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Immunoglobulin molecules consist of two identical
light (L) chains and two identical heavy (H) chains.
Both light- and heavy-chain polypeptides have two re-
gions, the aminoterminal half, called the variable (V)
region, and the carboxyterminal half, called the con-
stant (C) region. In embryonic cells, the two regions are
encoded in widely separated DNA segments. Complete
immunoglobulin genes are created by somatic recombi-
nation that occurs during differentiation of lymphocyte
precursor cells (Tonegawa et al. 1977h). The organiza-
tion of the gene sequences before and after somatic re-
combination has been studied extensively first for the A-
type light chain of the mouse (Brack and Tonegawa
1977; Tonegawa et al. 1977a, 1978; Bernard et al. 1978;
Brack et al. 1978). These studies established that in the
embryonic genome, the major portion of the conven-
tionally defined V region is encoded in a DNA segment
{(V DNA) that is located some distance away from a
DNA segment (J] DNA) coding for the rest of the V re-
gion. Although the distance between the V and C DNA
segmenis is unknown, the J DNA segment was mapped
at 1.2 kb toward the 5° side, relative 10 the direction of
transcription, of the C DNA segment. Somatic recombi-
nation takes place at the 3" end of the V DNA segment
and the 5" end of the ] DNA segment. Consequently, in
Ay chains synthesizing B lymphocytes or plasma cells,
the DNA segment coding for the entire V region is
much closer 1o the C DNA segment. An analogous so-
matic recombination also takes place in the DNA se-
quences coding for x-type light chains (Lenhard-
Schuller et al. 1978; Seidman and Leder 197%; Seidman
et al, 1979), although the two recombinations, one for A
and the other for x. do not seem to take place within the
same lymphocyte precursor.

Since the heavy-chain polypeptide is also composed
ofa ¥V and C region, it is reasonable to assume that what
has been established at the DNA level for the light
chains will also be true for heavy chains. However, the
expression of heavy chains has some features that make
it more complex than the expression of light chains.
Unlike for the light chains, for the heavy chains of the
mouse there exist eight different C regions, each ap-
pearing to share the same set of V regions. In addition, it
appears that as the lymphocytes differentiate, the C re-
gion of the heavy chain synthesized switches from one
class to another without alteration of the V region.

Recent studies on heavy-chain gene clones showed
that, unlike the light-chain genes, at least two recombi-
nations are necessary to generate the heavy-chain gene

(Davis et al. 1980; Maki et al. 1980b; Sakano et al. 1980),
One of them occurs at or near the 3" end of the V DNA
segment and in the vicinity of the ] DNA segment. In
contrast to the light-chain genes, where the J DNA seg-
ments are located in the 5° flanking regions of their re-
spective C genes. in the heavy-chain gene system the J
DNA is located only in the 5 flanking region of the
germ-line CP gene. The second recombination occurs
between a pair of sites, one located between the ] DNA
segment and the C, gene and the other in the 5’ flanking
sequence of a different constant gene. The C, exons are
thus replaced by the exons of another C gene. This re-
combination iz referred to as “‘switch-recombination™
because it precedes and seems to be a key event required
for the heavy-chain switch.

In this paper we summarize our recent studies on the
structure and somatic DNA rearrangements of immu-
noglobulin genes.

V-] Joining in Immunoglobulin Light-chain Genes

Figure 1 summarizes the organization of x-type light-
chain genes in embryonic and x-chain-synthesizing my-
eloma cells. Unlike in the A-chain gene. where both the
¥ and | sequences are unique, there are a few hundred
different V., DNA copies clustered and five different
copies of J, DNA segments also clustered and located
about 3 kb upstream of the unique C, DNA. The essen-
tial features of the somatic rearrangement of x-chain
genes are analogous to those of the A-chain genes.
Namely, one of the multiple V, DNA segments joins
with one of the five J, DNA segments, and, conse-
quently. an active transcription unit is formed. Those J
DNA segments remaining between the J DNA segment
selected for joining with a V sequence and the C DNA
segment are apparently cotranscribed and spliced out
during RNA processing.

To study the fine structure of the V-J recombination
sites, we determined the nucleotide sequences of the ]
cluster (Sakano et al. 1979a) (Fig. 2A). The distance be-
tween adjacent J segments is rather constant and the
five are arranged as follows: 1;-310 bp-J;-246 bp-
J4-286 bp-1,-299 bp-l.. Figure 2B compares the five ]
sequences in the coding and flanking regions. Sequences
are highly conserved in the coding regions and around
the RN A-splicing sites. In contrast, sequences in the rest
of the flanking rcgions arc rather diverse. Nevertheless,
two, short, conserved sequences are in the 5’ noncoding
regions. One is a nanomer, GGTTTTTGT, located
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Figure 1. Organization of mouse « light-chain genes in em-
bryo and k-chain-producing myeloma cells. To generate an
active gene, recombination occurs between one of & few
hundred embryonic ¥ DNAs and one of five ] DNAs, Hy-
drophobic leader peptides are encoded by separate exons
{L). Coding sequences that are expressed inlo a protein se-
quence in myeloma cells are shown by open boxes.

about 30 bp from the J segments, and the other is a pa-
lindromic hexamer interrupted by an AT base pair at
the center of symmetry, CACTGTG, immediately pre-
ceding the J segments. The same or closely related se-
quences are also present at the equivalent positions in
the Aj-chain gene clone, These conserved sequences are
repeated inverted in the 3’ noncoding regions of a vari-
ety of embryonic V-coding DNA segments (Table 1},
Because 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 Figure 3, Based on these re-
sults and a series of Southern gel blot experiments de-
scribed elsewhere (Sakano et al. 197%a), we believe that
the V-J recombination cccurs by looping out and dele-
tion of the ¢ntire DNA segment separating the V and
the ] DNA segments. Curiously enough, the inverted-
repeat siructures shown here have some resemblance to
those found at the ends of prokaryotic insertion se-
quence (I5) elements. For instance, Ohtsubo and Oht-
subo (1978) and Grindley (1978) determined sequences
of IS] elements and found that some 30 bases at one end
are repeated inverted on the other end. Furthermore, a
run of T's surrounded by G's is also present in the stem
of [S] as well as in the equivalent stems of many other
transposable elements, including bacteriophage Mu
(Kamp et al. 1979), and of invertible elements of the
Salmonella flagellin gene (Zieg and Simon 1980). Al-
though these structural similarities may be coincidental,
they could reflect a common evolutionary origin, or a
common enzymatic mechanism for these recombination
systems, or both,

A striking feature of these conserved sequences is the
regularity in the length of the spacer between the hep-
tamer and the nanomer. As summarized in Table 1, in
almost all cases the spacers are 12 bp or 23 bp long, plus
or minus 1 bp, The spacers of all ¥V, segments corre-
spond o the shorter spacer (12 bp), whereas those of ¥,
and V,;, correspond to the longer one. All J, spacers are
the longer ones, whereas the J,; spacer is the shorter
one. It should be emphasized that although the lengths
of the spacers are conserved in a given type of gene,
their sequences have highly diverged. These features of
DNA sequences around the V-J joining sites suggest
that the x- and A-chain gene recombinations are me-
diated by the same or very similar enzymes and that the

recombinase, or recombinases. contains two binding
proteins—one recognizing the heptamer and nanomer
separated by the short spacer and the other the hep-
tamer and nanomer separaied by the long spacer. A
similar model has been proposed independently by
Early et al. (1980a). The two proteins hold the two re-
combining partners (V and I) together and cut and re-
join the strands in the vicinity of the heptamers. Since
the recognition sequences of one partner are comple-
mentary to those of the other, it is possible that intra-
strand base pairing (see Fig. 3) occurs, however tran-
siently, in the enzyme-DNA complex and facilitates the
ligation reaction.

The available protein sequences (Table 2) around the
V-1 joining sites suggest that the recombinase can cut
and join the DNA strands of a given pair of ¥ and |
at slightly different positions so that different triplet
codons are reconstituted at the recombination site (Wei-
gert et al. 1978; Max et al. 1979; Sakano et al. 197%a).
For instance, in the V 3, - and I, pair shown in Figure 3,
the residues %3 and %6 would be Pro-Trp if the recombi-
nation occurs in one of the two ways indicated by 1 and
2 in Figure 4. In contrast, recombination events 3 and 4
generate Pro{95)-Arg(%6) and Pro(93)-Pro(96), respec-
tively. The latter two ways of recombination can ac-
count for the J peptides of four known & chains synthe-
sized by MOPC-173, PCo684, MPC-11, and PC7940,
respectively (Table 1). Note that none of the five ] DNA
segments identified thus far can by itself encode Arg or
Pro at position 96, Since residue 96, the most variable
residue in the x light chains, is at the margin of one of
the three hypervariable (HV) regions, it could contrib-
ute 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 combinations of the ¥V and J DNA
segments and by modulation of the joining sites,

Correlation of Exons and Funectional Protein Units

Aming acid sequencing studies indicated that immu-
noglobulin peptides consist of homology units, each of
which is similar in size (about 110 residues) and homol-
ogous to the light-chain C region (Edelman et al. 1969).
These homelogy units compose structurally identifiable
protein domains (Poljak et al. 1973; Padlan et al. 1973),
The light chain consists of the V and C domains, and
the yl-class heavy chain consists of the ¥ domain and
three C domains, Cyl, Cy2, and Cyld. Domains carry
unique and independent functions. For instance, the ¥V
regions of both light and heavy chains are directly in-
volved in recognition and binding of antigens, whereas
the C domains exert various effecior functions such as
binding with complement and membranes, As already
mentioned. the ¥V and C regions of light chains are en-
coded in separate exons in the active gene. In addition,
the hydrophobic leader peptide, which seems to carry a
unique function of secreting the proteins, is also en-
coded in a separate exon (Seidman et al. 1978; Tone-
gawa et al. 1978 G, Heinrich, unpubl.),
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HindII AAGCTTTOGCAGCTACCCACT T TG TS T TTCAGT GAGGAGHGTT TT TG TACAGCCAGACAGTEGAGTAC TACCRE B0

JT PepThrPheGlyGlgll yThrLysteeGlullalyshirg
PO GG TGGACGT T OOGTGGRGECACCARGE THGARATCAARCS TARST AGRAT OO A ARG TC TC T T TC TTCCGT TG TC TA TG TC TG TG GC TTE TATG TC TARMAR TGATGTATAMAATCTT 200

AT AR AN G T T TG AT PO ARG A A G T A A AT AT O T T ARG A AR G T GG AN TA GG CT AG A AT G T TO TS AGAATC AN TG DO ASTO TARTARTTARCA 32

o

CARGTGRNTAGT TTCAGK AN TGO T AN AGANGC ACGGT AG O T GO CTAG A A T T T AT G TGO T CAGR CCA TG TCAG TT TTTG TAT GGOGET TGRG TGANGGGACKCCAGTETG 241
JE]‘I_J rPhrPhelSivotl polyThriysleuGlellelysirg

T A A T T R R s LR R D AU T G A A T R A A L A T A T T T T AR T T T T T A T ARG T TRAC T TG T TAA LT TG TTCTT T T T T GIET T I T CI T AAGGAGATT 560
TCACGGAT T TAGCARATCCATCTCAGATCARG TG TT ARGGACGARARCT GO CCAC ARGRGSTT GGANT CAT T TTCAGGC TARA TT TTAGGCT TTCTARACCAARG TARCTARRCTAGGS GEO

JS HleThrfheferAspGligThrirgleusleIielysPro
GGG GG AT A T T T T A TR GGG AG GO T T G GG T ARG TT AR AR T AR A TCAC TG TARR TCAC AT TCAG T GAT GOGHCCAGACT GOAA AT AMMNCC TAAGTACATTTTTHCTS BOD

AMCT GCT T T GAAG T T GG T O CA T IO TG T CT T ET AT GAGT T IET GO TG T ACA T T ARG AT AT GA R TATT 0D T T ST AN DS CAAR D TTAAR TAGAAGASAADC ANANTC TAGE TR 220

LT G A U o TG A R A A G A TR T A TG T O G T DG TG GG AG AR AT GAGA R GG AR CAGT T T CTCTGARC T AGCC TATC TAKC T GGAT CAGC CTCAGGCAGOTTTTTGTAR 1040
4 sharherhes) yRerGlyThrLysleuGlu Il eLysArg
AGEGEGECGCAGTOAT AT GRATCAC TG TCAT T ACS T TG o T CCE GEAC AM MG TT GO AR AT AR AR LG TAAG TAGACT TT PTECTCATT TACTTGIGACSTT TTGETIC TG TTTGCOTARS 1160
TTGETGTGART TTET GACA T T T GG TARA TG AG R T T L T A AR O TG TGO A T AR TAGRAG AT DO COCAGR ARAGAG TC AG TG TEAAR GO TEAGCGARARACTCGTOTTAGGOTTCT 1280
GAGRCCACTTTTGTARGGEEAN TG TAGARGAAAGACC TCOCC T TTTCCTC TG AA TT TRCC CCATCTAGTT GO AC TG GC TTCACAGOCAGETT TTT CTAGACAGGOGCATGTCATAGTCCT 1400
JE LouThrfhedl pAlafigThelysbesGlulesLysaitg
CACTG TG TEAC G MGG TG TEGGEA T ANGE TG GAGC T EAM G TAAG TACACT TT I T AT O T T T T T AT G T A GACA CAGG T T T AT PG GAGT T ARG TCAGTTCAGA AN 1520

AT TG G GO R o T AT T o T T T A T A A T T A A T T T TG T T TAT AT AGC T AGTGAG AT TAGE GO CARAMAC AL GO TTTACT TGO ARAGTART 1640

THRATACTAHTGET CACCATCCARGRGHTT GGATCGGAGR T ARG A TGAGTAGT TATTGAGATC GGG TC TGAC TGO AGE TAGCGTGRTCTTCTAGR  Xbhal

B Jk -

J1 TCTTCAGTCRGGAEECTTTT TG TACRGC CAGACAL TG R CCARGETCGAARTE AR TARGT AR C ARG T
JooooreasaleatereasTrrrreT GHTTGAG TG GLACC ARG TGGARATARAACETARGT A A kT
Ja rorerarThoco AT G BGh e TARMG T GOACCAGAE TGGARNTAAARCTITARGTHA TGO T AR
Jda o ATCAGorepoor x‘.ﬂ"]-r'['r‘.u'ﬂ AGGGGTGEAGTT AGGACR AT GG ARAT AR AN T AAGT A AGECTOATT
JE TR T RGO AGGTTTT TG T GHGGCAT GT GGACT RGO TEEAGCITEAAACE T ARG METCATET

Figure 2. {A) Complete nucleotide sequence of the 1.7-kb Hindl11- Xbal fragment containing the 1, cluster (Sakano etal. 1979a). By comparing published 1, peptlide sequences with the
nucleotide sequence determined here, we identified five J DNA sequences, The amino acid sequences encoded by these 1 DNA segments are shown in nalics. {#) Comparison of
nucleotide sequences of the five J-coding sequences and the flanking regions. Nucleotides common in at least four J DMNAs are outlined. Vertical lines indicate coding ends by J DNA
sEgmMEnts.
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Table 1. Conserved Sequences of Embryonic J and V DNAs

Spacer
1 DNA Manomer {bp} Heplamer Reference
Ta GGTTTTTGT 23 CACTGTG a b
1 AGTTTTTGT 23 CAGTGTG a. b
1 GOGTTTITGT 21 CACTGTA a, b
il GGTTITTIGT 4 CACTGTG a b
Jus GGTTTTTGT 23 CACTGTG a. b
Iy GGTTTITTGC 12 CACAGTG €
I AGTTTTAGT 22 GACTGTG d e
Ja GGTTTTTGT 23 TAGTGTG d e
Ja ATTTATTGT 21 CACAATG d
23 CAATGTG d
T GGTTTTTGT 22 TATTGTG d
3l TACTATG d
Spacer
V DNA Heptamer (bp) Nanomer Reference
LT CACAGTG 11 ACAAAAACC a
Vs CACAGTG 12 ACAAAAACC f
Vo CACAGTG 12 ACATAAACC £
V. CACAGTG 12 ACATAAACC h
Vi CACAATG 22 TCAAGAACA [
Viu CACAATG 23 ACAAGAACA i
V41 CACAGTG 23 ACAAATACC d
Vi CACAGTG 23 ACACAAACC €
V. CACAGTG 22 ACACAAACC i
V.52 CACAGTG 2 ACACAAACC ]

Twao blocks of conserved sequences found in the 3" flanking region of embryonic ¥ DNAs and in
the 5° flanking region of embryonic J DM As. The numbers between the two sequences indicate the
length of the spacer between them in base pairs. The bases differemt from those of the basic
CACTGTG d GGTTTITGT
GTGACAC " ccaaaaaca’
are shown in the table. The sequences were taken from the following references: a, Sakano el al.
{1979a); b, Max et al. (1979): ¢. Bernard et al. (1978); 4. Sakano et al. (1980); e, Early et al. (1980a); £,
G. Heinrich (pers. comm.); g. Seidman et al. (1979); h. Seidman et al. (1978); i, Tonegawa et al.

sequUences are underlined. Only the sequences on sense sirands

(1978); j. G. Mauthyssens and T. H. Rabbitts (pers. comm. ).

This correlation between a functional protein unit
and an exon has been even more spectacularly shown
for the y1 heavy-chain gene. Introns break coding ex-
actly at the boundary of the four domains, V, Cyl, Cy2.
and Cy3 (Honjo et al. 1979; Sakano et al, [979b). In ad-
dition, a short peptide, referred to as a hinge region and
located between the Cyl and Cy2 domains, is encoded
in yet another exon. The hinge region shows no se-
quence homology with other domains and has the im-
portant function of holding the four immunoglobulin
chains together by disulfide bonds.

Both electron microscopy and DNA sequencing stud-
ies showed that the +2b heavy chain has a similar gene
structure {Tucker et al. 1979; Maki et al. 1980b; Ya-
mawaki-Kataoka et al. 1980). Our recent studies on y2a
and y3 heavy-chain gene clones demonstrated that these
genes also have similar mosaic gene structure. The u-
and a-class heavy chains are known to have no hinge
region and are composed of four and three C-region do-
mains, respectively, In accordance with these domain
structures, the C, (Calame et al. 1980; Gough et al. 1930;
Maki et al. 1980b) and C, (Early et al. 1979) genes are
split into four and three exons, respectively, of approxi-
mately the same size. The exon-intron structure of all
mouse heavy-chain C genes, except for those of e and §,
are illustrated schematically in Figure 5.

It is thus clear that in immunoglobulin genes there
exists an excellent correlation between exons and func-

tional units of polypeptide chains. As described in a
later section of this paper and depicted in Figure 5, the
correlation also applies to a hydrophobic peptide at the
carboxyl terminus of the membrane-bound forms of the
p- and a-class heavy chains.

Differentiation of B Lymphocytes

The organization and expression of immunoglobulin
heavy-chain genes is expected 10 be more complex than
those of the light-chain genes. Three sources of com-
plexity are evident. First, heavy chains appear in several
different classes or subclasses, each characterized by a
unique C region. For instance, mouse heavy chains arc
classified into five different classes. namely, p. 8 v o
and €. The vy-class chains are further subdivided into
four different subclasses, namely, ¥l, v2a, +2b, and 3.
Second, heavy chains of all classes and subclasses s¢em
to share a common pool of V regions. In other words, a
given Vy, gene seems to be expressed in association with
any one of the several Cy; genes. Third, expression of
various classes or subclasses of heavy-chain genes is de-
velopmentally controlled (Fig. 6).

The first recognizable cells to begin development in
the B-cell lineage contain free p-class heavy chains in
the cytoplasm (Raff et al. 1976: Burrows et al. 1979; Le-
vitt and Cooper 1980). In these p-only cells, V-J re-
arrangement has occurred for the heavy chains, but no
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Figure 3. Inverted-repeat stem structure that could be
formed between the 3’ noncoding region of embryonic V
DNA (V,3.c) and the 5" noncoding region of J DNA (1))
(Sakano et al. 1979%a). Sequences for the antisense strand
have been omitted, Conserved base pairs in the stem region,
CACTGTG GGTTITTGT

GTGACAC CCAAAAACA”
acid sequences encoded by the V and J DNAs are shown,
and the residue numbers are also indicated at the bottom.

are surrounded. Amino

DNA rearrangement has been detected for the light
chains (Maki et al. 1980a). In mice, these cells, referred
to as pre-B cells, are first detectable in the livers of 12-
day-old fetuses. In adult animals, pre-B cells are present
exclusively in bone marrow. Large pre-B cells have a

high mitotic rate and give rise to smaller pre-B cells that
rarely divide; these in turn give rise to immature B cells
bearing complete IgM molecules on the cell surface.
The immature, IgM-bearing B cells in mice are resting,
small lymphocytes that bear few, if any. additional sur-
face receptors that characterize the mature, virgin B
lymphocytes. These receptors include IgD molecules
that share the same idiotype with the IgM present on the
same cells (Salsano et al. 1974 Fu et al. 1975; Goding
and Layton 1976). Upon stimulation with antigen and
often with the help of T cells, the [gM-lgD double-
bearing B cells undergo further maturation, which cul-
minates in plasma cells actively secreting immunoglobu-
lin molecules.

At least two apparently parallel pathways are fol-
lowed during this process. In one, the B cells mature 1o
IgM-secreting plasma cells. In the other, the synthesis of
a new class of heavy chain, such as v, a, or e, which ap-
parently carries the same V region as the g and & chains
of the progeny cells, is initiated with a concomitant dis-
appearance of the § chain (Cooper et al. 1977; Pernis et
al. 1977). This phenomenon has been referred to as
“class switch.” During this process, the cells undergo a
transient state in which the IgM and the newly acquired
class of immunoglobulin coexist within a single cell and
eventually mature to plasma cells that synthesize and
secrete the latter-class immunoglobulin  exclusively.
Within a clone, all classes of heavy chains that appear
during the various stages of B-cell differentiation share
the same light chain that appeared first in the immaiure
B cells.

Additional Exons Encode the Carboxvterminal
Peptides of Membrane-bound y and o Heavy
Chains

As described in the previous section, IgM molecules
in the resting B lymphocytes are anchored in the cell-
surface membrane and function as antigen receptors.
Upon triggering with proper antigen or stimulation with

Table 2. J Peptide Sequences of k Light Chains

Group Myeloma
M4l Mé3 B32 ZEED 7210
I MTO M4l AL17 1229 6308
Cl0l TI11 X44 7769
1 MIT3 6634
i1 M2l A22 9245 374]
v MIL 7940
v M3Z1 7043
VI T124
VIl X214
VIHI LPCI MS311 4045 3154
HE 7175 2485 7183
X Ta0l
X none
X1 2413

I, peptide 1, DNA
WTFGGGTKLEIKR L
B s e o 1o
A S Ia
Pomm =i i e -]n-"'j.z
P---8S-------- Tt
R I - - T
I - R e Jaa
L-==A==w—e— = s
I ---A------=-- 1o
I --8D--R—_——— 1

1

I

I

|

|

|
=

I

I
m

I

k light chains of BALB/c and NZB myelomas are classified into ten groups according to the J peptide sequences determined hy
McKean et al. {1978), Weigert et al. (1978), and Rudikoff and Potter (1974). I, DNAs of MOPC-141, LPCI. and HOPC-£ x chains were
assigned based on the R-loop mapping data of their DNA clones. although their amino acid sequences are unknown. Assignment of I,
DNAs for J, peprides belonging to groups IT and IV are tentative because the V-J joining sites seem to be unfixed (see text). Nucleotide
sequences of BALB/c I, DNA for NZB myeloma 2413 has not been assigned. No I, peptide so far sequenced corresponds to I, DNA.
Aming acid residues are shown by one-letter codes (IUPAC-IUBR Commission 1969).
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Figure 4. Variable recombination sites between V,;, - and

&l

mitogens, the lymphocytes proliferate and mature to Ig-
secreting blast cells and eventually to plasma cells (step
din Fig, 6). It has been known that the g chain of mem-
brane-bound IgM is slightly larger than that of secreted
IgM (Melcher and Uhr 1976). This difference was
thought to be due to the presence of an extra hydropho-
bic peptide in the C region of the membrane-bound u
chains (Bergman and Haimovich 1978; Vassalli et al.
1979,

During analysis of R loops formed by the embryonic
C, gene clone (clone MEP203) and p-chain mRNA
isolated from MOPC-104E myeloma cells, we noticed
two different types of hybrid structures. The majority
(=95%) of the hybrid molecules exhibited four R loops,
presumably corresponding to the four domains of the
secreted u chain (Fig. TA). The rest of the hybrid mole-
cules contained, in addition to the four R loops ob-
served in the majority type, two more exons located to
the 3" side of the first four (Fig. 7B). Since MOPC-104E
cells not only actively secrete IgM molecules, but also
carry a small amount of them on the membrane (L.

TONEGAWA ET AL,

Forni, pers. comm.), the aforementioned results sug-
gested to us that the two types of R loops were formed
by two different mRMNA molecules coding for the se-
creted and membrane-bound forms of uchains, Thisinter-
pretation was borne out by two types of experiments,

First, we analyzed R loops formed by the embryonic
C, gene clone and partially purified p mRNA from a B-
cell hybridoma, GCL28, This hybridoma was prepared
by fusing mouse splenic B cells with a Syrian hamster B
lymphoma line, GD36AG], and has been shown to bear
IgM predominantly on the cell surface {Raschke 1978).
In agreement with the interpretation raised above, an
overwhelming majority of the hybrid molecules exhib-
ited the six-exon structure that is indistinguishable from
the minority type observed with the MOPC-104 o
mRNA. Second, we analyzed the sizes of the GCL2S
and MOPC-1(ME u» mRNAs by gel electrophoresis fol-
lowed by blotting procedures (Alwine et al, 1977), using
as the hybridization probes two genomic DNA frag-
ments dissected out from the embryonic C, gene clone.
These were a 4.2-kb Xbal-Xbal fragment containing
exons | to 4 and a 1.5-kb Xbal-Xbal fragment carrying
exon 6. As shown in Figure 8, GCL2E cells contain two
types of p mRNMA, 2.6 kb and 2.4 kb, but the former is
much more abundant, indicating that this ¢ mRNA
codes for the membrane-bound p chain. In contrast,
only the 2.4-kb p mRNA was detected in MOPC-1(4E
{we believe that this myeloma also contains the 2.6-kb
mRNA, but the level is too low to be detected in the ex-
periment illustrated), indicating that this mRNA codes
for the secreted u chain, In agreement with the R-loop
analysis, only the 2.6-kb mRNA hybridized with the
probe containing exon-6 sequences (Fig. 8).

We have recently observed an analogous structure for
the C, gene. o« mRNA from MOPC-315 gave two types
of R-loop structures: The majority type contains three

1 kb CHy H CHz CH3
— NH2| I _}1 1 |CC}2H
Y1 v 33 19 v
_ ' El HEZE3 )
. 6.4 v
LI E =z —
Yob FRRES I —— 38 =,
¥ 1.4 2.9 & RIL
Yza —_—em—— Hind [
H el mn-mam— 20 4 '8 -
E1E2 E3 E4 Es5 Eg
o T 8.8 20 087
E1 EZ E3 Ea E&

Figure 3. Correspondence of exons to functional units of Ig chains. The numbers indicate lengths {in kb) of DNA between
two flanking exons or between an exon and an enzyme cleavage site.
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exons and the minority type the same three exons plus
two more exons located 2 kb downstream (Fig. 9). This
myeloma contains two types (2 kb and 2.3 kb) of a
mRMNA (data not shown), and the cells secrete, as well as
bear, IgA molecules.

The above results strongly suggest that the mem-
brane-bound forms of both w and « chains are encoded
in part by exons that are shared by the secreted form of
the respective chain and in part by exons unique to it.
The latter exons most probably encode the extra peptide
that renders the otherwise secreted immunoglobulin
molecules hydrophobic and able to be anchored in the
cell-surface membrane. That this is indeed true has been
shown by DNA sequence studies of both u cDNAs
{Rogers et al. 1980) and genomic coding regions {Early
et al. 1980b). Thus, here again we have an example of a
correlation between an exon and a peptide having local-
ized specific function. Differential processing of a pri-
mary RNA transcript leading 1o generation of multiple
forms of mENA has precedents in DNA tumor viruses
{for review, see Tooze 1980). In these cases, it is not
clear whether synthesis of different forms of mRNA are
actively regulated during the life cycle of viruses or in
the transformed cells. In contrast, synthesis of the two
forms of immunoglobulin heavy chains, particularly
that of g chains, is clearly regulated during lymphocyte
differentiation. Immunoglobulin genes are the first case
in which regulation of RNA processing was invoked for
control of gene expression in development,

Somatic Rearrangement of Heavy-chain Genes

To study the sequence reorganization of heavy-chain
genes that is expected to take place during B-cell dif-
ferentiation, we chose the y2b heavy-chain gene ex-
pressed in myeloma MOPC-141. Using a C,;, gene

probe, we screened two libraries of chimeric phages that

contain either embryonic DNA or DNA from a v2b-
chain-secreting myeloma (MOPC-141), partially di-
gested with EcoRI. In this way, we obtained several iso-
lates of embryonic C_;, gene clones and rearranged my-
eloma DNA clones containing the complete v2b gene
(Maki et al. 1980b). We also identified and isolated the
germ-line V gene for the MOPC-141 Vi region. Posi-
tions 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 analysis. As indicated
schematically in Figure 10, the 5 portion of the my-
eloma DNA clone is homologous with the embryonic
C.ap gene clone. This latter homology starts at a site
within the intron between the V and C ., genes on the
myeloma clone and extends to the 3° ends of the two
DNA clones, Thus, the 2.6-kb portion of the intron of
the myeloma clone seems to be derived neither from the
embryonic V gene nor from the C 5, gene clone. This
situation is in contrast to that of light-chain genes,
where the sequences in the two types of embryonic
DMNA clones can account for the entire sequence ¢on-
tained in the corresponding myeloma DNA clone (see
Fig. 1).

To determine the embryonic origin of the 2.6-kb por-
tion of the intron on the myeloma DNA clone that was
unaccounted for by the embryonic C ;, gene clone, we
dissected a 1.3-kb fragment from this portion of the in-
tron and isolated another embryonic clone using this
DMNA fragment as the hybridization probe. The new
embryonic DNA clone was shown to be homologous to
the myeloma DNA clone in exactly that part of the in-
tron in which the myeloma clone was not homologous
to the embryonic C.y, gene clone (Fig. 10). Further
analysis of the embryonic clone established three im-
portant facts (Maki et al. 1980b; Sakano et al. 1930).
First, the clone contains the C, gene compaosed of four
domain-encoding exons as shown in Figure 10. Second,



846 TONEGAWA ET AL

Figure 7. DN A coding for two different forms of g-chain mRNA. (4) DNA-RNA hybrid formed between an embryonic C,
gene clone (clone MEP203) DNA and the major p-chain mRNA from MOPC-104E. (B) Hybrid formed between clone
MEP203 DNA and the minor g-chain mRNA from MOPC-104E.

the clone contains a cluster of four heavy-chain J DNA
segments (Fig. [1). One of these ] DNA segments codes
for the J peptide of the MOPC-141 +2b chain and is lo-
cated exactly at the 5" end of the homology between this
embryo clone and the myeloma clone (Fig. 12). Third,
DNA sequencing studies showed that the putative rec-
ognition sequences for the recombinase present in the 5'
flanking regions of the light-chain ] DNA segments are
also present in equivalent positions of the heavy-chain J
segments (Figs. 11 and 12).

These results suggest that at least two recombination
events are necessary for generation of the complete v2b
gene from embryonic DNA sequences. One of them is
analogous 1o the light-chain V-J joining, except that the

J DNA segment used for joining is located in the 5°
flanking region of the C, gene rather than the C,;, gene.
The second recombination occurs between a pair of
sites, one located between the J DNA segment and the
C, gene and the other in the 3” flanking sequence of the
C. 2y gene. Since this V-] joining is analogous to that of
light-chain genes, it is very reasonable to assume that
this event generates an active, complete p-chain gene.
The second rearrangement thus replaces the C -coding
exons of the active p-chain gene with the C j;-coding
exons by a recombination that occurs within the intron.
Recent studies of an a-type gene (Davis et al. 1980) in-
dicate that a complete a-chain gene has a structure anal-
ogous to that of the +2b gene. In addition. a sequencing



REARRANGED IMMUNOGLOBULIN GENES 847

RNA

Q &
(1} i}
| |
o3 o 3
0 = 8 =
& —2 -
54—
£
L ]
Exon & Exons 1= 4

PROBE

Figure 8. Analysis of two forms of p-chain mRNA by gel
blot hybridization. Poly(A)* RNA was purified by two pas-
sages through oligo(dT) cellulose and electrophoretically
gnfaraled on a 1% aparose gel containing methyl mercury.

e RNA was transferred to diazobenzylmethyl paper and
hybridized with 1 = 10" cpm of nick-translated DNA con-
taining exons 14 or exon 6, essentially as described by Al-
wine et al, (l@??} The 285 (5 kb) and 185 (2 | kb) rONAS
were used as size markers. Sizes are given in kbp.

analysis of a part of a vl gene suggests that this gene
may also have a structure analogous to that of the +2b
gene (Kataocka et al. 1980). Below we describe the fine
sequence structure of the two types of recombination as
studied by DNA sequencing,

Somatic Generation of Complete Heavy-chain V
Genes

Involvement of three differenr germ-line gene segments
(V, D, and J). For the analysis of the V-] joining, we
first constructed restriction enzyme cleavage maps (Fig.
13A) for DNA clones MEP203 (embryonic J + C,),
M141-P21 (complete v2b). and PJ14 {embryonic V) and
sequenced the appropriate regions (Sakano et al. 1980},
Figure 12 shows these three sequences: As shown, the
coding of a ¥ gene by the myeloma clone (M141-P21)
continues up ta Ser (125}, whereas that of the embryonic
clone (PI14) ends prematurely with Ser (97). The nu-
cleotide sequence of the embryonic I (MEP203) is also
compared. Unexpectedly, coding by the J begins with
Leu {112} and ends with Ser (125). Thus, it appears that
the 14-residue-long peptide comprising the third hyper-
variable region (HV3) beginning with Val (98) and end-
ing with Thr {111) is encoded neither in the germ-line ¥
gene nor in the J DNA segment. This situation i in
contrast to that of light-chain genes described in the pre-
vipus section (also see Bernard et al. 1978; Sakano et al,
1979a; Seidman et al. 1979), In the latter cases, no such
coding gap was observed. We suggest that the HV3 of
this heavy chain is encoded in one or more discrete seg-
ments, A similar observation has also been made in a
complete immunoglobulin « heavy-chain gene by Early
et al. (1980a), These DNA segments coding for HV3
have been referred to as D DNA segments, D standing
for diversity (Schilling et al. 1980). The V, D, and J
DNA segments must be assembled by recombination to
generate the complete heavy-chain V genes.

The DNA sequence of the clone PJI4 demonstrated
that coding by the germ-line V4, gene ends with the
second base of the Ser (97) codon AGC (Fig. 12), As
shown in Table 3, the amino acid sequences immedi-
ately preceding the Ser (97) are highly conserved among
various V regions, Particularly noteworthy is the univer-

Figure 9 DNA RN-’ﬁ. h:.-bnds formed b-clw::n an embryonic C, gene clone DNA and the minor a-chain mRNA from
MOPC-315. In this picture, two molecules of « mRNA h\'b]’ldlZEd one (probably the major one) hybridized to El and EZ,
the other (the minor one) hybridized to E4 and E5. The 5 region of the second mRNA, presumably complementary with E1

to E3, appears as a bush.
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Figure 10. Four heavy-chain DNA clones used for the analysis of the complete v2b gene of MOPC-141. (a) Embryonic
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EcoRl cleavage sites; (

ene clone M141-P21 isolated from myeloma MOPC-141; (d) embryonic C, gene clone
.%C}EDII.S. The regions of sequence homology among the four DNA clones are indicated by bars of

P203.(])

different types of shading. Isolation and characterization of these clones have been described (Maki et al. 1980; Sakano et al.

19580;.

sal Cys at position 93, Tyr (93), Tyr (94), Ala (96), and
Arg (97) are also well conserved. We therefore believe
that the coding by most, if not all, germ-line ¥ genes
ends in the immediate vicinity of triplet %7. If so, coding
gaps of various lengths exist in the majority of the cases
listed in Table 3. As suggested above, these residues
must be encoded elsewhere in the genome. The gaps in
the heavy chains of four myelomas, A4, E109, Ué1, and
A4TN, are the shortest; only the first letter of the Gly
(98) is unaccounted for. Similarly, only several more
bases are necessary to code for the HV3 of the J558 a
chain. As discussed above, the 3" end of a given germ-
line ¥, gene may not be fixed precisely and can shifi
within a range of several nucleotides {Max et al. 197%;
Sakano et al. 1979a). If the same applies to the heavy-
chain genes, the heavy chains with shorter HV3, such as
those of A4, E109, U6l, and J538, could be fully en-
coded by the respective germ-line V gene and the J
DNA segment. It thus appears that in some cases the
germ-lice V DNA segment directly joins with the J
DNA segment. as is the case in the light-chain genes.
However, it is also possible that the assembly of the Vy
gene always occurs in two steps but that in some cases
the D segments are very short or do not even contribute
to protein-encoding segments at all. At present, the lo-
cation and the number of the D DNA segments in the
germ-line genome are unknown. They may be at the 3°
end of each of the multiple germ-line ¥V genes or may be
clustered between the V DNA segments and the ] DNA
segments. In either case, we assume that the order of the
¥.D. and J DNA segments in the germ-line genome is
the same as in the completely assembled V genes, so that
successive joining of the three types of DNA segments is
possible by the looping-out of the intervening spacers
(Fig. 15).

Exact boundaries of Jy DNA segments are un-
Sixed  As previously described for the light-chain J
DNAs, the exact 3" boundary of J; DNA segments
seems (0 be unfixed (Sakano et al. 1980). For instance,

in the case of Jy, the coding of the MOPC-141 +2b
chain begins with the second base of the Leu (112} trip-
let UUG as indicated in Figures 11 and 12. In contrast,
coding of the MOPC-21 ¥l chain and the MOPC-173
¥2a chain by the same J,;; DNA segment seems to start
with a Tyr triplet UAU and another Tyr triplet UAC,
respectively (Table 3, Fig. 11). The first letters of the two
Tyr triplets are seven and ten bases ahead (ie., 5" side)
of the first base used for the coding of the MOPC-141 ]
region. Similar examples for Jy. Ji;. and Jy; are indi-
cated in Figure 11 and Table 3.

The sequences thar might be recognized by a purative
recombinase. Sequences similar to the heptamer and
nanomer preceding the light-chain J DNA segments are
also present 3’ 1o all four Jy; DNA segments (Sakano et
al. 1980), although deviation from the basic sequences
seems 1o be slightly higher for the Jy; segments than for
the J; ones (Table 1). As shown in Figure 12 and sum-
marized in Table 1, the same or similar sequences are
also present in the 3’ flanking regions of the germ-line
Vigr DNA. In the case of Jy;, two sequences, CA-
CAATG and CAATGTG, are related closely o the
basic heptamer sequence CACTGTG. Similarly, two
sequences, TATTGTG and TACTATG, are present
near the 5 end of Jy, (Fig. 12). The presence of the
multiple heptamers could contribute to modulation of
the recombination site on J DNAs. Both the germ-line
Wagi2) gene and all Iy, segments show the recognition se-
quences separated by longer (23 bp) spacers. If the D
segment contains recognition sequences with shorter (12
bp) spacers on each side, then V-D and D-J joinings
would be mediated by recombinases having components
equivalent to those acting on the light-chain genes. In
this way, all recombinations leading to assembly of im-
munoglobulin V genes would follow a 12- and 23-bp
spacer rule. This rule prohibits some unwanted recom-
binations, such as those between V), and J, and V, and
J,. However, some other unwanted recombinations,
such as those between Vyy and J,, D and J_, and V, and
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Figure 11. Nucleotide sequence of the | 4-kb region of the embryonic clone MEP203 containing four J;; DNA segments {Sakano ot al. 1980). The sequencing strategy is shown in Fig,
2A. The amino acid sequences encoded by these ) DN A segments are shown initalics. The sequences closely related 1o the heptamer CACTGTG and nanomer GGTTTTTGT present
in the 5" region of each 1 DNA segment are underlined. The vertical lines indicate determined (solid lines) or predicted (hroken lines) sites where coding by the ] DNA segments begins
in the various heavy-chain genes present in the indicated myelomas, The sites were determined by comparing the J DNA sequences with the sequences of the rearranged ¥V DNA
clomned from the respective myeloma (for details, see Sakano et al. 19803, The putative sites for the heavy-chain genes of 107, MI6T, M315, Ad, 1539, MI173, and M2 were deduced by
cumpnrmf the I peptide amino acid SEf.iufntc ol each heavy chain with the DNA sequence of the corresponding | DNA segment (Table 3). Predicted joining sites on 1y, DNA for
MI167 and S107 were confirmed by Early et al. (1980) by their direci sequencing of cDNAs for heavy-chain mRNAs prepared from respective myelomas,
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Figure 12, MNucleotide sequence around the V- joining region of MOPC-141 v2b pene (MI41-P21) (Sakano et al. 1980). Sequences of its perm-line components (embryonic V; PJ14
and embryonic J; MEP203) are compared and possible recombination sites are indicated by vertical lines. Note that the sequence coding for HY 3 is not present either on the embryonic

CACTGTG __ GGTTTTTGT
V sequence or on the J sequence. Related sequences to two blocks of conserved sequences, STe 0 &l and Cy 4 a4 W@ ) o found near the V-1 joining sites are boxed. Amino acid

sequences encoded by these DNAs are in italics, Numbers indicate the positions of amino acid residucs,
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Figure 13. Restriction enzyme cleavage maps of part of the mouse DNA inserts in clones MEP203 (4a, Be, Bd). MEP3 (Ba),
MI41-F21 (Ab, Bb), and PI14 {4c). Cleavage sites were determined by the end-labeling method of Smith and Birnsticl
(1978). (—) The extent and dircction of sequence determination; (M) exons identified by R-loop mapping and/or by DNA
sequencing. Vertical line 3 in B indicates the switch-recombination sites for heavy-chain genes. Four ] DNA segments, J |, I,
Jy, and J,, were identified by heteroduplex analysis of rearranged V-gene clones isolated from MOPC-603, MOPC-315,
HOPC-%, and MOPC-173, rc:spl:s;tivc?'. The ] DNA segment for MOPC-104E was identified as J, by R-loop mapping with u
mRNA of MOPC-104E. The region of clone MEF203, composed of repetitions of CTGAG or sequences closely related to it,
is indicated by a broken line in Be.
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Exdof V
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Table 3. Amino Acid Sequences of Mouse Immunoglobulin Heavy Chains

J 1y DNA
dWY FDVWGAGTTVTVSS
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Amino acid sequences of mouse heavy chains around the carboxyl ends of the V regions. Amino acid sequences of mouse heavy
chains for residues 90-113 are shown by one-letter codes (numbering is after Kabat et al. 1979). According 10 the J-region peptides. the
chains are classified into four groups. The first amino acid residues in the J peptides are shown in small letters whenever the first letiers of
their codons are not included in the corresponding | DA segments. The amino acid sequence of the MOPC-141 y2b chain was deduced
from the nucleotide sequences determined by Sakano et al. (1980). Other sequences were laken from Bourgeois er al. (1972), Francis et
al. (1974), Milstein et al. (1974), Rudikoff and Pouter (1974, 1976), Vrana et al. {1978), Kehry et al. (1979), Rao et al. (1979}, and Schilling

et al. (1980). Nucleotide sequences for I,y DMNAs are shown in Fig. 7.

* HV3 stands for third hypervariable region.

V.. could occur. This may be the reason why the three
gene families are distributed in three different chromo-
S0mes.

Sequences at the Switch-recombination Sites

As described previously, the complete ¥2b gene clone
from MOPC-141 (M141-P21} has homology with the J
region of the embryonic C, gene clone (MEFP203). We
considered this homology on the y2b gene as a trace of
the y-gene expression before the y-vIb switch and as-
sume that the recombination for the switch took place
between a pair of sites, one in the 5° flanking region of
the C.., gene and the other between the ] DNA and
the C, gene. To understand this novel somatic recombi-
nation better, we constructed restriction enzyvme cleav-
age maps (Fig 13B) for three DNA clones, M141-P21
(complete y2b), MEP3 (embryonic C ). and MEP203
{embryonic C), and determined nucleotide sequences
around the recombination sites (Fig. 14) (Sakano et al.
1980). The maps show that switch-recombination cccurs
between a pair of sites, one located within the 750-bp
Hindlll-Hindlll segment of the germ-line C gene clone
and the other within the 200-bp EcoRI-BamHI segment
of the germ-line C_,, gene clone, and generates the 6350-
bp Hindlll-BamHI segment present in the complete y2b
gene clone (see Fig. 13B). As expected, the 3" portion of
the M141-P21 sequence is the same as the sequence of
the germ-line C, gene clone MEP203. and the 3' por-

tion is identical to the sequence of the germ-line C ;,

gene clone MEP3. The exact p-y2b swiich-recombina-
tion sites are indicated by a vertical line in Figure 14.
We propose to refer to the u-y2b switch sites on the
germ-line C, gene and the germ-line C,, gene as 8,01,
and 8.y, respectively.

Are there any characteristic sequences around the u-
¥2b switch sites that might be considered as part of the
recognition signal for the recombinase? As shown in
Figure 14, two short blocks of sequences, EEEEE

and ?8% present in front of (i.e., toward the 5’ side
of) 8,2, are also present near the 5., , site in the
equivalent positions. The two sets of sequences are in
the same orientation relative 1o the direction of tran-
scription and thus different from those sequences con-
served near the V-] joining sites not only in sequence
content but also in relative orientation. Although it is
not clear whether these sequences are indeed recognized
by the recombinase, the results suggest that the enzy-
matic mechanism for the p-v2b switch-recombination is
quite different from that for the V-J joining.

Recently, Davis et al. (1980) isolated a complete «
heavy-chain gene clone from MOPC-603 that carries
both Vy; and C_ genes. Heteroduplex analysis of this
clone against the germ-line C, and C, gene clones sug-
gested that the complete o heavy-chain gene is also gen-
erated by a switch-recombination that involves the 5
flanking region of the germ-line C, gene. The 5, site
was mapped between two Hindlll sites, at 22 kb and 1.3
kb from the C, gene (see Fig. 13Bc). Thus. the p-« and
p=v2b switch-recombinations seem to use different sites
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TTAATGAATTTGAAGTTGCCAGTAAATGTACTICCTGET TG T TANAGHATGGTATCAAAGGACAGTGC TTAGATC CAAGGTGAGTCTGAGAGGACAGGGG
(MEP203) AATTACTTAAACTTCAACGGTCAT T TACATGAAGCACCAACAATTINC ITACCATAGTTTCCTGTCACGAATCTAGGTTCCACTCACACTCTCCTGTCCCC

Embryonic y2k  TCAGGCAGAAGAATAGC TTGGC TGCAGAGAQTICC TCOGOGCCAGRAGANG T TG TCCGATTCACGCAGGAACATAGGCAGGAAAAGGCCC TGGCAC TGACATT
POCACOQUCCGOTCOrO T AACAGGCTAACTCGTCCTTGTATCCGTCCTTTTCCGGGACCGTGACTET AR

{MEP3) AGTCCGTCTTCTTATCGAACCGACGTCTCTO

MOPC141 %2b TTAATGAATTTGAAGTTGCCAGTAAATGTACTITCCTGRITGTT TTGTCCGATTGAGCAGGAACATAGGCAGGARAAGGCCCTGGCACTGACATT

(ML41-P21) AATTACTTAAMCTTCAACGGTCATTTACATGARANGGACCIVAC AR AACAGGCTAACTCGTCCTTGTATCCGTCCTTTTCCGGGACCGTGACTGTARA
H * Y2b

S

Figure 14, Nucleotide sequences around the gl y2b) switch sites in clones MEP203, MEP3, and M141-I21 {Sakano el al. 1980). Sequencing strategy is shown in Fig. 2B, The recombi-
nation sites are indicated by a vertical line designated 5. The two blocks of sequences commonly present in the 5 side of the recombination sites of embryonic p and y2b gene clones are

in boxes,
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in the 5° flanking region of the germ-line C, gene. This
suggests that there may be a number of different switch
sites in this region. possibly at least one for each of the
six heavy-chain classes or subclasses. Recently, this no-
tion has been confirmed by heteroduplex analysis of
various heavv-chain gene clones from different my-
clomas (A. Traunecker and 5. Tonegawa, unpubl.).

DISCUSSION
Two Types of Somatic Recombination

Structural analysis of immunoglobulin genes demon-
strated that two different types of somatic DNA re-
arrangements are necessary for the generation of com-
plete immunoglobulin genes, namely, V- or V(D)
joining both for light- and heavy-chain genes and
switch-recombination for heavy-chain genes (see Fig. 15
for organization of heavy-chain genes). These two types
of recombination are clearly different in several aspects,
although both of them apparently accompany the dele-
tion of DNA segments (Honjo and Kataoka 1978; Sa-
kano et al. 197%a; Coleclough et al. 1980; Corey and
Adams 1980; Rabbitts et al. 1980). Below, we discuss the
two types of recombination with respect to function,
structure, and evolution.

V-J or V(DWW joining. Ontogenically, VIDJ or V-]
joining takes place early in B-cell differentiation. The
earliest recognizable cells in the B-lymphocyte lineage
already contain a complete u chain but no light chain.
Thus, it would be expected that the heavy-chain V(D)J
joining occurs before pre-B cells emerge. Indeed, our
recent analysis of two types of cell lines that exhibit
characteristics of pre-B cells indicates that in these cells
V(D) joining had occurred in the heavy-chain genes
but not necessarily in the light-chain genes. Thus, it ap-
pears that assembly of the heavy-chain V gene segments
precedes that of light-chain V gene segments (Maki et
al. 1980a). although both events should be completed
before the immature B cells with complete IgM mole-
cules emerge from pre-B cells. The molecular mecha-
nism for this asynchronous assembly of ¥V and Vy
genes is unknown. It may be that the two chains have
their own recombinase, despite the apparent similarity
in the presumed recognition sequences, and that synthe-
sis and/or activity of these enzymes is regulated in the
early stages of B-cell differentiation. Alternatively, the
two gene systems may use a common récombinase, and
the higher-order structure of the DNA in chromatin is
controlled developmentally so that gene segments for a
given type of chain become accessible to the recombin-
ase at a defined stage of B-cell differentiation.

V-] joining generates a complete V gene and commits
the B-cell precursor io expression of that particular V
gene during the course of differentiation that follows. It
is thus a key event in the determination of the antigen
specificity of the descendant B cells. The antibody di-
versity encoded in the germ-line V genes can be ampli-
fied by this process in three different ways. First, differ-

ent combinations of a germ-line V; gene and a
germ-line Vy; gene are selected for recombination from
the respective gene pool in different B-cell clones. Sec-
ond, for a given chain, different combinations of V., D,
and J DNA segments are recombined. In the case of the
heavy chain, in which a separate D DNA segment par-
ticipates in the recombination. it is certain that the anti-
body diversity is amplified by the random assortment.
In contrast. it is not yet proved bevond a doubt that the
J DNA segment contributes to antibody specificity.
However, since the amino acid residue encoded by the
first codon of J DN A segmenis is either within or imme-
diately adjacent to the HV3, a J peptide may affect as
well the shape of the antigen-combining site. Finally.
the exact joining ends of the V., J. and J;; DNA seg-
ments seem to be different from one recombination
event to another. We expect that a similar flexibility ap-
plies to the joining ends of Vi and the hypothetical Dy,
DNA segments.

Although the aforementioned three mechanisms can
enormously amplify the germ-line-encoded repertoire of
antibody diversity, they do not account for the somatic
diversification observed in the rest of the V region,
namely. in HY1 and HV2, which also participate in an-
tigen recognition. On the basis of the difference ob-
served in the diversity of the mouse V,; regions and
their germ-line V gene (one copy per haploid), it was
concluded previously (Tonegawa 1976: Bernard et al
1978; Brack et al. 197%) that somatic mutations must
occur in all three hypervariable regions. This concept is
being verified in mouse « light chains (G. Heinrich, un-
publ). Our recent analysis of germ-line V_ genes coding
for members of the V ; group (Potter 1977) strongly
suggests that V, regions grouped into a single subgroup
are encoded in V genes that are derived from a common
germ-line ¥V gene by introduction of somatic mutations
mainly, but perhaps not entirely. into the hypervariable
regions. How and when these mutations occur in the
germ-line V genes is totally unknown. Kabat et al.
(1978) proposed the “mini-gene theory™ to explain the
apparenily independent assortment of the three hyper-
variable regions and the four framework regions. Al-
though this proposal was borne out for HV3 of heavy
chains (D region) and the fourth framework regions of
both light and heavy chains (J; and Jy). the available
evidence strongly argues against the idea that the same
applies 10 the rest of the V regions. Alternatively, Seid-
man et al. (1979) promoted unequal recombinations oc-
curring between closely related germ-line V genes as a
primary source of ¥ gene diversification. both in evolu-
tion and in development. Unfortunately, no evidence
has been obtained that supports this hypothesis,

How did the V-J or V(D)J joining arise in evolution?
Three lines of evidence argue for the hypothesis that V,
D. and J DNA segments were contiguous in the primor-
dial gene coding for one immunoglobulin domain unit
and that they were separated by insertion of an extrane-
ous DNA sequence. First, a complete V region is similar
in size to one C-region domain unit and exhibits residual

homology. In particular, the J region is homologous to
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the carboxyterminal region of the C; region (Hill et al.
1966). Second, as pointed out earlier, the spacers sep-
arating the germ-line V, D, and J DNA segments and
prokaryotic insertion elements are somewhat similar in
terminal structure. Finally, in both immunoglobulin
genes and the prokaryotic insertion elements, an impre-
cise excision is a major manifestation of the recombina-
tion events. If the hypothesis is correct, then V-J or
V{D)J joining may be considered as a reversal of an an-
cient DNA insertion event that occurred accidentally
within a primordial V gene but was fixed and subse-
quently exploited under the pressure to increase the an-
tibody repertoire of the organism. In contrast 1o the
heavy-chain genes. V and D DNA segments of light-
chain genes are contiguous in the germ-line genome. We
thus believe that the hypothetical splitting of the pri-
mordial V gene occurred in two separate steps: Splitting
of J] DNA segments occurred before the V| and Vy
genes diverged. whereas that of D DNA segments oc-
curred after they diverged. It has been shown that anti-
body diversity is much more limited in amphibians than
in mammals (Du Pasquier and Wabl 1978). It would be
interesting to see whether Vi and Dy, segments are con-
tiguous in lower vertebrates.

Switch-recombination. In contrast o the V-J or
V(D) joining, switch-recombinations occur afier the
pre-B cells develop into B cells bearing complete Ig mol-
ecules on the surface. Although the IgM-IgD double-
bearing cells are the most common progenitors for
switched cells, there is evidence suggesting that IgM
single-bearing cells can also switch under an appropri-
ate circumstance (Zan-Bar et al. 1979).

A switch-recombination replaces the C, exons of a
complete g-chain gene with exons coding for the C re-
gions of other classes or subclasses except for the C; (see
the following for expression of & genes). The purpose
here is to change the effector functions localized in the
heavy-chain C regions without alteration of antigen
specificity determined by the V region. Thus, in contrast
to the ¥-J or V(D)J joining that occurs at the margins of
protein-encoding DN A segments, switch-recombination
takes place in regions that do not encode proteins. It can
occur, a priori, anywhere within the 7.3-kb intron se-
parating the ] DNA segments and the C, exons on the
one hand, and anywhere within a several kilobase re-
gion located 3 to the respective C exon of other classes
on the other, as long as the transcription unit on the re-
combined DNA can encompass the entire V and C
exons. This suggests the possibility that switch-recombi-
nation sites may be scattered widely in these regions.
Indeed, the 5, .y, site for the MOPC-141 +2b chain and
the §,,,, site for the MOPC-603 & chain are at least 500
bp apart. Furthermore, recent analysis in our laboratory
as well as by others (see Honjo et al.; Hood et al; both
this volume) of several heavy-chain gene clones showed
that there is at least one switch site for each class or sub-
class in the intron between the J and C, exons and that
in some cases there are multiple sites fora single class or

subclass. In the region approximately 4.5 kb 5"to the C,

gene, a pentameric sequence, CTGAG, or its close vari-
ants, 15 repeated in tandem more than 100 times (Dun-
nick et al. 1980; Kataoka et al. 1980; 5akano et al. 1980).
The same pentameric sequences are prominent in the 5°
flanking region of the C, gene (H. Sakano, unpubl.).
Since p-o sites fall within these regions (Davis et al.
1980; and our unpubl. results), this direct homology be-
tween C_ and C, DNAs might play an essential role in
p-o switch-recombination. Sequence homology between
the switch regions of C, and C_,, genes is more limited,
but we did observe short blocks of directly repeated se-
quences. Whether the switch to various classes or sub-
classes is actively controlled at the level of the nucleo-
tide sequence will be clarified by cloning and sequence
analysis of various heavy-chain genes.

All classes and subclasses of Cy; genes are considered
to have arisen by duplication from a primordial Cy; gene
and its flanking sequences (Dayhoff' 1972). We believe
that the switch-recombination regions have most likely
arisen from the duplicated 5' flanking sequences by
making use of the sequence homology among them. On
the basis of the correlation between exons and func-
tional units within an immunoglobulin light chain (Ber-
nard et al. 1978; Tonegawa et al. 1978) and a heavy
chain {Sakano et al. 1979b), we previously speculated
that some higher genes were created in evolution by as-
sembly of exons. each encoding a polypeptide chain of
some functional use. The assembly was thought to be
mediated by homology in the flanking intron sequences.
The idea has also been discussed by other authors (Dar-
nell 1978: Crick 1979). Although the hypothesis has yet
to be tesied experimentally, we note that a striking simi-
larity exists between the postulated process and the
switch-recombination, although the latter occurs in de-
velopment rather than in evolution.

Somatic Reorganization of DNA Sequences as
Determination in Differentiation

How the higher organism generally uses reorganiza-
tion of DNA sequences as a means for cell determina-
tion in differentiation is an intriguing question. Recent
studies revealed several cases in which somatic DNA
rearrangement was correlated with control of gene ex-
pression. Thus, the alternative expression of flagellar
antigens in Salmonella, referred to as phase variation,
has been shown to be regulated by an invertible se-
quence located adjacent to one of the flagellin structural
genes (Zieg and Simon 1980). Mating-type interconver-
sion of homothallic yeast has been linked with alterna-
tive insertion of two different mobile DNA sequences
(Klar et al.. this volume). Pathogenic African trypano-
somes evade the immune systems of their mammalian
hosts by the sequential expression of alternative cell-
surface glycoproteins (Hoeijmakers et al. 1980). Recent
studies suggest that DNA rearrangement is responsible
for this phenomenon. One interesting distinction be-
tween some of the aforementioned examples and the
immunoglobulin gene system can be seen in the mode of

DNA rearrangement. Whereas the phase variation in
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EMBRYO
L iR . T} =1 W3 ¥1 W2 W2
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P Su Sy Syi Svan Sy
W

J_,;S—_H or ™ Figure 15. Arrangement of various parts of Ig
PR = 1 = T, B e heavy-chain gene segments in embryos, B cells
L {IgM-1gD double producers). and y2b-chain-
Vo u & ¥ synthesizing plasma cell. The order and spac-
B.CELL o st H e e e e ing of the four C, genes were determined by
e e analysis of a large number of ovcrlapging
Su Sy DMNA fragments cloned in Charon 4A phage
vector. Distances between the genes are:
C3-35 kb-C_-22 kbC ,-15 kbC,, (W.
Roeder, unpubl). 5., 5; etc. designate ap-
proximate positions of switch-recombination
et sites. (0) Presumed locations of promoters;
v2b S { ~—— )} primary transcripts, { — =) either
VD ¥2h DMNA recombination or RMNA splicing events.
PLASMA o =gl Fo[ - The number and locations of D DNA seg-

CELL ments are hypothetical.

Salmonella and mating-type interconversion in yeast are
mediated by basically reversible inversion or transposi-
tion, the rearrangement in the immunoglobulin genes
seems 1o be irreversible deletion and loss of defined
DNA sequences. Many changes in development and
differentiation of higher organisms seem to occur in a
forward direction and do not revert under normal con-
ditions. This apparent unidirectionality in differentia-
tion is assured by the events occurring at the DNA level
in the case of immunoglobulin genes. We have vet to
find a second example of a gene(s) whose behavior re-
flects an apparently irreversible developmental phe-
nomenon. However, no more than a few gene systems
have been studied in the same detail as the immuno-
globulin genes. Further studies are necessary before we
can decide whether the strategy emploved by the immu-
noglobulin genes is restricted to this gene system.

Control of RNA Processing in Cell Differentiation

Analysis of the y- and a-chain genes coding for the
secreted and the membrane-bound forms of the respec-
tive chain revealed that gene activity is regulated at the
level of RN A processing in cell differentiation. One can
envisage 1wo major possibilities with respect to the
mechanism. In one, the control occurs at the poly(A) at-
tachment sites. In this hypothesis, the entire C gene, in-
cluding the extra exons, can be transcribed into a single
mRNA, both in immunoglobulin-bearing and in immu-
noglobulin-secreting cells. Although in the former cells
poly(A) attached predominantly to a site 3’ to the last
exon {exon & and exon 5 for a p and a chain, respec-
tively), in the latter cells it attached 10 a site 3" 10 exon 4
{p) or exon 3 (a). in the other hypothesis, regulation at
the level of RNA-splicing sites must be invoked. Ob-
viously, further analysis is necessary to determine which
of these possibilities is correct.

Our recent studies on expression of d-chain genes

strongly suggest that control at the level of RNA pro-
cessing is not unique to the membrane versus the se-
creted forms of immunoglobulin chains. Unlike -, &-,
or e-chain genes. the §-chain gene is mostly expressed
simultanecusly with the y-chain gene. and no -6 switch
occurs when B cells mature to plasma cells. Recently, F.
Blattner and co-workers (pers. comm.) mapped the C;
gene a few kilobases 3’ to exon 6 of the C, gene. We
have recently analyzed organization of g- and §-chain
genes in a B-cell hybridoma line, GCL2E, that bears
both IgM and IgD molecules on the surface. These anal-
yses indicate that both chains share the same copy of the
assembled V gene and that no sequence arrangement
exists in the entire region encompassing the complete V
gene, C_ gene, and C; gene. On the basis of these results,
we ¢conclude, as was suggested earlier (Tonegawa et al.
1978}, that in IgM-IgD double-bearing cells, the pri-
mary lranscript containing both p- and &-gene se-
gquences is processed such that two mature mRNAs of a
composition V. D, J, C, and V, D. J. C; are generated
(R. Maki and A. Traunecker, unpubl.). The conclusions
drawn from these studies are illustrated schematically in
Figure 135,

CONCLUDING REMARKS

Molecular analysis of immunoglobulin genes has con-
tributed in several aspects 1o our understanding of
higher-cell genes in differentiation and evelution. In
particular, it revealed the dynamic nature of DNA in
both of these processes. Proteins are encoded in the ge-
nome in discrete pieces that often carry their own func-
tions. These building blocks are shuffled and appear in
different combinations in ontogeny and perhaps in
phylogeny. During cell differentiation, expression of
higher-cell genes can be controlled both by reorganiza-
tion of the DNA sequences and by differential use of the
RNA transcripts.
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