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SOMATIC RECOMBINATION AND MOSAIC
STRUCTURE OF IMMUNOGLOBULIN GENES*
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1. AnTiBOoDY GENE PARADOX

O.N'E of the most distinctive characteristics of immunoglobulin
molecules is seen in the extent of the diversity within a
single organism; it is estimated that an individual mouse has the
capacity to synthesize one to a hundred million different im-
munoglobulins. In the past. the myeloma proteins helped greatly
in the elucidation of the structural basis of this enormous di-
versity. Out of these studies a surprising structural feature of
immunoglobulins emerged by the middle of the 1960s. Namely,
both the light and heavy chains are composed of two distinctive
regions, the amino terminal variable (V) and the carboxyl ter-
minal constant (C) regions (1.2). While the constant region spec-
ifies about a dozen types or classes of chains, the variable regions
are extremely heterogeneous in the primary structure. This latter
heterogeneity accounts for the major proportion of immuno-
globulin diversity. Given these results, it seemed logical to some
to believe that immunoglobulin chains are encoded in thousands
of different structural genes. However. this rather straightfor-
ward interpretation of the structural results failed to explain the
genetic results, namely, that the serologically identifiable pheno-
types in some of the C regions (allotypes) segregate as if they
vere under the control of a single gene (3).

In order to resolve the apparent paradox, Drever and Bennett
proposed in 1965 that the V and C regions are encoded in two
separate DNA segments and that one of the multiple V-coding
DNA segments is combined with the single-copy C-coding DNA
segment in immunoglobulin-producing cells (4). This hypothesis
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seemed to resolve the apparent paradox described above and,
in addition. to provide the structural basis for the “‘one lym-
phocyte clone—one antibody specificity” principle required by
Burnet's clonal selection theory (5). However, the hypothesis
violated two basic dogmas that had been widely accepted by
biologists. First, the idea that the V and C regions are encoded
in two separate DNA segments was in direct conflict with the
“*one gene—one polypeptide chain™* dogma formulated by Beadle
and Tatum and supported by numerous, subsequent molecular
and biological studies on the structure and expression of pro-
carvotic genes. Second, the proposal that the V- and C-coding
DNA sequences are rearranged in lvmphocytes violated the con-
cept of genome constancy in development and differentiation,
which was supported by Gurdon’s nuclear transfer experiments
{6). It was generally believed that differentiation is a manifes-
tation of differential expression of genes whose configuration in
the genome is rigidly kept constant throughout ontogeny. It is
thus not surprising that, when proposed. the Dreyer and Bennett
hypothesis did not appeal to many biclogists except for those
immunologists who were confronted with the apparent paradox
and were struggling to resolve it. While in 1970 the hypothesis
was extended and modified by Gally and Edelman to incorporate
the problem of the genetic origin of antibody diversity (7), the
lack of direct evidence prevented the theory from being widely
accepted, particularly by molecular biologists.

1I. NEw ApproacH I—REsTRICTION ENZYMES

Discovery of restriction enzymes in the late 1960s and the
subsequent development of numerous nucleic acid technigues,
particularly the in vitro DNA recombinant method. opened en-
tirely new and direct approaches to problems associated witi
the complex higher cell genomes, such as those of immunoglob-
ulin genes. In order to answer the question of whether DNA
sequences are reorganized during development. one of course
needs a way to study arrangement of these genes in the genome.
Restriction enzymes are very useful for this purpose because
these enzymes recognize and cleave DNA at the sites charac-
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terized by specific short sequences. When total DNA isolated
from a mammalian genome is digested completely with a restric-
tion enzyme, it gives a mixture of millions of DNA fragments
of a fixed composition that can be fractionated by size by agarose
gel electrophoresis. The DNA fragment carrying a specific gene
can be identified by a method developed by Edward Southern
(8). Briefly, the DNA fragments in the agarose gel are denatured
with alkali and transferred in situ to a piece of nitrocellulose
filter which retains the single-stranded DNA. The filter is in-
cubated with a radioactive mRNA corresponding to the gene in
question or a complementary DNA biochemically synthesized
from the mRNA, washed extensively, and exposed to an X-ray
film. The cellular DNA fragment containing the gene in guestion
is detected in the autoradiogram by virtue of its hybridization
with the mRNA or the complementary DNA. We reasoned
simple-mindedly that if immunoglobulin gene sequences are rear-
ranged during differentiation. the distribution of the flanking en-
zyme cleavage sites would be different before and after the rear-
rangement and conseguently the gene would be detected on
fragments of different sizes when embryo DNA and DNA of
proper myeloma cells are compared.

Mouse immunoglobulins are under the control of three un-
linked sets of genes: genes for x-type light chains, genes for h-
type light chains, and genes for heavy chains. The A chain genes
are further divided into two subsets, one for the &; subtype and
the other for the A, subtype. A characteristic feature of mouse
& chains is that they constitute less than 5% of the total light
chains. Accordingly. the V region diversity of mouse A chains
is much more limited than those of the x chains or the heavy
chains. We took advantage of this situation and initially con-
centrated on the hopefully simpler A chain gene system for elu-
cidation of the basic principles and then went on to study pre-
sumably more complex k and heavy chain genes for various
specific phenomena unique to these gene systems.

Figure 1 shows the autoradiogram of the so-called Southern
gel blot of three types of DN As digested by a restriction enzyme,
EcoRIl (9). The hybrdization probe used is that of the A-type
light chain gene. The embryo DNA gave three bands. Further
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Fi. 1. &, gene sequence containing DNA fragments in embrvo and myeloma
cells, High-molecular-weight DN As extracted from 13-dayv-old BALB/c embryvos
{B), myelomas H2020 (a », chain producer) {A)., and MOPC321 {a & chain pro-
ducer) (C) were digested to completion with EroRl, electrophoresed on a 0.9%
agarose gel. transferred to nitrocellulose membrane fillers, and hybridized with
* a nick-translated Hhal fragment of the plasmid Bl DNA,

studies using hybridization probes containing the V sequence
alone or the C sequence alone established that the B.6-kb frag-
ment contains only the Ch, gene sequence, while the 3.5-kb
fragment contains only the Vi, gene sequence. The 4.8-kb frag-
ment contains a VA, gene sequence and was detected by virtue
of its cross-hybridization with the VA, gene probe. The DNA of
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the A, chain-secreting myeloma, H2020, gave a fourth band of
7.4 kb, in addition to the three bands common to those of embryo
DNA. This fragment contains both the VA; and Ck; gene se-
quences. Myeloma MOPC321 secretes a k chain and no A-type
light chain. The pattern of the DNA is essentially identical with
that of embryo. The patterns of other nonlymphatic tissues such
as liver, kidney. brain, and muscle, were all embryo-type (data
not shown). These results suggested that the Vi, and Ch, se-
guences were widely separated in the embryo genome, while in
the A, myeloma cells the two sequences are on a single EcoRl
DNA fragment in one of the two homologous chromosomes on
which the A, gene is located. This change in organization of the
h, gene seems to be a consequence of a specific recombination
event that occurred during differentiation of lymphocyte pre-
cursor cells.

III. New ApproacH 1I—GeNE CLONING

In order to confirm the implications suggested by this type of
experiment we cloned each of the four DNA fragments detected
by the A; gene probe by the in vitro recombination method. I
will concentrate on the characteristics of the three A, gene clones,
namely, DNA clones of the embryonic V gene, the embryonic
C gene. and the myeloma V + C gene. The position of the
respective gene sequences in these DNA clones was determined
by examining under an electron microscope the R-loop structures
formed by a cloned DNA fragment and purified A, chain mRNA.
The embryonic V clone gave a small R-loop corresponding to
the V-coding part of the mRNA and a single-strand tail composed
of the C-coding part of the mRNA (Fig. 2A). The embryonic C
gzene clone gave a double-loop structure. The smaller loop is an
R-loop and contains the C gene sequence (Fig. 2B). while the
larger loop is composed of a 1.2-kb-long, double-stranded DNA
that separates the C gene sequence away from a short sequence
complementary to the V=C junction region of the mRNA. This
sequence, which we refer to as the J DNA segment or the J
sequence, is present in the mRNA and forms an independent R-
loop that is too small 1o be visualized under the microscope. The
single-stranded tail protruding from the contact between the two
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Fiz. 2. R-loop structures of three h-chain gene clones. (A) Embrvonic Vi,
clone, 1g%9h. (B) Embryonic Ch, clone, [g23x. (C) Myeloma H2020 Vi, + Ch
clone, 1g303a, V and C indicate the respective R-loops, [ indicates the 1.2-k.
intron which appears as a double-stranded DNA loop.
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loops contains the V-coding part of the mRNA. The myeloma
clone gave the triple-loop structure: the ¥V gene R-loop. C gene
R-loop. and again a 1.2-kb-long. double-stranded DNA loop (Fig.
2C).

Heteroduplex analysis of these three A, gene clones indicated
that one end of the myeloma clone is entirely homologous to the
embryonic V gene clone up to the position of the V gene, while
the other end of the myeloma clone is homologous to the em-
bryonic C gene clone starting at the position of the J DNA
segment. We characterized the three A, gene clones further by
DNA sequencing and came up with the configuration of &; chain
genes illustrated in Fig. 3 (9). In embryo cells the hvdrophobic
signal peptide (residues —19 to —5) is encoded in a DNA seg-
ment separated from the DNA segment coding for the major
body of the V region (residues —4 to 96). At an unknown distance
away from the two DNA segments a short DNA segment coding
for the V-C junction region (residues 97 to 110), and therefore
referred to as a ] DNA segment, is present and another DNA

segment coding for the C region (residues 111 to 214) lies
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Fic. 3. Organization of the mouse A, light chain gene in embryo (top) and A,
chain-secreting myeloma cells (bottom). The numbers indicate the encoded amino
acid residues, The boxes represent coding sequences. Adapted from Brack er
al. {9).
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1.25 kb downstream of the ] DNA segment. In the A, chain-
synthesizing plasma cells, the V and ] DNA segments are fused
to form a continuous sequence that codes for the entire V region
as defined by protein sequence analysis. Except for a few base
changes in the V DNA segment, which is attributed to an in-
dependent somatic event, no other difference in the sequence
organization has been observed between the embryo and the
plasma cell DNA. In the plasma cell the entire region is tran-
scribed and the transcript is processed to generate a mature
mRMNA. We refer to the protein-encoding sequences a5 exons
{10) and the transcribed, but non-protein-encoding sequences
between exons as introns (10),

Figure 4 summarizes the organization of k-type light chain
gene scguences in embryo and & chain-synthesizing myelomas.
Unlike in the A chain gene where both the V and I sequences
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Fic. 4. Organization of mouse x light chain genes in embryo and w chain-
secreting myeloma cells. Unlike the &, chain gene case, the DNA sequence is
often rearranged in the homologous chromosome in the vicinity of the Cw gene
{myelomas V, and V,). But this is not always the case. as illustrated in myeloma

¥
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are unique. there are a few hundred different Vk DNA copies
clustered (11,12) and five different copies of Jx DNA segments
also clustered and located a few kilobases upstream of the unigue
Cx DNA (13,14). The essential features of the somatic rear-
rangement of k chain genes are analogous to those of the A chain
genes, namely, one of the multiple Ve DNA segments joins with
one of the five Jx DNA segments and consequentlv an active
transcription unit is formed. Those ] DNA segments remaining
between the J DNA segment selected for joining with a V se-
quence and the C DNA segment are apparently cotranscribed
and spliced out during RNA processing.

One additional feature of rearrangement which was noticed in
the k chain gene system is a second type of recombination which
is present in many, but not all, k chain-synthesizing myelomas
(12). The recombination occurs in the 5 proximity of the Cx
DNA segment and involves a series of sequences with as yet
unidentified locations in the genome. Neither V nor J DNA seg-
ments participate in this tyvpe II recombination (P. Kennedy,
unpublished results). Since in many k myelomas the unique Ck
DNA segments are either on type [ or type Il recombinants, we
postulate that the two types of recombinants represent the two
homologous chromosomes as illustrated in Fig. 4. While we do
not vet know the physiological meaning, if any, of the type II
recombination, one possible interpretation is that the type 1l
recombination is an active process by which creation of an active,
complete gene by type 1 recombination is prevented in one of
the two homologs. It has been known for some time that, unlike
all other known autosomal genes, only one of the two homol-
ogous chromosomes is expressed for Ig gene loci in a given
Iymphocyte, a phenomenon called allefic exclusion (15).

IV. MECHANISM OF SOMATIC RECOMBINATION IN
IMMUNOGLOBULIN (GENES

In order to study the fine structure of the V-] recombination
sites, we determined the nucleotide sequences of the J cluster.
In so doing we observed two stretches of short sequences that
are conserved in the 5'-flanking regions of the five Jx DNA
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segments (13), One conserved sequence lies immediately before
the ] DNA segment and is composed of a heptameric palindromic
sequence CACTGTG. The other conserved sequence is further
upstream and is composed of a T-rich nonamer, GGTTTTTGT,
or its closely related variant {Table I). These conserved se-
quences are invertedly repeated in the 3'-noncoding regions o
a variety of embryonic V-coding DNA segments (Table I). Be-
cause of this. any given pair of an embryonic ¥V DNA segment
and a J DNA segment could form a stem-loop structure near the
recombination sites. An example of such a structure is shown
in Fig. 5. Based on these results and a series of Southern gel
blot experiments described elsewhere (13). we believe that the
V-] recombination occurs by looping out and deletion of the
entire DNA segment separating the V and the ] DNA segments.
Curiously enough, the inverted repeat structures shown here
have some resemblance to those found at the ends of prokaryotic
insertion elements. For instance, Ohtsubo and Grindley deter-
mined sequences of 151 elements and found that some 30 bases
at one end are invertedly repeated on the other end (16,17).
Furthermore, a run of Ts surrounded by Gs is also present in
the stem of IS1 as well as in the equivalent stems of all other
prokaryvotic insertion elements. Although these structural simi-
larities may be coincidental, they could reflect a common evo-
lutionary origin or a common enzyvmatic mechanism for the two
recombination systems, or both,

A striking feature of these conserved sequences is the regu-
larity in the length of the spacer between the heptamer and the
nonamer. As summarized in Table I, in almost all cases the
spacers are 12 or 23, plus or minus one, base pairs long. Since
a DNA double-helix completes a turn every 10.4 base pairs, the
foregoing indicates that the internal boundaries of the heptamer
and the nonamer of a given DNA segment are oriented in near.
the same direction relative to the axis of the helix, regardless
of the length of the spacer. These features of DNA sequences
around the V-] joining sites suggest that the x and A chain gene
recombinations are mediated by the same or very similar en-
zymes and that the recombinase or recombinases contain two
binding proteins: one recognizing the heptamer and nonamer one
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Two ConsERVED SEQUENCES NEAR THE V=) Jommime Smes”

Spacer Spacer
¥ {hp) 1 (bp)

K ¥u2ll CACAGTG 1 ACAAAAACC Jil GGTTTTTGT P CACTGTG
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* The sequences were taken from the following references: V2 1C (13), Vied| (40), V2 (41), Jel to Ix2, (13,141, ¥, and
I, 142). ¥Yu2IB is an unpublished observation of G. Heinrich,
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Fic. 3. An example of inverted repeat stem-loop structures that could be
formed between 3° noncoding regions of embryonic ¥V DNAs and 5° flanking
regions of J] DMAs, The conserved heptamer and nonamer

('ACTGTGandGGTTTTTGT
GTGACAC CCAAAAACA

are surrounded by boxes. The numbers at the bottom indicate the amino acid
positions.

turn apart. and the other two turns apart. The two proteins hold
the two recombining partners (V and J) together and cut and
rejoin the strands in the vicinity of the heptamers. Since the
recognition sequences of one partner are complementary to those
of the other. it is possible that intrastrand base pairing (see Fig.
5) occurs, however transiently. in the enzyvme-DNA complex
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and facilitates the ligation reaction. Recently, P. Early and L.
Hood and their co-workers independently came up with a similar
model of the recombinase based on the results given in Table
I, in addition to their own results of heavy chain genes (P. Early
and L. Hood, personal communication).

The available protein sequences around the V-J joining sites
suggest that the recombinase can cut and join the DNA strands
of a given pair of V and ] at slightly different positions so that
different triplet codons are reconstituted at the recombination
site. For instance, in the Vk21-C and I, pair shown in Fig. 5,
the residues 95 and 96 would be Pro-Trp, if the recombination
occurs in one of the two ways indicated by 1 and 2 in Fig. 6.
In contrast, recombinations 3 and 4 generate Pro(95)-Arg(96) and
Pro(95)-Pro(96), respectively. The latter two ways of recombi-
nation can account for the J peptides of four known k chains
synthesized by MOPC173. PC6684, and MPC11 and PCT7940,
respectively (13). Note that none of the five ] DNA segments
identified thus far can by itself encode Arg or Pro at position
96, The residue 96 is at the margin of one of the three subregions
in the V region that are directly involved in determination of
complementary region to the antigen. It thus could contribute
to the size and shape of the antigen-combining site. If the above
hypothesis is correct. the antibody diversity can be amplified by
V-] joinings in two different ways, namely by various combi-
nations of the ¥V and J DN A segments and by modulation of the
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Figc. 6. Four alternative ways of recombination between the embryvonic Ve21-
C DNA and the J, DNA segments. The conserved pentameric sequences are in
boxes.
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joining sites. Superimposed with these two somatic modes of
antibody diversification is somatic point mutation in the V genes
{18.19).

V. Mosalc STRUCTURE OF IMMUNOGLOBULIN (GENES

Earlier amino acid sequencing studies indicated that immu-
noglobulin chains consist of homology units (20-22). These ho-
mology units compose structurally identifiable protein domains
(23,24), The light chain consists of the V and C domains and the
v, class heavy chain consists of the V domain and three C do-
mains, CH1, CH2, and CH3. Amino acid sequence studies have
shown that each of the domains is also a homology unit. Namely,
the amino acid sequences of all six domains are homologous to
each other to a varying, but significant extent. Domains carry
unigue and independent functions. For instance, the V regions
of both light and heavy chains are directly involved in recognition
and binding of antigens, while the C region domains exert various
effector functions such as binding with complement and mem-
branes. As I have already mentioned, the V and C regions of
light chains are encoded in separate exons in the active gene.
In addition. the signal peptide which seems to carry a unigue
function of promoting transmembrane movement of secretory
proteins is also encoded in a separate exon. This correlation
between a functional protein unit and an exon has been even
more spectacularly shown for the v, heavy chain gene. Introns
break coding exactly at the boundary of the four domains, V,
CHI, CH2, and CH3 (Fig. 7) (25). In addition, a short peptide
referred to as a hinge region and located between the CHI and
CH2 domains is encoded in vet another exon. The hinge region
shows no sequence homology with other domains and has anp
important function of holding the four lg chains together b,
disulfide bonds. As shown in Fig. 7, recent studies showed that
the other heavy chain genes have similar structures (26-28;
R. Maki and 5. Tonegawa. unpublished results).

Based on these correlations between an exon and a functional
unit of a protein, we speculated that many higher cell genes were
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Fizc. 7. Embrvonic DNA clones carrving various heavy chain C region gencs,

At the top, correlation of the four exons, E1, H, EZ, and E3. to the protein
domains, CH1, CH2, and CH3, and the hinge region (H) is illustrated. The ES
and Eé of the Cp gene and E4 and E5 of the Ca gene are involved in the
membrane-bound form of the respective chains (R, Maki. unpublished results).

created in evolution by assembly of DNA segments, each coding
for a polypeptide chain of some functional use. The assembly
is accomplished on the DNA level by translocation of an exon
together with parts of its flanking introns. This “‘exon shuffling™
has at least three advantages in speeding up evolution (10,29).
First, new proteins can be produced by bringing together amino
acld sequences that have already evolved separately to fold up
and to perform some functions, rather than by adding or deleting
a stretch of “‘random’ base sequences 1o an existing sequence.
Second. multiple copies of a readv-made protein block can be
made by usual gene duplication mechanisms and these copies
~an be recombined with other blocks to generate a spectrum of

roteins having partly common and partly distinct functions.
Third, the mechanisms for selecting the exon DNA sequences
need not be precise, since the edges of the insertion or deletion
could be located anywhere in the flanking introns, and if se-
quences were inserted into the intron. the exact position of in-
sertion would not matter either,
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V1. Exon SHUFFLING aND THE HEavy CHaIN
SWITC‘H PHENOMENON

Whether the above tvpe of genome organization plaved a role
in generation of some higher cell genes is as yet a matter of
speculation. However, in light of the genuine possibility that
exon shuffling might have indeed occurred in evolution, we migh
question whether an essentially analogous process takes place
to create new genes in development and differentiation of indi-
vidual organisms.

One phenomenon that may be nicely explained by exon-
shuffling is the so-called ““switch” of immunoglobulin heavy
chain C regions. In mice a heavy chain consists of a V region
attached to one of eight different C regions. each of which seems
to be encoded by a separate. unique DNA segment. Each of
these C regions appears to share the same set of ¥V regions,
namely, a given V gene can be expressed with any one of the
eight C regions. The most immature B lymphocytes carry a p
class heavy chain (30-32). Upon encountering an antigen and
often with the stimulation of proper T cells, the small B lym-
phocytes divide and undergo differentiation and become blast
cells and eventually plasma cells. During this process, the con-
stant region of the heavy chain synthesized switches from the
w class to any one of the several other classes, such as v, yu.
Yap, @, and so on, without alteration in the ¥ region. This phe-
nomenon may be explained if a V-coding exon once coexpressed
with the Cp exons is translocated in the neighborhood of, for
example, the Cvy., exons and forms a new transcription unit.
Recent studies on the structure of heavy chain genes indicate
that this is indeed what happens during the switch process
(26,33).

Using a Cv., gene probe, we screened two libraries of chimerf
phages that contain either embryvo DNA or DNA from a v
chain-secreting myeloma (MOPC141), partially predigested with
EcoRl. In this way we obtained several isolates of embryonic
Coy,, gene clones and rearranged myeloma DNA clones contain-
ing the complete v, gene (26). We also identified and 1solated
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the germ line V gene for the MOPC141 V,, region. Positions of
the coding sequences of the three DNA clones and regions of
sequence homology between various pairs of these clones have
been determined by R-loop analysis and by heteroduplex anal-
vsis. As schematically indicated in Fig. 8, the 53' portion of the
nyeloma DNA clone is homologous with the germ line V gene
clone up to the 3 end of the V gene. The 3’ position of the same
myeloma clone is homologous with the embryvonic Cv., gene
clone. This latter homology starts at a site within the intron
between the V and Cv,, genes on the myeloma clone and extends
to the 37 ends of the two DNA clones. Thus, the 2.6-kb portion
of the intron of the mveloma clone seems to be derived neither
from the embryonic V nor from the Cy,, gene clone. This sit-
uation is in contrast to that of light chain genes where the se-
quences in the two types of embryonic DNA clones can account
for the entire sequence contained in the corresponding myeloma
DNA clone (see above).

In order to determine the embryonic origin of the 2.6 kb portion
of the intron on the myeloma DNA clone that was unaccounted
for by the embryonic Cv,, gene clone, we dissected a 1.3-kb
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Fio. 8. Four DNA clones containing the whole or part of the Igy., class heavy
-hain gene. (a) embryonic DNA clone containing the germ line ¥ gene from
which the V gene arose (clone PII4): (b} embryonic Co,, gene clone MEP3: (c)
complete v, gene clone M141-P21 isolated from myeloma MOPCI141; (d) em-
bryonic Cp. gene clone MEP203, Arrows indicate EcoRl cleavage sites. Filled

boxes are exons. The regions of sequence homelogy among the four DN A clones
are indicated by bars of different types of shading.
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fragment from this portion of the intron and isolated another
embryonic clone using this DNA fragment as the hybridization
probe. The new embryonic DNA clone was shown to be ho-
mologous to the myeloma DNA clone in exactly that part of the
intron in which the myeloma clone was not homologous to the
embryonic Cy., gene clone (Fig. 8). Further analysis of the em
bryonic clone established three important facts (26). First, the
clone contains the Cp gene composed of four domain-encoding
exons as shown in Fig. 8. Second, the clone contains a cluster
of four heavy chain ] DNA segments. One of these ] DNA
segments codes for the J peptide of the MOPC141 v, chain and
is located exactly at the 5' end limit of the homology between
this embryo clone and the myeloma clone. Third, DNA sequenc-
ing studies show that the putative recognition sequences for the
recombinase present in the 5'-flanking regions of the light chain
J DNA segments are also present in equivalent positions of the
heavy chain J segments (H. Sakano and 5. Tonegawa, unpub-
lished results).

These results suggest that at least two recombination events
are necessary for generation of the complete ., gene from em-
bryonic DNA sequences as shown in Fig. 9. One of them is
analogous to the light chain V-] joining. except that the ] DNA
segment used for joining is located in the 5'-flanking region of
the Cp gene, rather than the C+,, gene. The second recombi-
nation occurs between a pair of sites, one located between the
J DMNA segment and the Cp gene, and the other in the 5'-flanking
sequence of the Cvy,, gene. The temporal order of the two re-
combinations during B cell differentiation cannot be determined
from these results. However, the attractive possibility. in light
of the heavy chain “‘switch” phenomena, is that the V-] re-
combination occurs first, followed by Cp=Cry., switch recom-
bination. Since this ¥V-J joining is analogous to that of light cha.
genes, it is very reasonable to assume that this event generates
an active. complete p. chain gene. The second rearrangement
thus replaces the Cup-coding exons of the active p chain gene
with the Cv..-coding exons by a recombination that occurs within
the intron. Recent studies of a-type heavy chains in our labo-
ratories and in Lee Hood's laboratory indicate that a complete
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Fig. 9, Somatic generation of a complete p gene active in mature B cells and of a complete v, gene active ina vy, myeloma cell,
MOPCI4, Ocewrrence of the 1D DNA segments coding for the third hypervarable region of heavy chain V oregions is predicted by
recent unpublished results of P. Early and L. Hood (personal commumcation) and H. Sakano and mysell (unpublished). The position I
and number of the [ DNA segments are unknown, The embryonic ¥V, 1, and J DNA segments join o generate a complele p gene |
active in lgM-producing B cells. Subsequently, an additional recombination replaces the Cp gene with the Cyy, pene o generate a
complete Cyy, gene.
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a chain gene has a structure analogous to that of the v, gene.
It thus appears that shuffling of exons is a general event that
accompanies the heavy chain switch,

Is the mechanism of the switch recombination similar to that
of the V-] joining? Recently, Richard Maki has mapped the C,
gene to the 5 side of the Cv., gene and has shown by Southerr
gel blotting analysis that the Cv, gene is totally absent in the
C+-,, chain-secreting myeloma cells. This result suggests that the
switch recombination also occurs by deletion of the sequences
intervening the two recombination sites. Hitoshi Sakano has re-
cently determined the nucleotide sequences at the -y, gene switch
recombination sites and found no sequence that allows the stem-
loop structure like the one that can be formed at the V-] re-
combination sites. Instead, he observed a short, direct sequence
homology in the vicinity of the switch recombination site.

VII. ConcrLusions aND PROSPECTS

The structural analysis of immunoglobulin genes demonstrated
that DN A sequences in the higher cell genome undergo controlled
reorganization during differentiation of lymphocytes. The se-
quence reorganization seems to be vital to three key events that
occur during B cell differentiation. The first is to amplify the
diversity of the V region sequences, the second is to let immature
B cells commit expression of one of several hundred V genes,
and the third is to switch the C,; region from one class to another.

How generally the higher organism uses reorganization of
DNA sequences as a means for cell determination in differen-
tiation is an intriguing question. Recent studies revealed several
cases where somatic DNA rearrangement was correlated with
control of gene expression. Thus, the alternative expression of
flagellar antigens in Salmonella, referred to as phase variatiol
has been shown to be regulated by an invertible sequence located
adjacent to one of the flagellin structural genes (34), Mating {yvpe
interconversion of homothallic yeast has been linked with alter-
native insertion of two different mobile DNA sequences (35).
Pathogenic African trypanosomes evade the immune system of
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their mammalian hosts by the sequential expression of alternative
cell surface glycoproteins (36). Recent studies suggest that DNA
rearrangement is responsible for this phenomenon. In addition,
DNA rearrangement has been implicated for control of gene
expression in several other eukarvotes, including Drosophilas
37) and maize (38,39}, although in these cases the rearrangement
does not seem to be linked with the “‘normal™ development of
the organisms as much as in other cases.

One interesting distinction between some of the aforemen-
tioned examples and the immunoglobulin gene system can be
seen in the mode of DNA rearrangement. Namely, while the
phase variation in Salmonella and mating-type interconversion
in veast are mediated by basically reversible inversion or trans-
position, the rearrangement in the immunoglobulin genes seems
to be irreversible deletion and loss of defined DNA sequences.
Most changes in development and differentiation of higher or-
ganisms seem to occur in a forward direction and do not revert
under normal conditions. This apparent unidirectionality in dif-
ferentiation is assured by the events occurring at the DNA level
in case of immunoglobulin genes. We have yet to find the second
gene(s) whose behavior reflects an apparently irreversible de-
velopmental phenomenon. However, no more than a dozen gene
systems have been studied in details that match that of immu-
noglobulin genes. It seems clear that future studies will reveal
more examples of rearrangement-dependent gene control,
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