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ABSTRACT  The mouse has four CA and two VA genes. We
have isolated Charon 4A clones that contain all six A genes from
aBALB/c germ-line library. We present here the DNA sequences
of the CA2, CA3, and CA4 genes and: also correct what are ap-
parently errors in previous reports of CAl protein and DNA se-
quences. In addition, we have analyzed cloned DNAs by restric-
‘tion mapping and electron microscopy to determine the relationships
among the various A genes. By heteroduplex analysis, two gene
clusters containing JCA3-JCAl and JCA2-JCA4 show homology
extending from the J regions 5' of CA3/CA2 to just 3’ of CAl/
CA4. Other than the region between the genes, very little ho-
mology exists in the CA flanking regions. In contrast, VA1 and VA2
genes show considerable homology extending into the 5’ flanking
regions. Large inverted repeats are found in the 5’ flanking re-
gions of VAL and CA3, as well as in the 3’ flanking regions of both
CA gene clusters. DNA sequence divergences between the CA
genes indicate that an ancestral JCAx-JCAy gene cluster arose at
about the time of the first mammals by duplication of a primordial
JCA gene. The data further suggest that the JCAx=JCAy gene clus-
ter duplicated after the speciation of mouse and man and subse-
quently diverged into the present day JCA3-JCAl and JCA2-JCA4
gene clusters. CA4, a pseudogene, became inactive at about the
time of duplication of the ancestral JCAx~JCAy cluster. Compar-
ison of DNA sequence divergence between the VA1 and VA2 genes
demonstrates an anomaly. The percentage of amino acid replace-
ment changes is approximately the same for VA1/VA2 as for CA3/
CA2, implying that the ancestral VA gene was duplicated at the
same time, and possibly together with, the JCAx=JCAy cluster.
However, there are fewer silent changes than amino acid replace-
- ment changes between the VA1/VA2 genes, suggesting either that
a selective pressure acted on the silent sites or that VA genes have
only recently been duplicated. We also consider the possibility of
agene conversion event subsequent to a more ancient duplication.

Although a great deal of information about the organization of
immunoglobulin genes has recently become available, the
mechanisms that control the expression of immunoglobulin (Ig)
genes have not been elucidated. Functional Ig genes must be
rearranged before transcription (1, 2), but the enzymes, their
targets, and the mechanisms involved in rearrangement are not
known. Because the A gene family in the mouse is the simplest
Ig gene locus known, we are cloning the entire A locus to study
the control of its expression and evolution.

We have now isolated from a BALB/c mouse germ-line DNA
library more than 40 recombinant phage containing the genes
for all known A chain constant (C) and variable (V) regions.
Mouse A genes contain four C genes (3-5) and two V genes (refs.
6 and 7 and this work). VA1 is rearranged to and expressed to-
gether with either CA1 (8) or CA3 (9); VA2 is associated with CA2
(10). The CA4 gene is a nonfunctional pseudogene due to an
inactive RNA splice site (3, 11). Each of the four CA genes is

associated with its own joining region (J) gene. We and others
have found alterations of the JA2 and JA3 genes compared with
JAL and these alterations may be correlated with the low rates
of expression of the CA2 and CA3 genes (3, 11).

In this article we present the nucleotide sequences for all the
CA genes, thus completing the characterization of the entire A
gene family at the level of primary DNA sequence. In addition,
these sequences, as well as heteroduplex analysis of cloned
fI:NA, provide a portrait of the evolution of the A multigene

mily.

EXPERIMENTAL PROCEDURES

DNA Clones. A mouse germ-line recombinant DNA library
was constructed from BALB/c kidney DNA as described (4).
Phage DNA preparation and restriction enzyme analysis were
performed as detailed (4). Regions that contained highly re-
petitive DNA were identified by Southern blotting and hy-
bridization with **P-labeled whole kidney DNA as first de-
scribed by Cochet et al. (12).

Electron Microscopy. Heteroduplexes between different
cloned DNAs were prepared as described (13). To determine
the stability of hybrids between different-homologous regions,
heteroduplexes that had been formed under conditions of av-
erage stringency (50% formamide/100 mM Tris, pH 7.0; 24°C)
were spread at high stringency from 95% formamide/1.9 M
urea/38 mM Tris. Relaxed double-stranded and single-stranded
circles of plasmid pBR322 DNA were added to the DNA
spreads as size markers.

DNA Sequence Analysis. The DNA sequences were deter-
mined by the dideoxynucleotide termination method (14) either
as described (15) or in conjunction with M13 cloning vectors
(16). The strategy used to determine the sequences of all the
CA loci has been detailed in conjunction with JA DNA se-
quences (3).

RESULTS AND DISCUSSION

Organization of the CA Genes. Restriction.enzyme analysis
of clones containing CA genes demonstrated the close linkage
between the CA3 and CAl genes as well as between the CA2
and CA4 genes (Fig. 1). The similarity of these clusters together
with the homology found between the CA2 and CA3 protein
sequences suggested that the two clusters might be related by
a gene duplication event. Heteroduplex analysis of cloned
DNAs containing the CA3-CAl .and CA2-C\A4 regions (Fig. 2)
supported this idea. Indeed, a homology of 6.5 (+0.2) kilobases
(kb) was found spanning the CA clusters, from the JA genes 5'
of CA3 and CA2 to approximately 1.0 kb 3’ of CAl and CA4. No
other homologies were detected 9.5 kb 5" and 7.0 kb 3’ of the
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Abbreviations: C and V, constant and variable regions of immunoglob-
ulins; J, joining region of immunoglobulin senes; kb, kilobase(s); bp,
base pair(s); Myr, million years; IR, inverted repeat.
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Fic. 1. Restriction enzyme maps of the two CA gene clusters. The
four CA genes (black boxes) and their respective J regions (vertical
lines =1.5 kb 5' of each CA gene) are arranged on two separate
stretches of cloned mouse DNA, each containing a pair of genes. Be-
tween the maps of the two CA clusters, the connected solid bars (ho-
mology regions) and the arrows [inverted repeat (IR) sequences]. cor-
respond to structures evident in electron microscopic analysis of
heteroduplexes between cloned DNA segments (see Fig. 2). Hatched
bars above and below the gene maps correspond to regions containing
areas of highly repetitive DNA. Restriction enzyme abbreviations: B,
BamHI; E, EcoRI; H, HindIl; and S, Sac I.

CA clusters. Under the conditions used for hybridization, du-
plex formation required at least 80% nucleotide homology. It
appears, therefore, that the two gene clusters duplicated re-
cently. Thus, the four CA genes apparently arose by two se-
quential duplication events: first, a single primordial JCA gene
duplicated to give rise to an ancestral JCAx-JCAy cluster; then,
more recently, a second gene duplication of a large segment of
DNA, containing both ancestral genes, produced two separate
clusters.

Electron microscopy revealed large inverted repeat (IR) se-
quences in both the 5’ and 3’ flanking regions of the CA3-CAl
cluster and in the 3' flanking region of the CA2-CA4 cluster
(Figs. 1 and 2). In addition, a small IR sequence (x in Fig. 1)
straddles the left stem of the IR 3’ of CAL.

DNA Sequences of the CA Genes. We determined the se-
quence of the DNA of the CA genes (Figs. 3 and 4) in order to
confirm assignments made previously on the basis of restriction
mapping and Southern filter hybridization (4) and to compare
the genes with respect to their evolution. The CAl sequence
(Fig. 3) showed several differences compared to published Al
amino acid (17) and DNA (6) sequences but was in complete
agreement with a recently reported A1 cDNA sequence (18).
The differences between the original amino acid sequence and
our nucleotide'sequence are indicated in Fig, 3. In most cases,
the CAl and the CA4 DNA sequences are identical at these
positions.

The CA2 and CA3 nucleotide sequences (Fig. 4) correspond
to the published protein sequences (10, 19) at all positions, ex-
cept for one inversion in CA2. Residues 145 and 146 are serine
and glycine instead of glycine and serine—i.e., the sequences
here are identical in CA2 and CA3.

We had previously determined that CA4 represents a pseu-
dogene due to a nonfunctional RNA donor splice site 3’ of JA4
(3): In'addition to this defect in the ] segment, the CA4 sequence
itself exhibits many amino acid replacements relative to the CAl
sequence and also a deletion of 6 base pairs (bp) which elimi-
nates amino acids 174 and 175.(Fig. 3). The deletion indicates
an instability in this segment of the gene sequences because
both CA2 and CA3 show 3-bp deletions in the same segment
compared with CA1. Of the alterations in the CA4 gene that
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Fic. 2. Heteroduplex between the DNAs of a CA3-CAl and a
CA2-CA4 clone. LA and SA, long and short arms of Charon4A phage;
5" and 3', regions where the flanking sequences of the two gene clus-
ters are not homologous. IRs are seen 5’ of CA3 and 3’ of CA4. The IR
3’ of CAl (Fig. 1) is beyond the 3’ end of the clone used for this het-
eroduplex. (Bar = 1 kb.)

could result in potential defects, it is not possible to assign the
initial event leading to inactivation of the gene. However, in
analogy to the splice site defect found in J«3 (1, 2), the primary
event in A4 may have been a single-base mutation in the RNA
splicing recognition sequence. Subsequent evolutionary drift
would then have resulted in the accumulation of additional
defects.

Comparison of the nucleotide sequences of the CA genes
(Figs. 3 and 4) supports the close evolutionary relationship.
found by heteroduplex analysis. We have determined the di-
vergence between CA genes with respect to nucleotide changes
which alter the amino acid sequence (replacement sites) and
those which do not (silent sites) (20). The percentage of replace-
ment site divergence was converted into million years (Myr)
based on the evolutionary clock for globin genes (21). We have
arbitrarily chosen the globin clock for lack of an accurate im-
munoglobulin clock, although there is evidence that immuno-
globulin genes have evolved faster than globin genes (22). This
was done simply to give some time perspective; the actual per-
centage of replacement and silent site divergences are unaf-
fected by the choice of a clock. It thus was estimated that the
duplication of the ancestral gene cluster occurred about 20 Myr
ago [i.e., after speciation of mouse and man (23)] whereas the
original gene duplication, which produced the gene cluster,
occurred about 240 Myr ago [i.e., at about the time of the first
mammals (23)] (Table 1).
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F16. 3. Nucleotide and amino acid sequences for the entire CA1 gene and for CA4 at positions that differ from the CA1 sequences. Recognition
sequences for RNA splicing are indicated by an underline. Differences between the nucleotide sequence for CA1 and the previously published CA1
protein sequence (PPS) (17) are also shown. Relative to the CA1 nucleotide sequence, the published protein sequence did not include the alanine
at position 185 (+) and included an additional serine between residues 195 and 196 (£). The region of the CA1 protein that had not been analyzed
previously is indicated by —. A deletion of six nucleotides in the CA4 DNA sequence relative to CAl (see text) is shown by parentheses.

Comparison of those CA sequences that were separated since straints have acted upon the replacement sites, as previously
the primordial CA gene duplication (Table 1) gives an average indicated for other gene systems (20, 21). A differential of re-
of 24.4% replacement site divergence and 67.1% silent site di- placement versus silent changes also occurred for the CA2 and
vergence. This differential change indicates that functional re- CA3 genes which emerged after the recent gene cluster dupli-
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Fi6. 4. Nucleotide and amino acid sequences for the entire CA2 gene and for CA3 at positions that differ from the CA2 sequences. Recognition
sequences for RNA splicing are indicated by an underline. Deletions of three nucleotides in the CA2 and CA3 DNA sequences relative to CAl (see
text) are indicated by parentheses.
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Table 1. Evolutionary relationship of the A genes

Site divergence, %*
Gene pair comparisons Replacement  Silent  Time, Myrt
Primary duplication
CA1/CA2 24.0 68.9
CA1/CA3 24.4 64.5 240
CA2/CAd 23.6 68.0
CA3/CAd 25.4 67.0
Secondary duplication
CA2/CA3 2.2 12.0 20
CAl/CAd 15.5¢ 17.3
VA1/VA2 4.5% 2.3

*The percentage corrected divergence of the gene sequences was cal-
culated as described (20).

*The time, in Myr, is based on the evolutionary clock for globin genes
(21) (see text). The average time estimate is given for each of two
duplication events, which produced the four CA genes. The time es-
timates of the primary duplication are based solely on the replace-
ment site divergence because estimates based on silent site diver-
gence are inaccurate for genes that have diverged >85 Myr ago (see
refs. 20 and 21 for details).

+This high value indicates that CA4, pseudogene, has been evolving
without selective pressure (see text for discussion).

§ This analysis was based on published sequences for VA1 (6, 24) and
VA2 (7). The apparent anomalies of the VA gene divergences are dis-
cussed in.the text.

cation. However, both the replacement and silent changes be-
tween the CAl and CA4 genes are of about the same order of
magnitude as the silent changes between CA2 and CA3. This
suggests that the CA4 gene has been evolving without selection.
since the CA1/CA4 gene duplication event (25). Thus, it seems
that the CA4 gene became nonfunctional close to the time of
the actual duplication.

The majority of the intron and flanking DNA sequences (not
shown) that are directly comparable between the two gene clus-
ters have diverged 17.5%, when homologies are maximized and
the divergence is corrected for multiple mutations (20). This is
approximately the same percentage as the silent changes within
the genes themselves, suggesting that there may be few con-
straints on the majority of these intron sequences. However,
the 200-nucleotide segment immediately 5’ of the CA2 and CA3
genes has diverged only 8.3% (not shown). Within this portion
of the intron, therefore, there may be some functional se-
quences, possibly related to RNA splicing, which are not di-
rectly obvious. Nevertheless, the 5’ portion of this intron near
the ] segment exhibits the same high divergence as the re-
mainder of the intron and the ] segment itself shows 10%
divergence.

In order to determine whether other portions of the gene
clusters that we had not subjected to.sequence analyses show
a high degree of conservation, heteroduplexes between the two
CA gene clusters were subjected to denaturing conditions to
melt less-matched duplex regions. With heteroduplexes of
closely related sequences, such as the homology region between
the CA gene clusters, A+T-rich regions and partially mis-
matched regions cannot be distinguished by this method. As
controls, therefore, homoduplexes of cloned DNAs of ‘the
CA3-CAl and the CA2-CA4 gene clusters were melted in the
same manner. It was found that, when homoduplexes were
melted, 35% (CA3—-CA1) and 46% (CA2-CA4) of the 6.5-kb in-
tercluster homology region remained duplexed (not shown). In
heteroduplexes, however, only 360 bp (5.6%) of the cluster re-
mained double stranded (not shown). This region corresponds
to the coding sequences for CA3/CA2 which exhibit only 3%
divergence (see Fig. 3). Thus, these coding sequences are the
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only sequences of average or high G+ C content within the clus-
ters that have been highly conserved.

Overall Structure of the VA Genes. We have isolated four
recombinant phage containing the VA1 gene and 12 clones of
the VA2 gene from a. BALB/c mouse germ-line DNA library.
Al VA clones exhibit restriction maps consistent with either the
VAl or VA2 loci (Fig. 5). This strongly indicates that no other
VA genes are found in.the BALB/c mouse genome. Thus, in
keeping with the conclusions derived from extensive studies of
A light chains (8), much of the diversity found among A chains
apparently arises by a somatic mutation process (15, 26-28).

Cloned DNAs of VA1 and VA2 genes were heteroduplexed
(not shown). In support of gene duplication from an ancestral
VA gene, several regions of homology are seen (Fig. 5). The
major 4.5-kb homology spans the V genes, extending only 0.6
kb 3’ of the V genes. Three additional short homologies are
observed 5’ of the VA genes. These are separated by nonhomol-
ogous regions having variable lengths within each locus and also
between the two loci. The most striking difference between the
loci is the presence of a large IR in the 5' flanking region of VAL.
In this region, VA2 shows only a short sequence of about 500
bp interspersed between two regions.of VA1/VA2 homology.

Flanking Regions. What is the origin of the sequences that
are not homologous in the flanking regions of VA1/VA2 and
CA3-CA1/CA2-CA4? Under the conditions used for hetero-
duplex formation, these regions must differ by more than 20%.
Comparing the portions of the VA and CA regions of known se-
quence, we find that random genetic drift would have produced
less than 20% divergence between homologous sequences (Ta-
ble 1). It therefore is likely that the highly divergent flanking
sequences of VA and CA genes did not arise by random mu-
tation. Instead, they may reflect deletions or insertions or, al-
ternatively, selection for increased mutation rates. Although
there is some precedent for the last in the case of structural.
genes, in which some coding sequences seem to undergo more
rapid evolution (20), there is no such case known to us involving
noncoding regions. It is notable that most of the nonhomologous
flanking regions are composed of highly repetitive DNA in at
least one of the two partners (Figs. 1 and 5). Furthermore, in
many cases IRs are involved. It is possible that repetitive DNA
in general, and IRs in particular, comprise DNA sequences that
are mobile in the genome. These may be related to transposable
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FiG. 5. Restriction enzyme maps of the two VA genes. The two VA
genes (black boxes) are arranged on two separate stretches of cloned
mouse DNA. Between the maps of the two VA genes, the four connected
solid bars (homology regions) and the arrows (IR sequences) correspond
to structures evident in electron microscopic analysis of heterodu-
plexes between cloned DNA segments. The hatched bars above and
below the gene maps correspond to regions that contain areas of highly
repetitive DNA. Restriction enzyme abbreviations are in Fig. 1.
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elements (29). It remains to be determined if the different com-
positions of flanking sequences surrounding the A genes have
any functional significance.

Were the VA and CA Genes Duplicated Together? VAl and
VA2 DNA sequences (6, 7, 24) were compared to calculate their
divergence (Table 1). Sites that change an amino acid (replace-
ment sites) were found to differ by 4.5%; silent sites differed
by 2.3%. The 4.5% replacement site divergence is not signifi-
cantly different from the 2.2% replacement site divergence be-
tween CA2 and CA3 (Table 1). However, silent sites in CA2/
CA3 diverged by 12.0% whereas silent sites of the VA genes
diverged even less than the replacement sites.

The low value of the silent site/replacement site divergence
ratio for VA1/VA2 presents a difficulty in determining the time
of duplication for these two genes. Although several possibilities
can be proposed, the crucial question is whether the time of
VA duplication is accurately represented by the replacement
site divergence or by the silent site divergence. The low per-
centage of silent site changes suggests a separate, more recent,
event than the duplication of the CAx—CAy cluster. This would
imply that amino acid replacements in the VA genes are not
constrained and possibly are selected for (see Table 1).

On the other hand, the frequency of replacement site
changes suggests that the VA genes may have been duplicated
together with the CAx-CAy cluster—i.e.,

_> VALI-JCA3-JCAl
~ VA2-JCA2-JCA4

This scenario would require that some functional constraints
must act on the nucleotide sequences of VA genes in order to
explain the low silent site divergence observed. Alternatively,
a recent gene conversion event (30, 31) may have acted upon
the VAl and VA2 genes. This gene conversion would have elim-
inated any divergence between the VA genes that had accu-
mulated. Subsequent to the gene conversion, the VA genes
would have resumed their divergence. This model must also
assume little selective pressure against amino acid changes in
the VA genes to account for the relatively low ratio of silent site/
replacement site divergence observed. It may be that, during
evolution, V genes are allowed to drift and only become fixed
when a sequence essential for binding to a particular antigen
has evolved (32). An increase in the ratio of silent to replacement
substitutions would only be expected after the time of fixation.
The duplication of an original VA-JAx-J Ay cluster into two sep-
arate expression units, as outlined above, possibly could explain
the preferential association of VA1 with CAl and CA3 (8, 9) and
of VA2 with CA2 (10) on the basis of physical organization.

The heteroduplex and sequence analyses presented here in-
dicate that several gene duplications have given rise to the A
gene family in the mouse. Our data all are consistent with a two-
step process of duplication giving rise to the four present-day
CA genes. Due to the anomalous divergence between VAl/
VA2, it is not possible at this stage to define the relationships
between the VA and CA gene duplications unambiguously.
When we have completed the linkage between all A genes, the
evolution of the VA genes and the constraints acting on the rear-
rangements of A genes may be clarified.

VA-JCAx-JCAy
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