'-C,2-14 kilo-
bases-C,1----C,1-13 kilobases-C,2-3'. Comparison of the nu-
cleotide sequences of the C.I and C,2 genes revealed that four
deletions have taken place in the C.2 gene and its flanking re-
gions. The three deleted regions in the 5’ side of the C,2 gene are
partially filled with shorter inserted sequences. One of them has
removed the Cy1 and Cy2 exons and a portion of the epsilon switch
(S¢) region. The S, region and the Cy4 exon still retain the func-
tional structures, whereas the Cy3 exon has been inactivated by
deleting its 5’ intervening sequence necessary for splicing. The
tetranucleotide T-G-G-G (or T-G-G-C), which is usually found in
close proximity of the class-switch recombination sites in mouse
myelomas, is located 5’ to the three deletion sites. The results im-
ply that the mechanism responsible for the heavy chain class-switch
recombination might be relevant to the evolutionary mechanism
of creation of the truncated C,2 gene. The other deletion in the
3’ flanking region of the C.2 gene may be due to slipped mis-
pairing of the short direct repeat (C-C-C-C-C) at both ends.

The immunoglobulin heavy chain (H chain) gene family consists
of the variable (Vy)-, diversity (D)-, joining (Jy)-, and constant
(Cy)-region gene clusters. Analysis of the mouse and human
Cy genes has revealed that the Cy; gene cluster has evolved by
dynamic rearrangements, including duplication, insertion,
deletion, and intervening sequence (IVS)-mediated domain
transfer as well as by point mutations (1-5).

The Cy genes are divided into five major classes, C,, Cs, C,,
C., and C,, and the C, genes are further divided into four sub-
classes in mouse. Cloning of a number of overlapping frag-
ments encompassing the entire Cy gene cluster revealed the
order of the mouse Cy genes as 5'-C,-C5-C,3-C,1-C,2b-C, 2a-
C.-C,-3' (6-10). The human Cy gene cluster contains one copy
each of the C, and C; genes, at least four C, genes, one C, pseu-
dogene, and two C, genes (5, 11-14). Recent studies on the hu-
man C, gene identified at least three C, -related genes, one of
which (CI) is active, whereas the remaining genes are pseu-
dogenes (15-17). One pseudogene (C,2) has been truncated by
deletion events (16, 18) and the other (C,3) has lost its IVS (19,
20). It has been suggested that the C, and C, genes are linked
to each other in the human and that both genes were duplicated
simultaneously (16, 18). The C,3 gene is translocated to chro-
mosome 9. However, it was not known which of the two C,
genes (C, 1 and C,2) was linked to the active C,1 gene. The evo-
lutionary mechanism to create the truncated C,2 gene also re-
mained an intriguing question.

To address these questions we have studied the detailed or-
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ganization and structure of the C, and C, genes and have shown
the linkage of the C, and C, genes as 5'-C,2-C,1----C,1-C,2-
3'. We have determined the nucleotide sequences of the C,1
and C,2 genes and their flanking regions, each encompassing
more than 5.8 kilobases (kb). Comparison of the two sequences
allowed us to locate the exact deletion sites in the C,2 gene and
its flanking regions. The nucleotide sequences immediately 5’
to the deletion sites are usually T-G-G-G (or T-G-G-C), which
is found in close proximity of the class-switch recombination
sites in mouse myelomas (21); the evolutionary implication of
this is discussed.

MATERIALS AND METHODS

Isolation of Recombinant Phages and Plasmids. Bacterio-
phage Charon 4A (22) and plasmid pBR322 (23) were used as
EK2 vectors and were propagated in Escherichia coli DP50supF
(22) and x1776 (24), respectively, under P3 conditions, as de-
scribed by the National Institutes of Health. Screening of a phage
library was done as described (25). A Charon 4A library con-
taining partial Hae I11/Alu 1 digests of human fetal liver DNA
(26) and a mouse a-cDNA clone (pABa-1) were the generous
gifts of T. Maniatis (Harvard University) and A. Bothwell and
D. Baltimore (Massachusetts Institute of Technology), respec-
tively.

Other Procedures. Southern blot hybridization of restric-
tion endonuclease-digested DNAs was performed as described
(27). DNA fragments used as probes were labeled with [a-*%P]-
dCTP (specific activity, 2,000-3,000 Ci/mmol; 1 Ci = 3.7 X
10'° Bq; Radiochemical Centre, Amersham, England) by nick-
translation (28). Hybridization was carried out in 1 M NaCl at
65°C as described (29). Filters were washed with 15 mM NaCl/
1.5 mM sodium citrate/0.1% NaDodSO, for 90 min at 65°C
with two changes of the buffer. Nucleotide sequence deter-
mination was performed according to the method of Maxam
and Gilbert (30). Heteroduplexes were formed by using the
formamide technique as described (31).

RESULTS

Linkage of the C, and C, Genes. The human C, gene frag-
ment was cloned from a Charon 4A library containing the par-
tial Hae I11/Alu I digests of the human fetal liver DNA (26) by
using the mouse a-cDNA clone (pABa-1) as probe. A positive
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clone, Ch4A-H-Iga-25, was propagated and identified as the
human C,2 gene clone by partial nucleotide sequence deter-
mination. The nucleotide sequences predicted the amino acid
sequences of the Cy1 domain (amino acid residues 120141 and
208-221), which were identical to the corresponding regions of
the known a2 chain (32) but different from those of the al chain
(33) at three positions (Fig. 1).

Southern blot hybridization of the BamHI-digested human
placenta DNA produced two major bands (18 and 17 kb) hy-
bridizing to both the 3'-flanking region probe of the C,1 gene
(fragment a in Fig. 2) and the C,2 gene probe (fragment b in
Fig. 2). The results suggest the linkage between the C, and C,
genes in the human genome and the presence of the two seg-
ments containing both C, and C, genes, in agreement with pre-
vious reports (16, 18).

To prove the physical linkage of the C, and C, genes, the
18- and 17-kb BamHI fragments hybridizing to the C, probe
were cloned into pBR322. Detailed mapping of restriction en-
donuclease cleavage sites of pH-Iga-11 (18-kb fragment) and
pH-Iga-21(17-kb fragment) enabled us to conclude that pH-Iga-
21 overlaps the previously isolated C,.I gene clones (15) and
the C,2 gene clone (Iga-25), as shown in Fig. 2. The results
demonstrate unequivocally the organization: 5'---C.I-13 kb-
C,2---3'. Thus, the pH-Iga-11 clone was identified as the C,1
clone.

The 6.5-kb BamHI fragment that contains the C,2 gene (15)
was cloned into pBR322 by using the C. I gene as probe and was
designated as pH-Ige-21. Comparative studies between the C, 1
and C,2 genes by heteroduplex formation, restriction mapping,
and Southern blot hybridization experiments revealed that at
least two deletion events have taken place in the C,2 gene (18).
The 3’ deletion (2.9 kb) has removed the Cyl and Cy2 exons
from the C,2 gene. There is another large deletion (3.7 kb) in
the 5' flanking region. The restriction map of the clone pH-Ige-
21 was indistinguishable from that of the C, pseudogene (yel)
cloned previously (16).

Although both the C,2 (pH-Ige-21) and the C,I (pH-Iga-11)
gene clones are the BamHI fragments and have no overlap, the
direct association of Ige-21 and Iga-11 was shown by Southern
blot hybridization by using the DNA fragments located at both
sides of the BamHI site 3’ to the C.I gene (fragments ¢ and d
in Fig. 2) as probes. Upon digestion of the human placenta DNA
with Xba I, both probes hybridized to the two bands of 14 and

kb
Fic. 1. Identification of the hu-
Y Hindlll man C,2 gene clone. (A) The 6.5-kb

EcoRI/HindIII fragment of Ch4A-

H-Iga-25 (fragment b in Fig. 2) was
80 100 purified and partial nucleotide se-
quences were determined. The direc-
tions and ranges of sequences read are
indicated by horizontal arrows I and
II. The dashed box represents the ten-
tative location of the other exons. (B)
The nucleotide sequences of the re-
gions I and II are shown. The amino
acid sequences predicted from the nu-
cleotide sequences were compared to
those of the a2 (32) and al (33) chains
(amino acid residues 120-141 and 208—
221). The amino acid residues that dif-
fered among these three sequences are
boxed. The possible splicing sites are
indicated by the vertical arrows.

7 kb, the former being consistent with the restriction map of
the C, I gene. The 7-kb fragment is expected to be derived from
the C,2 gene, assuming that Ige-21 and Iga-11 are linked di-
rectly at the BamHI site. Similarly, Sac I digestion produced,
in addition to the C,I gene fragment (2.9 kb), the 3.6-kb frag-
ment hybridizing to both probes, which again coincides with
the C.2 gene fragment expected from the above assumption.
The results demonstrate the direct linkage of the Ige-21 and
Iga-11 clones, although the presence of a few hundred-base
fragment between the two clones is not ruled out. We conclude
that the C,2 gene is located about 14 kb 5’ to the C, 1 gene. This
conclusion also is supported by strong homology of restriction
maps between the C,1-C,2 and C,2-C,I linkage groups (Fig.
2). Because the C,2 gene was deleted in the C, I-expressing my-
eloma, the C, gene order was supposed to be 5'-C,2-C,1-3' (5,
17). Taken together, we propose the organization: 5'-C,2-14 kb-
C,I1---C,1-13 kb-C,2-3'.

Nucleotide Sequences at the Deletion Sites of the C.2 Gene.
To understand the evolutionary mechanism of creation of the
truncated pseudogene, the nucleotide sequences around the
deletion borders in the C.2 gene and those of the correspond-
ing regions of the C,I gene were determined according to the
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Fic. 2. Linkage of the C, and C, genes. The restriction maps of the
segments linking the C, and C, genes were constructed from those of the
overlapping clones. Cloning of Ch4A-H-Ige-11, Ch4A-H-Ige-12, and
Ch4A-H-Igs-14 has been described (15). Closed boxes represent the cod-
ing regions. Fragments used as probes are indicated by horizontal bars.
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strategy shown in Fig. 3. Comparison of the nucleotide se-
quences around the 3’ deletion region identified the break-
points of the homology segments at nucleotide positions 5,993
and 8,049, revealing a 21-base insertion (positions 5,994—6,014)
between the two borders (Fig. 4). The complete nucleotide se-
quence of the C,1 gene corresponding to the 3’ deletion block
of the C,2 gene was determined (ref. 20; unpublished data) but
this 21-base sequence was not found in the C,I gene. Instead,
the 20-base sequence directly 5' to the deletion point is highly
homologous to the 21-base insertion sequence (85.7% homol-
ogy), suggesting that the 21-base sequence might have been
inserted by duplication of the sequence 5’ to the deletion site.

Nucleotide sequence analysis around the junction of the 5’
deletion region (positions 566—4,477) revealed once again the
presence of a 13-base insertion sequence (positions 566-578)
in the C,.2 gene. The origin of this sequence is not yet known
because the nucleotide sequence of the 3.5-kb region of the
C.1 gene, which is deleted in the C,2 gene, has not been de-
termined. The nucleotide sequence determination revealed an-
other DNA rearrangement of the C,2 gene, in which a 149-base
sequence (positions 146-299) of the C,2 gene is replaced by a
43-base sequence in the C,1 gene. The latter sequence showed
considerable homology (67%) to a portion of the 149-base se-
quence (portions 176-224).

It is striking that the tetranucleotide T-G-G-G (or T-G-G-C)
was always found immediately 5 to each of the three deletion
and insertion sites. The tetranucleotide also was found 5' to the

s%-5%%5 E Exg
g £38P33a8 & S5 2 TIéf
L Pl S I | L | —_i Ll -]
R o J{logbp
/
43bp kb
Ce
i = I T(TTC T[IC T i |
E Pl SHISHS B B
E s||| 130 ElsHsH| 200 B
I D YAl [
Ce2 5'deletion 3'deletion
t
149bp
£ “SESHSH B
Ce2
— T - = /= /_ — =
(4 ¥Y _=CST/3< T Iu =5 z
o 3 300 c - [¥]
3 EEFISETEEL SR EE \§
L i 1 V< Kl 1 Ll

T L.J' o LLH:t gia :pr

Fic. 3. Comparison of the restriction maps of the human C.I and
C.2 genes and strategies for nucleotide sequence analysis. The deleted
regions in the C,2 gene are represented by dotted rectangles. Shaded
rectangles represent exons. The locations of the low-homology seg-
ments of 43 bases in the C, 1 gene and of 149 bases in the C.2 gene are
indicated by arrows. Strategies for the nucleotide sequence analysis of
the C,I and C.2 genes are represented at the top and bottom rows, re-
spectively. The directions and ranges of the sequences read are shown
by horizontal arrows. Restriction sites are abbreviated as follows: B,
quHI; E, EcoRI; H, HindlII; S, SacI; P, PstI; and C, Cla I. bp, Base
pairs.
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20-base sequence that was supposed to have been duplicated
at the 5' border of the 3’ deletion region.

To test whether or not other small deletions are found in the
C.2 gene, the 2.3-kb HindIII/BamHI fragment of Ige-21 con-
taining the pseudo-coding region was isolated and its nucleotide
sequence was determined according to the strategy shown in
Fig. 3. We found another small 24-base deletion (positions 9,270
9,293) in the 3’ flanking region of the C,2 gene (Fig. 4). In this
case we could not find the tetranucleotide sequence T-G-G-G

-at the deletion borders. Instead, direct repeats of C-C-C-C-C

were found at the borders, suggesting that this deletion might
have.involved a different mechanism from those at the 5’ side
of the C,2 gene. The sequence 5' to the Cy3 exon of the C.2
gene contains a tandem array of the pentanucleotides T-G-A-
G-C, T-G-G-G-G, and their related sequences, which are the

-common short sequences found in the mouse S (switch) regions

(21, 34-37). Thus, in the truncated C,2 gene, the Cy3 exon has
been associated directly with the remaining S, region.

Because the 3’ deletion has removed the first nucleotide of
the Cy3 exon together with the 3’ splicing signal of the intron
between the Cy2 and Cy3 exons, the Cy3 exon is not able to
be spliced. On the other hand, the Cy4 exon and the 3’ un-
translated sequence remain intact. The sequence downstream
from the 5’ end of the Cy3 exon is highly homologous (97.6%
homology) to that of the C,I gene. As compared with the C,1
gene, six nucleotide substitutions have taken place within the
Cy4 exon of the C,2 gene, four of which—nucleotide positions
8,503, 8,529, 8,655, and 8,737—have replaced the amino acid
residues Pro to Leu, Ala to Thr, Val to Ile, and Ser to Ile, re-
spectively. Thus, the C,2 gene still retains the potentially func-
tional S, region and the Cy4 exon. The present sequence dis-
agrees at four bases with partial sequences of the pseudo-coding
region determined by another group (16).

DISCUSSION

The organization of the mouse Cy; genes was shown as 5'-C,-
C5-C,-C.-C,-3' (6-10). Because several human linkage groups,
C,~C5(13), C,2-C,4(5), C,2-C, 1, and C, 1-C,2, have been shown,
the general order of the human Cy genes might be similar to
the mouse Cy; gene order.

The tetranucleotide T-G-G-G (or T-G-G-C) found immedi-
ately 5' to each of the deletion sites in the 5’ flanking region
of the C,2 gene (Fig. 4) is reminiscent of the short common
sequences (T-G-G-G-G and T-G-A-G-C) shared by § regions,
which may be responsible for the class-switch recombination
(21, 34-37). Furthermore, the tetranucleotides T-G-G-G and
T-G-A-G are usually found in close proximity to the recombi-
nation sites in mouse myelomas (21). Based on these obser-
vations we proposed previously that T-G-G-G or T-G-A-G might
be a part of the recognition sequence for the class-switch re-
combination. The occurrence of the nucleotide sequence T-G-
G-G (or T-G-G-C) at the borders of the deletion sites implies
that the mechanism responsible for the class-switch recombi-
nation might have been involved in the creation of the C,2 gene
or that different enzymes, but recognizing the same tetranu-
cleotide T-G-G-G, might have been responsible for the recom-
bination to create the C,2 gene.

The class-switch recombination is a somatic event, whereas
those rearrangements found in the C.2 gene must have oc-
curred in the germ-line cell in order to be fixed in the human
genome. Although the somatic class-switch recombination ap-
pears unlikely to take place in the germ cell, we can envisage
that the enzyme(s) responsible for the class-switch recombi-
nation might have been activated somehow in the early em-
bryonic stage. In fact, an early embryonic cell would be more
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Fic. 4. Comparison of the nucleotide sequences of the human C,1 and C,2 genes. E1 and E2 represent the nucleotide sequences of the C,1 and
C.2 genes, respectively. The sequence of the C,I coding region has been reported (20). Deleted nucleotides are indicated by hyphens. The borders
of the homology segments are indicated by vertical arrows. The direct repeat sequences at the 3' deletion site are indicated by the horizontal arrows.
The tetranucleotide sequences commonly found at the deletion borders are boxed. The sequences coding for the Cy3 and Cy4 exons are underlined.
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efficient than a single germ cell for the inheritance of DNA
rearrangements because some of early embryonic cells could
be precursors to the germ cell.

Small deletions in the noncoding and coding regions of the
B-like globin genes generated during evolution were suggested
to be due to slipped mispairing of the short direct repeat se-
quences during DNA replication (38). The small deletion ob-
served at the 3’ flanking region of the C,2 gene might have
been generated by a similar mechanism to that of the B-like
globin genes, involving the short direct repeat sequence (C-C-
C-C-C).

It is most puzzling why the truncated C,2 pseudogene pre-
dominates in the human population (15, 18). Is this change neu-
tral or advantageous? If it is neutral, it means that the amount
of IgE produced by a single C, gene is enough and that twice
the amount of IgE produced by two C, genes is not harmful.
If the C,2 gene is advantageous, it means that the presence of
two C, genes might have been problematic for humans. The
subsequent inactivation of one of the C, genes by deletion might
have some advantages over two active C, genes.

The C,2 gene is a truncated pseudogene unable to code for
the € chain. However, it still retains the potentially functional
S. region and Cy4 exon. Theoretically, the C,2 gene might be
activated by the class-switch recombination to express a short
polypeptide containing only the Vg and Cy4 domains. Al-
though such a molecule has not been detected in human sera,
it might be interesting to test whether it can compete with IgE
for the binding to the IgE receptor on the mast cell surface.
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