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Antibody Diversity

The structure of cloned immunoglobin genes suggests

a mechanism for generating new sequences.

J. G. Seidman, Aya Leder, Marion Nau
Barbara Norman, Philip Leder

The notion that antibody gene diver-
sity arose through the amplification of a
primitive gene family and the separate
evolution of individual immunoglobulin
genes was the simplest and originally the
most popular framework in which to
consider the genetic representation of
antibody molecules (/). A considerable
body of structural evidence, principally

entiation (2, 2a). That some unusual
arrangement of immunoglobulin genes
was likely became clear from the sugges-
tion of Dreyer and Bennett that constant
and variable regions were separately en-
coded in the genome (3). Their sugges-
tion has been supported by the finding of
only a small number of constant region
genes (4, 5) and, more recently, by evi-

Summary. Three important aspects of immunoglobulin gene organization and
structure have emerged from studies of cloned immunoglobulin kappa chain genes.
(i) Multiple variable genes are encoded separately in the genome of both immuno-
globulin-producing and uncommitted (embryonic) cells, thereby establishing the evo-
lutionary base for generating immunoglobulin diversity. (i) These genes exist as
many small, closely related families (subgroups) that share close sequence homology
largely within their own subgroup. (iii) Comparison of two cloned variable gene seg-
ments derived from a single subgroup reveals a feature of their structure that distin-
guishes them from fixed genes (that is, globin genes) and provides, through extensive
surrounding sequence homology, a large target for intergenic recombination. This last
observation suggests that a simple recombination mechanism may account for their
genetic instability in both germ line and somatic cells.

accumulated from inbred strains of mice,
supported this hypothesis (/a). Never-
theless, considerations of genetic parsi-
mony and common structural determi-
nants quickly led to proposals of a group
of models suggesting that the germ line
contained few antibody genes and that
further immunoglobulin gene diversifi-
cation occurred during somatic differ-
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dence of the somatic rearrangement of
variable and constant region genes (6, 7).
This suggestion, coupled with the fact

that immunoglobulins are formed from.

two different polypeptide subunits, im-
mediately led to an understanding of how
a relatively small set of genes might pro-
duce millions of different antibody mole-
cules without the use of the entire verte-
brate genome for this purpose. Diversity
could arise from the permutations and
combinations possible between immuno-
globulin heavy and light chains and from
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combining a large array of variable re-
gion genes or their products with a very
small set of constant region genes (3).
Nevertheless, the question of how di-
verse variable region genes arose re-
mained.

As more detailed versions of the germ
line hypothesis were advanced 3, 8),
these took into account the structural
homologies retained by small sets or sub-
groups of variable sequences and sug-
gested that these were the consequence
of more recent evolutionary duplications
in the germ line genome. In contrast, the
more modern versions of the somatic
mutation hypothesis held that these
closely related sequences arose by so-
matic mutation from a common germ line
precursor (9). These models now appear
to be converging in that requirements of
somatic models invoke very few changes
in a moderately large array of germ line
genes.

The Arguments

We propose two arguments con-
cerning the origin of diversity of anti-
body genes. The first holds that the germ
line genome is sufficiently rich in vari-
able region genes so that it encodes a
very large antibody repertoire. This large
array of antibody genes does not rule out
somatic mechanisms for generating addi-
tional diversity, but does tend to relegate
such mechanisms to a secondary role in
the final development of antibody diver-
sity. Our second argument concerns a
special feature of the structure of vari-
able region genes that distinguishes them
from evolutionarily fixed genes (such as
the two B-globin genes). This feature, a
close structural homology between
genes that extends thousands of bases in-
to their flanking sequences, allows us to
account for their apparent genetic flexi-
bility through recombination between
nonallelic variable region genes, a mech-
anism that does not require special enzy-
matic mechanisms available only to anti-
body-producing cells. Such a recombina-
tional mechanism closely resembles that
proposed by Edelman and Gally 2a) to
account for the possible somatic diversi-
fication of immunoglobulin genes.
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Both arguments rest on evidence ob-
tained from the mouse genome by means
of recombinant DNA techniques to gen-
erate appropriate variable and constant
region clones. By generating variable re-
gion probes directed against two dif-
ferent kappa light chain subgroups, two
nonoverlapping sets of Eco R1 (/0) frag-
ments of BALB/c mouse DNA were
identified, each consisting of five to ten
fragments and each containing elements
of variable region gene sequences. By
determining the nucleotide sequence of
two of these genes and portions of their
flanking sequences (//) and by com-
paring their structures by means of het-
eroduplex mapping, we identified exten-
sive regions of homology. Significantly,
this close homology appears restricted to
members of a subgroup set and does not
extend to the entire repertoire of variable
region genes. As this extensive stretch of
homology is in sharp contrast to what we
have observed by comparing two fixed

B-globin genes (/2), we suggest that this
homology creates a large target for intra-
genic recombination. Such recombina-
tion could obviously occur in the germ
line or somatic (and cultured) cells (or
both) expanding and contracting various
subgroups while constantly testing and
creating new diversity. Detailed evi-
dence and further features of these argu-
ments are presented below.

Identification of Two Sets of

Kappa Variable Region Genes

We have shown that a cloned nucle-
otide sequence corresponding to the
messenger RNA (mRNA) for a variable
region of a single immunoglobulin light
chain (MOPC-149) anneals to at least six
discrete Eco R1 fragments of BALB/c
mouse DNA (/7). We have cloned two of
these genomic fragments, determined
portions of their nucleotide sequence,

K2 vs K3

and, thereby, shown that they contain
two closely related kappa variable region
gene sequences that extend 336 base
pairs from a putative leader sequence to
the codon corresponding to amino acid
residue 97 (Fig. 1) (/1). While these two
cloned genes are identical in 313 of 336
base positions, such differences as occur
tend to cluster in regions that determine
complementarity (/7). Neither fragment
contains a constant region sequence or
any other cross-hybridizing variable re-
gion sequence, although the smaller frag-
ment (3 kilobases) is ten times longer
than the variable region gene and the
larger fragment (13 kilobases) is 30 times
longer than the variable gene sequence.
The two gene sequences were compared
to one another and to a portion of the se-
quence of the gene actually expressed in
the MOPC-149 cells from which they
were cloned (Fig. 1). [The sequence was
determined from a cloned complemen-
tary DNA (cDNA) copy of MOPC-149
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Fig. 1. A comparison of the nucleotide sequences of two cloned genes for the variable region of inmunoglobulin kappa chains. K2 and K3 are two
cloned nonallelic genes of the variable region of the kappa light chain encoded, respectively, in a 3- and a 13-kilobase (in length) Eco R1 fragment
of mouse plasmacytoma DNA (MOPC-149) (/1). The MOPC-149 is a partial sequence determined from a cDNA copy of MOPC-149 mRNA (I4).
The sequences are reproduced from Seidman et al. (11). One strand (5' — 3') of the K2 gene sequence is shown. Its putative leader sequence is
indicated by italics. The amino acid residues are numbered in boxes where the first amino acid residue corresponds to the amino terminal residue
of the light chain, MOPC-149 (25). The bottom two lines show a comparison of a portion of the K2 sequence to a corresponding portion of the
MOPC-149 cDNA sequence. The enclosed amino acid residues correspond to the complementarity-determining segments of the light chain. The
K3 sequences are shown as a dash where the sequence is identical to the K2 sequence, and differences in nucleotide sequence and amino acid
sequence are indicated. Filled circles flag amino acid differences in the light chain sequence; open circles indicate amino acid differences in the
putative leader sequence. Abbreviations for the amino acid residues are Ala, alanine; Arg, arginine; Asn, asparagine; Asp, aspartic acid; Cys,
cysteine; Gln, glutamine; Glu, glutamic acid; Gly, glycine; His, histidine; Ile, isoleucine; Leu, leucine; Met, methionine; Pro, proline; Phe,
phenylalanine; Ser, serine; Thr, threonine; Trp, tryptophan; Tyr, tyrosine; and Val, valine. Abbreviations for codon bases are A, adenine; T,

thymine; C, cytosine; and G, guanine.
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mRNA (11)]. Again, the cloned genomic
genes, K2 and K3, differ from the ex-
pressed sequence more intensely in the
complementarity determining region.

These cloned genes are so closely re-

lated to one another and to the sequence
expressed in the MOPC-149 plasmacy-
toma that one would expect that the re-
maining fragments also encode other
closely related genes. Since this pattern
is observed both in embryonic and plas-
macytoma DNA (see below), these re-
sults suggest to us the possibility that
each subgroup consists of a closely re-
lated set of genes that are encoded in
both germ line and somatic chromosomal
DNA. .
Strong experimental support for this
possibility would come from generating
and using several variable region probes
corresponding to different subgroups of
the mouse kappa light chains (/3). Ac-
cordingly, in addition to MOPC-149 (14),
we have cloned and characterized a re-
verse transcript of the mRNA that di-
rects the synthesis of the light chain pro-
duced by the plasmacytoma MOPC-41.
The MOPC-149 gene sequence has been
subcloned and restriction fragments of it
have been purified so as to obtain hybrid-
ization probes specifically corresponding
to the nucleotide sequences encoding
the variable or the constant regions or
both. The extent of these and other
probes is indicated diagrammatically
in Fig. 2

With these specific hybridization
probes, the distribution and identity of
Eco R1 fragments of MOPC-149 plas-
macytoma DNA that carry specific vari-
able and constant region sequences were
identified by a two-dimensional chro-
matographic  electrophoretic  (finger-
printing) technique (/1) to resolve ge-
nomic fragments. One main constant re-
gion fragment and at least six different
fragments that contain elements of vari-
able region genes can be identified. The
constant and variable regions occur on
different Eco R1 fragments, suggesting
that since no Eco R1 site occurs between
constant and variable region sequences
in the MOPC-149 mRNA sequence (/4),
these segments are separated from one
another by intervening sequences in the
mammalian genome. Evidence on this
point has been presented for both the
mouse kappa and lambda gene systems
G, 7).

The variable region sequences identi-
fied in Fig. 3 represent the MOPC-149 set
(or subgroup) of variable region genes.
The question then arises as to whether
a probe directed against another light
chain variable region sequence will
cross-hybridize to a different or to an
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overlapping set of variable region genes.
Such an experiment, involving a cloned
MOPC-41 variable plus constant region
sequence (codon position 48 through the
3’ untranslated sequence), is shown and
compared to the MOPC-149 set in Fig. 4.
Nine different bands can be clearly iden-
tified, but only the fragment encoding the
constant region sequence is detected by
both probes. Thus, the MOPC-41 probe
is detecting a new and different set of
variable gene sequences. If the relation-
ship between these variable regions is
like that between the two cloned MOPC-
149 variable region sequences, then the
MOPC-41 subgroup consists of at least
seven or eight discrete variable region
genes.

Arrangement of Genes in

Embryonic and Plasmacytoma DNA

That analogous variable region genes
also occur in the uncommitted, non-
lymphocyte genome is shown by identi-
fying Eco R1 fragments in embryonic
DNA (Fig. 5). Obviously both embryon-
ic and committed cells encode multiple
variable region sequences. Again, with
the use of probes directed against both
MOPC-149 and MOPC-41 cloned cDNA
sequences, it can be seen that the Eco R1
restriction pattern of variable and con-
stant sequences is not significantly dif-
ferent between embryonic and plas-
macytoma MOPC-149 DNA (compare
the top two panels of Fig. 5 to the corre-

Kappa LIGHT CHAIN mRNA 5’

Hhal 44 107 214 Hhal
K149(v+C) | PRI et |
Haelll » _ 90 HincIl
K149(V) pCR1
Hincl  Haelll
125 196
K(C-125/196) L pBR322 pBR322 }
196 214
K(C-196/3’ UT) L pBR322 pCR1 pBR322
BamH1
48 107 214 BamH1
K41(V+C)
Hae III 1 HaeIll
7 Y,
Haelll 1 97 Haelll
% 77 7
K3(V) 5557 Vi)
05 1.0 1.5 2.0
Kb 'L 1 1 1 1 1 1 1 1 1 1 1 1 1 1L 1 -1 L 1 1 | 1

Fig. 2. Diagrammatic representation of cloned and isolated immunoglobulin gene sequences
used as hybridization probes. The sequences are shown with reference to the kappa light chain
mRNA with its 5’-untranslated (UT-5") and poly(A) (AA . . .) ends (top line). Restriction en-
zyme cleavage sites and amino acid positions are indicated above each line. The scale at the
bottom is in kilobases. K149 sequences are derived from a cloned cDNA copy of MOPC-149
mRNA (/3). DNA fragments containing variable or constant region sequences obtained from
this plasmid have been recloned in the plasmid pBR322 (26); K2 refers to cloned genomic vari-
able region and portions of its flanking sequences (labeled genomic) (10). The letters pCR1,
pMBY, and pBR322 refer to plasmid vector sequences; K41 represents a cloned cDNA se-
quence corresponding to the mRNA of another kappa light chain, MOPC-41. The MOPC-41
light chain sequences were cloned in plasmid pBR322 by the synthetic oligonucleotide linker
method (27). Briefly, this method involves the synthesis of cDNA with total poly(A)-containing
mRNA obtained from the MOPC-41 plasmacytoma as template, conversion of this cDNA into a
double-stranded molecule by means of reverse transcriptase and subsequent S1 nuclease diges-
tion, and finally ligation of the DNA fragment first to Bam H1 synthetic oligonucleotide linkers
and then to pBR322. The transformants obtained in this fashion were screened by hybridization
to the DNA fragment which would encode amino acids at residues 125 to 196 of the MOPC-149
constant region. One clone was found to have an 850-base pair insert. This clone, pBR322-K41,
made a 618 + 40 base pair R loop with MOPC-41 mRNA. The 850-base pair Bam H1 frag-
ment from this clone was end-labeled with 32P, and a portion of its sequence was determined
by the method of Maxam and Gilbert (28). Nucleotide sequence analysis of this clone showed
that one end of the cloned fragment encodes amino acids 48 to 68 of the MOPC-41 variable
region. Thus pBR322-K41 contains both constant and variable region sequences of the MOPC-
41 light chain.
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probe

C only

V only

Fig. 3. Two-dimensional analysis of Eco R1 fragments of plasmacytoma MOPC-149 DNA an-

.
C

nealed to MOPC-149 variable and constant region gene sequences. Each panel represents a set
of Eco R1 DNA fragments separated (i) by RPC-5 chromatography, (ii) by agarose gel elec-
trophoresis, and then (iii) blotted on nitrocellulose filters (29). Each filter was hybridized to 32P-
labeled variable plus constant (V + C), constant only (C), and variable only (V) gene segments
as described (11). The probes are identified in Fig. 2. The C refers to the location of the fragment
containing the constant region sequence and has been determined by the C-region probes re-
ferred to in Fig. 2 [K (C-125/196) and K (C-196/3' UT)]. The significance of the band intensity is
not yet clear, as it appears to be a complex function of many factors including homology, length,
mismatch, and transfer efficiency of fragment to filter.

sponding panels in Fig. 4). While this
technique does not detect small length
variations (< 1 Kkilobase) in large frag-
ments (> 15 kilobases), this result sug-
gests that, when a rearrangement of con-
stant and variable region genes occurs
during differentiation of the lymphocyte
as suggested by several studies (6, 15),
this rearrangement—in these plasmacy-
tomas—occurs outside, or very close to,
the Eco Rl sites bordering the separate
constant and variable region genes. Fur-
ther cloning experiments with a variety
of plasmacytomas should resolve this
point.

Genomic DNA Is Apparently Rich in
Variable Region Sequences

The two variable region probes we
have used appear to have identified two
nonoverlapping sets of variable region
genes encoded on at least six to eight
Eco R1 fragments of genomic DNA. It is
likely, though not yet proved, that these
fragments also encode extensive seg-
ments of the variable region gene. As
MOPC-41 and MOPC-149 are rather typ-
ical examples of the mouse kappa light
chain sequences, we may reasonably as-
sume that probes corresponding to the 30
or so variable region subgroups already
discovered will correspond to similar
sets of variable region genes (I5). This
means that the germ line must encode, at
a minimum, about 200 variable region
genes. But analysis of kappa light chain
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sequences being characterized in newly
generated BALB/c plasmacytomas in-
dicates that the number of variable re-
gion isotypes (subgroups) has not been
exhausted and could easily approach a
hundred (16). Such a projection immedi-
ately carries the variable region gene
numbers in the germ line close to the
thousand or so necessary bases to en-
code the repertoire of the kappa variable
region.

Molecular Basis for Germ Line and
Somatic Instability of Antibody Genes

While genomic DNA may contain suf-
ficient variable region genes so as to ac-
count for a major portion of the antibody
repertoire, we must still explain the ap-
parent flexibility of antibody genes in
terms of their numbers and sequence
diversity. Further, we must account for
the apparent genetic lability of antibody
genes as demonstrated by their instabili-
ty in cultured cells (/7).

An important clue comes from deter-
mining the relatedness of antibody genes
and their surrounding sequences to one
another. We have previously shown that
the need for two stable 8-globin genes in
mammals fits well with evolutionary
processes that have reduced to a mini-
mum the homology of sequences that
surround these globin genes (/2). Both 8-
globin genes retain sequence homology
over less than 1000 bases, a region small-
er than their 15§ transcripts (/8) (even

the large central segments of the inter-
vening sequences that divide both 8-glo-
bin genes differ between them). The ef-
fect of this limited homology would be to
reduce the possibility of recombination
between these segments, and, hence, re-
duce gene loss or expansion through un-
equal crossing over. This limited target
size for recombination is illustrated by
the electron micrograph of the two
mouse B-globin genes annealed in the
heteroduplex structure shown in Fig.
6A.

By contrast, recombination among
closely related immunoglobulin variable
region genes may be advantageous to the
organism (2a). Specific variable region
subgroups could be expanded or reduced
in either the germ line or somatic ge-
nome (a simple diagrammatic represen-
tation of this process is shown in Fig. 7).
Recombination would per se introduce
new diversity, but—as pointed out by
Gefter and Fox (/19)—this diversity could
be increased through a mismatch repair
mechanism acting upon strand-dis-
placed, recombinant heteroduplex struc-
tures (20). Mismatch repair, a mecha-
nism by which mismatched base pairs in
chromosomal DNA are enzymatically
replaced by normal base pairs, would be
especially relevant to the generation of
diversity at either the germ line or somat-
ic level. A series of closely homologous
but nonidentical genes could recombine
and presumably ‘‘correct’”’ at random the
differences between them, creating a
new sequence as illustrated in Fig. 8.
The differences in clustered comple-
mentarity determining regions would
be reshuffled, creating novel combina-
tions that, correspondingly, would differ
most in complementarity determining re-
gions.

That the structure of variable region
genes differs from that of the fixed globin
genes can be demonstrated by an analy-
sis of heteroduplex structures formed be-
tween the two nonallelic kappa variable
region sequences cloned from MOPC-
149 genomic DNA. In contrast to the
limited homology demonstrated by the
globin genes (Fig. 6A), the two cloned
kappa segments are homologous over
virtually the entire 3000-base pairs se-
quence compared (Fig. 6B), a sequence
that is approximately nine times longer
than the variable region coding se-
quence. This relationship can be con-
firmed from what we already know of the
sequences of these two variable region
genes (/1) that are obviously closely re-
lated to one another—although not iden-
tical—in the 500 base pairs of structural
and flanking sequence that have been
compared so far. The 3000-base-long
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region of homology is a minimum value,
limited in this analysis by the length of
the smaller cloned kappa variable region
fragment.

A high rate of recombination between
homologous genes encoding small dif-
ferences in base sequence might account
for the extreme lability of the variable re-
gion phenotype recently identified in cul-
tured cells by Cooke and Scharff (21).
Obviously, this mechanism might oper-
ate in any population of rapidly dividing
cells, either in the germ or somatic lines.
A comparison of amino acid sequences
of variable regions in polypeptides de-
rived from the same patient with multiple
myeloma, who was followed over a 10-
year period, suggests that such altera-
tions may have occurred in somatic cells
in vivo (22). Further, the structural fea-
tures of these genes would appear to fa-
cilitate recombination in both germ line
and somatic cells, and in neither cell
would special enzymes unavailable to
other cells be required. Indeed, a high
frequency of recombination and mis-
match repair has been observed between
homologous gene segments in SV40 and
polyoma viruses, an indication that there
is precedent for the enzymatic reactions
required (20). The consequences of ex-
tending target size for recombination has
been illustrated in prokaryotic organisms
by expanding transfer RNA (tRNA)
genes from two to three copies on a
phage chromosome and, thereby, in-
creasing the frequency of unequal cross-
ing-over between these genes approxi-
mately 20- to 30-fold (23). Similar results
have been obtained by increasing the
genomic representation of integrated
SV40 virus in mammalian cells (24).

Problem of Catastrophic
Immunoglobin Gene Loss

If extensive homology exists among all
kappa variable region genes, it is pos-
sible that an unequal crossover might re-
sult in a catastrophic loss of variable re-
gion genes. Indeed such an event may be
responsible for the very limited lambda
variable region repertoire in the mouse.
One means of preventing extensive im-
munoglobulin gene loss would be to seg-
regate variable region genes into small
sequence-related subgroups. As both K2
and K3 are members of the same sub-
group, the question of whether their ex-
tensive stretch of sequence homology
extends beyond their subgroup can be
answered by preparing hybridization
probes consisting of both the cloned
structural variable region genes, K2 and
K3, and their flanking sequences (Fig. 2).
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If homology is extensively shared
between subgroups, many fragments
should cross-hybridize to this probe and
be identifiable in a two-dimensional re-
striction fragment ‘‘fingerprint.”’ In con-
trast, if the closely shared homology is
restricted to the MOPC-149 subgroup,
only those bands hybridizing with the
MOPC-149 variable region probe would

appear. The result (Fig. 5, bottom two
panels) indicates that flanking sequence
homology, like structural gene sequence
homology, is largely restricted to the
small sets of variable region genes that
constitute the MOPC-149 subgroup. Ex-
tensive homology does not extend
between gene sets, although more dis-
tantly related regions of reiterated ho-

probe

k149

k4l

Fig. 4. Two-dimensional analysis of Eco R1 restriction fragments of MOPC-149 DNA hybrid-
ized to cloned MOPC-149 (K149) and MOPC-41 (K41) variable and constant region cDNA se-
quences. The two-dimensional separation and blot were carried out as described in the legend to
Fig. 3. The probes were cloned MOPC-149 (K149) and MOPC-41 (K41) variable plus constant
region cDNA sequences as indicated in Fig. 2.

probe

K149

K 41

K2

K3

Fig. 5. Two-dimensional analysis of Eco R1 DNA fragments derived from embryonic DNA
annealed to cloned MOPC-149 and MOPC-41 constant and variable region cDNA sequences.
DNA was derived from 13- to 16-day-old BALB/c mouse embryos. The hybridization probes
are as follows: K41, MOPC-41 variable plus constant region; K149, MOPC-149 variable plus
constant region. These are identified diagrammatically in Fig. 2. The C identifies the fragment
containing the constant region. The broad block of exposure of the last five lanes of the K2
hybridization represents an artifact of the annealing procedure.
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Fig. 6. A comparison of two 8-globin and two MOPC-149-like variable region genes and their surrounding sequences by visualization of hetero-
duplex structures. In each case, heteroduplex structures were formed between two AgtWES phage, (A) AgtWES-MBG2 and AgtWES-MBG3 and
(B) AgtWES-K2 and AgtWES-K3, each carrying a different Eco R1 B-globin (MBG2-MBG3) or variable region gene-containing fragments (K2-
K3). Filled triangles represent the limits of homologous regions; the straight lines beneath each line drawing represent, in approximate scale, the
lengths of the B-globin and kappa variable region coding segments. (A) The comparison is between 8-globin genes on a 14-kilobase (MBG3) and a
7-kilobase (MBG2) fragment of mouse genomic DNA. The annealed portion of the fragment (of the 7-kilobase compared) consists of about 1000
bases of homology (thick strands) interrupted by a single-stranded (thin strands) nonhomologous bubble corresponding to the central portion of
large intervening sequences that interrupt both genes between codons 104 and 105. The details of this structure are described in and the electron
micrograph is reproduced from Teimeier er al. (12). (B) One phage carries the 13-kilobase, K3 fragment; the other carries the 3-kilobase, K2
fragment. Each fragment contains a single, 291-base-pair-long variable region gene and flanking sequences (/7). The sequences are compared
over the 3-kilobase length of the smaller fragment. Twenty-six heteroduplex structures were identified and measured. The region of homology
yielded a contour length of 2.47 = 0.79 (= S.D.) kilobases and obviously represents a minimum value.
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Fig. 7 (left). Gene expression and loss through unequal crossing-over. MISMATCH REPAIR
The diagram represents an unequal crossover event between two ho- AND CLOSURE
mologous, but nonallelic, hypothetical variable region sequences. The
reciprocal products to be inherited by separate daughter cells repre- —A T G* T ,
sent an expanded set of genes (three genes to five) and a diminished _ . A
set of genes (three genes to one). Such unequal crossovers between —T A hd -
homologous, nonallelic genes were originally proposed by Edelman
and Gally (2a) as a means of generating somatic diversity. Fig. 8 A A
(right). Generation of diversity by recombination and mismatch re- —G—C e el G
pair. The top strands represent a recombinant heteroduplex structure —C C C C

in which single strands of DNA join two aligned DNA du-

plexes at a region of close, but not complete, homology. Points at which base sequences differ in the two strands are indicated. In the second set
of strands, branch migration has occurred, matching extensive homologous regions from each duplex but also creating small regions of mis-
matched base pairs (that is, T-G, A-C, C-C, and G-G, as indicated). These mismatched base pairs are converted into authentic Watson-Crick base
pairs by appropriate repair enzymes. There are two ways of correcting the mismatch. In one, the original sequence contained in that duplex will
be restored. (The first set of mismatches is restored in the last set of strands.) In the other, a new sequence is created (the new sequence in the
second set of mismatches is shown as G*). A role for mismatch repair in generating immunoglobulin gene diversity was originally suggested by
Gefter and Fox (/9). That such a mechanism actually can induce (or correct) mutations has been demonstrated with the use of viruses in both pro-
and eukaryotic organisms (20).

16 SCIENCE, VOL. 202



mology are reflected by the higher hy-
bridization background observed with
gene and flanking region probes. These
patterns do not differ in DNA prepared
from embryo (Fig. 4) or from committed,
MOPC-149 cells that produce light
chains (not shown). Obviously such an
arrangement would facilitate intrasub-
group recombination, thereby restrict-
ing gene loss (or gross amplification)
to a single small set of variable region
genes.

Conclusions

Immunoglobulin variable region genes
encoding light chains of the kappa type
are represented in multiple copies (prob-
ably > 200, but possibly close to 1000) in
both embryonic cells and cells that pro-
duce the kappa light chains. These vari-
able region genes appear segregated into
small families of genes (roughly corre-
sponding to subgroups) that are very
closely related in sequence, but that dif-
fer largely—but not entirely—in their
complementarity determining regions. In
contrast to the fixed B-globin gene sys-
tem, the homologies within these small
variable region families extend thou-
sands of bases into the sequences that
surround the structural variable region
genes. This extensive homology appears
largely and most stringently restricted to
the small set corresponding to a single
family or subgroup and does not appear
to be closely shared with other kappa
subgroups.

The above conclusions are drawn from
the results of initial cloning experiments
involving the mouse kappa gene system.
It is possible, even likely, that a contin-
uing direct analysis of mouse immuno-
globin genes will require the alteration of
this picture. Nevertheless, from the fore-
going we may begin to formulate a plau-
sible and more detailed molecular mech-
anism for the generation of some—but
not necessarily all—immunoglobin gene
diversity. Evolution has generated a
large number of variable region genes by
duplication and segregation, creating
many small families (subgroups) of
closely and extensively homologous
gene segments. These present large tar-
get sites for intragenic recombination
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within (but, not outside) each subgroup.
This recombination can, in turn, gener-
ate diversity in both gene number and se-
quence by unequal crossing-over, direct
recombination, and mismatch repair.
Such a mechanism requires no ad hoc as-
sumptions about special enzymes and
can operate in germ line or somatic cells
(or both). The immune repertoire is pro-
tected from catastrophic gene loss (such
as may have occurred in the mouse
lambda gene system) by segregation of
homology within small sets of ‘‘in-
breeding’’ genes.
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