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Two types of somatic recombination are
necessary for the generation of
complete immunoglobulin heavy-chain genes
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& Susumu Tonegawa
Basel Institute for Immunology, 487 Grenzacherstrasse, Postfach CH 4005, Basel 5, Switzerland

At least two types of somatic recombination are necessary for the generation of a complete immunoglobulin y2b gene from
germ-line DNA sequences. The first type of recombination consists of the assembly of three separate DNA segments, each
encoding a different part of the variable region. The second type of recombination replaces the exons coding for the constant
region of the w chain with those coding for the same region of the y2b chain. The DNA sequencing studies suggest that the

two types of recombination operate by different mechanisms.

COMPLETE, active immunoglobulin genes are created by
somatic recombination that occurs during the differentiation of
lymphocyte precursor cells'™. The organization of the gene
sequences before and after somatic recombination has been
studied extensively for both A- and «-type light chains in the
mouse>'°. These studies established that in the embryonic
genome, the major portion of the conventionally defined vari-
able (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 region. The J DNA segment has been
mapped a few kilobases upstream of (that is, 5' side, with respect
to the direction of transcription) the single-copy DNA segment
(C DNA) coding for the constant (C) region. In the myeloma
cells in which the light-chain gene in question is active, the V
DNA segment and the J DNA segment are contiguous as a
consequence of a recombination that apparently accompanies
deletion of the DNA sequence occurring between the V and J
DNA segments in the germ-line genome’. The entire region of
the chromosome containing the V DNA segment, ] DNA
segment, J-C intron and C DNA segment is transcribed into a
single RNA molecule from which a mature messenger RNA is
generated by RNA splicing'"'*>. The V-J joining step is con-
sidered to be a key event in the activation of the immuno-
globulin gene. It may also contribute to the increase of the
organism’s capacity to synthesize a large number of different
antibodies”"* "’

As the heavy-chain polypeptide is also composed of a Vand C
region, one might assume that what has been established at the
DNA level for the light chains would also be true for heavy
chains. However, the expression of heavy chains has some
features which make it considerably more complex than that of
light chains. For instance, unlike the light chains, there are in the
mouse at least eight different C regions, each of which seems to
share the same set of V regions, that is, a given V gene can be
expressed with more than one heavy-chain class or subclass. In
addition, it seems that, as the lymphocytes differentiate, the C
region of the heavy chain synthesized switches from one class to
another without alteration of the V region™*'%.

Recently, we reported on the structure of the complete y2b
gene isolated from a myeloma, MOPC141, an IgG2b secretor .
These studies showed that, unlike the light-chain genes, at least
two recombinations are necessary to generate the heavy-chain
gene. One of them occurs at or near the 3’ end of the V DNA
segment and in the vicinity of the J DNA segment. In contrast to
the light-chain genes, where the I DNA segments are located in
the 5'-flanking regions of their respective C genes, in the heavy-
chain gene system the J DNA used for the MOPC141 y2b gene
does not lie in the 5'-flanking region of the germ-line Cy2b gene,

but is located in the 5'-flanking region of the germ-line Cp. gene.
This recombination between V DNA and J DNA near the Cn
gene probably allowed the u gene to be activated in the pre-
cursor B cells to MOPC141 myeloma. The second recom-
bination occurs between a pair of sites, one located between the
JDNA segment and the Cp gene and the other in the 5'-flanking
sequence of the Cy2b gene, and replaces the Cp.-coding exons
with the Cy2b exons. This recombination is referred to as ‘switch
recombination’, for it seems to be a key event preceding the
heavy-chain switch. A similar gene structure was also observed
for a complete a-chain gene®® and for a y1-chain gene®'.

We report here on the two types of recombination, studied by
DNA sequencing. The sequences around the V-J joining and
the switch recombination sites have different features, sugges-
ting that at least two distinct enzyme systems are involved in the
generation of the active immunoglobulin ¥2b gene. In addition,
sequence analysis of the V DNA of MOPC141 and its germ-line
components, the embryonic V DNA and J DNA, revealed that
the third hypervariable region is encoded in a separate DNA
segment(s) in the germ-line genome.

Mouse DNA inserts in the DNA clones used in this study are
listed in Fig. 1. The homology among these DNA fragments has
been determined by heteroduplex analysis and restriction
enzyme mapping. The coding regions were mapped by R-loop
analysis using mRNAs from MOPC141 (y2b) or MOPC104E
(n). Isolation and electron microscopic characterization of
clones M141-P21 (complete y2b), MEP203 (embryonic J plus
Cp) and MEP3 (embryonic Cy2b) have been described else-
where'®. The isolation of the embryonic V-gene clone, PJ14, is
described below.

Identification of J DNA for MOPC141

We have previously identified the putative V-J joining site on
the complete y2b gene clone (M141-P21) and on an embryonic
Cp. gene clone (MEP203) by heteroduplex analysis and R-loop
mapping'®. The electron microscopic studies indicated that the
putative J DNA for the MOPC141 heavy-chain gene lies
3.6 kilobases 5' to the Cy2b gene on M141-P21 and 5 kilobases
5' to the Cp. gene on MEP203. To analyse the structural features
of heavy-chain V-J joining sites, we determined the nucleotide
sequences of the appropriate regions of M141-P21 and
MEP203. Although the amino acid sequence of the MOPC141
heavy chain is unknown, identification of the J DNA segment
coding for this chain was possible because J-peptide sequences
are highly conserved. As shown in Fig. 2, M141-P21 carries a
DNA sequence in the vicinity of the putative V-J joining sites
which can encode a peptide that is identical to the J peptides of
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Fig. 1 Mouse DNA inserts in the clones used in the study.
Embryonic Vyi4; gene clone PJ14 (a), embryonic Cy2b gene
clone MEP3 (b), complete y2b gene clone M141-P21 (abbreviated
to M141) (¢) and embryonic Cp gene clone MEP203 (d) are
shown. Arrows indicate EcoRI cleavage sites. Filled boxes are
exons identified by R-loop mapping. The regions of homology
among the four DNA clones as determined by heteroduplex
analysis are indicated by bars of different types of shading.

MOPC21 and MOPC173 heavy chains (see Table 1). We also
analysed the MEP203 insert to determine whether the same J
DNA segment is present in the expected position. Our previous
study on clones MEP203 and M141-P21 suggested that the
Jmis1 DNA segment and the sequence that follows this segment
are derived from a region 5’ to the Cp. gene. In fact, the sequence
of MEP203 showed that the ] DNA segment and its 3' non-
coding sequence found on M141-P21 are also present in the
region about 5 kilobases 5’ to the Cu gene on MEP203 (Fig. 2).
Comparison of these two Jui4; DNA sequences, one on M141-
P21 and the other on MEP203, indicates that the germ-line
Jumies DNA can encode the M141 J peptide starting with the
second nucleotide of the Leu codon at position 112.

In y2b heavy-chain peptides, the boundary of V and C regions
has been thought to be around Ala 126 (ref. 22). The Jmiss DNA
segment can fully encode Ser 125, but only partially Ala 126.
We found a triplet, GGT, instead of the Ala codon GCN.
Because, in almost all cases studied thus far, an intron starts with
the doublet GT (ref. 23), we tentatively conclude that the coding
of the Jy141 DNA ends with the first letter G in the triplet GGT.

Four heavy-chain J DNA segments around
8 kilobases 5’ to the germ-line Cp. gene

Previous studies showed that most, if not all, x-light-chain J
DNAs are tightly linked”"*. To examine whether the same
applies to the heavy-chain J DNA segments, we isolated DNA
clones containing the rearranged V gene from myelomas
MOPC603, MOPC315, HOPC8 and MOPC173 and analysed
the heteroduplexes formed between each of these DNA clones
and the embryonic p. DNA clone MEP203. It is expected that
the divergency point observed on a Y-shaped heteroduplex
molecule corresponds to the J DNA segment used for expres-
sion in the respective myeloma cells. In this way, we mapped
four different J DN A segments in the region 5’ to the Cu gene, at
1.1 (MOPC173-11J), 1.6 (HOPC8-1117), 1.9 (MOPC315 J) and
2.2 (MOPC603 I) kilobases, 5' to the EcoRI site located
3.5 kilobases from Cu DNA on MEP203. As MEP203 carries a
3-kilobase deletion at 1.5 kilobases 5’ to the Cp gene (see
below), the EcoR1 site is 6.5 kilobases from the Cpu gene on the
mouse chromosome. Using p-chain mRNA from MOPC104E
in R-loop analysis, we also identified the Jmio4e DNA segment at
2.3 kilobases 5' to the EcoRI site (data not shown). As the
MOPC104E p chain and the MOPC603 o chain seem to have
the same J peptide (Table 1), this JDNA segment is probably
the same as that detected by heteroduplex analysis using the
MOPC603-derived V-gene clone.

Figures 3Aa and 4 show the restriction map and the DNA
sequence of the 1.5-kilobase J-rich region, respectively. So far,
22 heavy chains have been sequenced in the J -peptide regions.

They can be classified into four different groups according to the
amino acid sequences of the J peptides (Table 1). Comparison of
these J-peptide sequences with the DNA sequence allowed
identification of the corresponding four J DNA segments. These
four segments can account for all heavy-chain J peptides
sequenced so far (see Table 1) and, therefore, seem to encode
the J peptides of all different classes or subclasses. We designate
these J DNAS as Ju1, Juz, Jus and Jy,, from 5’ towards 3'. No
additional J-like DNA sequence has been observed in the
1.5-kilobase region sequenced thus far. There is one unexpres-
sed J DNA, J«3 (ref. 7), in a k-light-chain gene, and there may
also be some in the heavy-chain gene.

Isolation of the germ-line V-gene clone
for the MOPC141 heavy chain

To determine the recombination site on the germ-line V gene,
we attempted to identify and clone the EcoRI DNA fragment
carrying the germ-line V gene for the MOPC141 heavy chain.
First, we analysed embryonic DNA by Southern hybridization
using the V DNA probe purified from M141-P21. This probe is
a 257-base pair Avall-Hgal fragment encoding residues 9-94
of the M141 heavy chain (Fig. 3Ab). In the EcoRI digest of
mouse embryo DNA, about 10 hybridizable bands were detec-
ted (data not shown). Detection of 5-10 bands by a single
V-gene probe has previously been reported for both « light
chains®® and heavy chains®*~®, This is due to cross-hybridiza-
tion among a subset of germ-line V genes that have presumably
diverged more recently. As the length of the 5'-noncoding
region of the Vi gene on M141-P21 is 6.5 kilobases, the size of
the EcoRI fragment carrying the germ-line Vi DNA for the
M141 heavy chain should be larger than 6.5 kilobases. We
separated the EcoRI digest of embryonic DNA on a preparative
agarose gel, eluted the DNA from the 6.5-23-kilobase region
and used it for DNA cloning. Using the V-region probe, we
isolated some 30 clones from 2 separate experiments and
classified them into 5 different types according to the size of the
EcoRl1 insert. Heteroduplex molecules formed between the
clones of each type and M141-P21, a complete y2b gene clone,
were examined by electron microscopy.

Although the EcoRlI inserts of these clones were all hybridiz-
able with the V-gene probe, only the clones containing a 14-
kilobase insert formed Y-shaped heteroduplex molecules with
M141-P21, in which the homology extended from the 5' EcoRI
end to a site 6.9 kilobases away from it. R-loop analysis using the
MOPC141 v2b mRNA indicated that the V-coding DNA seg-
ments map at or around the heteroduplex fork point. We further
analysed one of these 14-kilobase clones, PJ14, by restriction
mapping and DNA sequencing. Evidence that the 14-kilobase
clone contains the germ-line V gene for the MOPC141 vy2b
chain is obtained from restriction enzyme maps. The cleavage
sites for BamHI, Kpnl, Xbal, Sacl and HindII1 in the 5'-flanking
region of the V gene on M141-P21 were all found at the
corresponding positions on the embryonic V-gene clone, PJ14
(data not shown).

The third hypervariable region
is encoded separately

The DNA sequences around the V-coding regions of PJ14 and
M141-P21 are shown in Fig. 2. The sequences include a 46-base
pair exon presumably coding for the hydrophobic signal peptide,
an 81-base pair intron, the entire V-gene exon and the 3'-
flanking regions. As in all - and A-chain genes studied so far
(refs 4, 6, 8 and G. Heinrich, unpublished results), the V coding
begins with the residue at position —4 within the signal peptide.
Also, as in the light-chain genes, the coding by the embryonic
clone PJ14 ends prematurely with Ser 97, whereas that of the
myeloma clone, as mentioned above, continues up to Ser 125. In
the 0.6-kilobase stretch of DNA starting with the HindI1I site in
the 5'-noncoding region and ending with the Ser 97 codon, the
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Table 1 Amino acid sequences of mouse immunoglobulin heavy chains around the carboxyl ends of the V regions

Myeloma End of V HV3 J JDNA
M104E -+ YYCAR DY

prve L IYeAR 5 Ly o YEDVWOAGTTVIVSS

Ti15 -+« YYCAR DYYGS SY - - - - - - — - — — - = - - - —

M603 -+ YYCAR NYYGST e e o o o o e oo

M167 -+« YYCTR DADYGDSYF g o mm m e e 3
T601 .-~ YYCAR LGYY g om - mm o — - o
$107 -+ YYCAR DYYGS S$Y - - — - - - - — - — - — - — -

H8 -+ YYCAR DYYGN Y- - - - - - - - - - -=--=---

M511 -+ YYCAR DGDYGS s Y- - --"-—--=-—"-—- - - - - - - -

M315 -+« YYCAG DNDHL YFDYWGQGTTLTVSS

X24 -+- YYCAR LGYYG = e e e m - - — - - = - - - -

Hdexd -+ YYCAR DK Mmoo e Jnz
Hdex5 -+ YYCAR DS n--—-——---=—-=-=--- - - -

Ad . YYCTT sWFAYWGWGTLVTVSA

E109 -+« HYCTT g - - - - - - = —-—- - - —-- =

Uel <o YYCTT g - = - - - - == - - - - - -

A4TN -+ YYCST g - - e - - P - Jua
X44 <+ YYCAR LHYYGYA — m e e s e e e e e

J539 -+ YYCAR LHYYGYN = s s s e e s e s e e

M141 -+ YYCAS VSIYYYGRSDKYFT IDYWGWGTSVTVSS

M21 --+ YYCAR HGNYPW YAM=- - - = - =~ - = — — - — Jua
M173 -+« YYCAR Sp YYAM- - - -~ - -~~~ - -~

Amino acid sequences of 22 mouse heavy chains?”32**% for residues 90-113 (numbering is after Kabat et al.**) are shown by one-letter codes*'.

According to the J-region peptides, the chains are classified into four groups. The amino acid sequence of the MOPC141 v2b chain was deduced from
the nucleotide sequences determined in this study. The first amino acid residues in the J peptides are shown in small letters whenever the first letters of
their codons are not included in the corresponding J DNA segments.

PJ14 AAGCTTGCCCTGTGCTTCCTTTTATCCTCTCAGGAACCTCCCCCAATGCAAATCAGCCCTCAGGCAGAGGATAAAAGCTCACACAAAGATGAGAAGCCCC

Mi41 AAGCTTGCCCTGTGCTTCCTTTTATCCTCTCAGGAACCTCCCCCAATGCAAA%CAGCCCTCAGGCAGAGGATAAAAGCTCACACAAAGATGAGAAGCCCF

19 L _
MetAlaValLeuAlaLeuLeuPheCysLeuValThrPheProS.rC
PJ14 ATCATCTTCTCATAGAGCCTCCATCAGAGCATGGCTGTCCTGGCATTACTCTTCTGCCTGGTAACATTCCCAAGCTGTAAGTGTGTCAGGGTTTCACAAGAGGGACTAAAGACATGTCAG

MetAlaValLeuAlaLeuLeuPheCysLeuAlaThrPhelProSerC
M141 ATCATCTTCTCATAGAGCCTCCATCAGAGCATGGCTGTCCTGGCATTACTCTTCTGCCTGGEAACATTCCCAAGCTGTAAGTGTGTCAGGGTTTCACAAGAGGGACTAAAGACATGTCAG

-4 1
ysIleLeuSerGanalGlnLeuLysGluSerGlyProGlgLeuValAlaProSerGlnSerLeuSerIleThrCysThrVal

DJ14 CTAATGTGTGACTAATGGTAATGTCACTTGTCACTAGGTATCCTTTCCCAGGTACAGCTGAAGGAGTCAGGACCTGGCCTGGTGGCGCCCTCACAGAGCCTGTCCATCACATGCACCGTC
ysIleLeuSerGanalGlnLeuLgsGluSerGlyProGlyLeuValAlaProSerGlnSerLeuSerIleThrCysThrVal
M141 CTAATGTGTGACTAATGGTAATGTCACTTGTCACTAGGTATCCTTTCCCAGGTACAGCTGAAGGAGTCAGGACCTGGCCTGGTGGCGCCCTCACAGAGCCTGTCCATCACATGCACCGTC

SerGlyPheSerLeuThrGlgThrGlgValAsnTrpValArgGlnProProGlngsGlyLeuGluTrpLeuGlyMetIleTrpGlgAspGlgSerThrAspTyrAsnSerAlaLeuLgs

PJ14 TCAGGGTTCTCATTAACCGGCTATGGTGTAAACTGGGTTCGCCAGCCTCCAGGAAAGGGTCTGGAGTGGCTGGGAATGATATGGGGTGATGGAAGCACAGACTATAATTCAGCTCTCAAA
SerGlyPheSerLeuThrGlyThrGlyValAsnTrpValArgGlnProProGlngsGlyLeuGluTrpLeuGlyThrIleTrpGlyAsnGlySerThrAspTyrAsnSerThrLeuLys
M141 TCAGGATTCTCATTAACCGGCTATGGTGTGAACTGGGTTCGCCAGCCTCCAGGAAAGGGTCTGGAGTGGCTGGGAACGATATGGGGTAATGGAAGCACAGACTATAATTCAACTCTCAAA
* L HY E L* * *
97
SerArgLeuSerIleSerLysAspAsnSerLysSerGanalPheLgngsMetAsnSerLeuGlnThrAspAspThrAlaArngrTerysAlaSe
PJl4 TCCAGACTGAGCATCAGCAAGGACAACTCCAAGAGCCAAGTTTTCTTAAAAATGAACAGTCTGCAAACTGATGACACAGCCAGGTACTACTGTGCCAG GACACAGTGAGGGAAGTCCAR
SerArgLeuThrIleThrLgsAspAsnSerLysSerGanalPheLyngsMetAsnSerLeuGlnThrAspAspThrAlaArngrTerysAlaSe ValSerIleTyrTyrTyrGly
M141 TCCAGACTGACCATCACCAAGGACAACTCCAAGAGCCAAGTTTTCTTAAAAATGAACAGTCTGCAAACTGATGACACAGCCAGGTACTACTGTGCCAG GTCTCAATTTATTACTACGGT
) - HV3
12 125
PJ14 TGTGAGCCTGCAQAAATACCTCTCTGCAGGGATGATCACAACCAGCAGGGGGCGCTGAGGACCCAAGGACTT
ArgSerAspLysTyrPheThr uAspTyrTrpGlyGlnGlyThrServalThrvalSerSer
M141 CGTAGCGACAAATACTTCACT GGACTACTGGGGTCAAGGAACCTCAGTCACZGTCTCCTCAGGTAAGAATGGCCTCTCCAGGTCTTTATTIWIAQCCTTTGTTATGGAGTTTTgTT

AspTyr?rpGlgGlnGlgThrSerValThrValSetSer
MEP203 CACTATTGTGATTACTATGCT GGACTACTGGGGTCAAGGAACCTCAGTCACCGTCTCCTCAGGTAAGAATGGCCTCTCCAGGTCTTTATTPTTATCCTTTGTTATGGAGTTTTGTG

J

Fig. 2 Nucleotide sequences of MOPC141 V,; DNA (M141), its embryonic Vi DNA (PJ14) and the embryonic ] DNA (J,) coding for the J

peptide of the MOPC141 y2b chain (MEP203). Sequencing strategy is shown in Fig. 3A. Sequence determination was carried out according to

the method of Maxam and Gilbert*®. The amino acid sequence of the complete MOPC141 V region predicted by the nucleotide sequence of

clone M 141 is shown in italics. The amino acid sequences predicted by the germ-line V DNA segment in clone PJ14 and the J, DNA segment in

clone MEP203 are also shown. The nucleotide differences observed between the two clones, M141 and PJ14, are shown by asterisks. Vertical

lines indicate the possible recombination sites. The two conserved sequences in the 3'-flanking region of the embryonic V DNA are underlined.
HV1, HV2 and HV3 designate the three hypervariable regions.
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sequences of the two DNA clones differ in 9 base pairs. Of these
differences, 6 are within the first and the second hypervariabie
(HV) regions. Similar, limited, single-base differences have
previously been observed in the hypervariable regions of a
germ-line V gene and its somatic variants for the light chains of
both A and « types and were taken as direct evidence for somatic
diversification of antibody genes®. Three other differences may
be a consequence of the similar somatic mechanism or may have
occurred during the propagation of the myeloma cells.

Figure 2 also shows the DNA sequence around the Jya:
DNA segment of the embryonic clone MEP203. As described
before, coding begins within the Leu 112 triplet and ends with
the Ser 125 triplet. It thus seems that the 14-residue peptide
comprising the third hypervariable region (HV3) beginning with
Val 98 and ending with Thr 111 is encoded in neither the
germ-line V gene nor the ] DNA segment. This situation is in
contrast to that of light-chain genes previously studied®®, in
which no such coding gap was observed. We suggest that the
third hypervariable region of this heavy chain is encoded in one
or more discrete DNA segments (D DNA segments for ‘diver-
sity'?’) that lie elsewhere in the germ-line genome. The V, D
and J DNA segments must be assembled by recombination
to generate the complete V gene present in the myeloma
cells.

HinfI
Avall
BstEIL
Pstl
HindIII

Hinfl
HinfI
Hgal

The exact joining ends of V and J DNA
segments are unfixed

Close examination of the amino acid sequences around the third
hypervariable region and the nucleotide sequences around the 3’
end of the germ-line Vy gene and around the 5’ end of the J
DNA segments suggest several interesting features of the DNA
joining events. As previously suggested for the light-chain J
DNA segments”*™'° the exact 5' boundary of Jy; DNA seg-
ments seems to be unfixed (Table 1). For instance, in the case of
Jua, the coding of the MOPC141 y2b chain begins with the
second base of the Leu 112 triplet UUG as indicated in Fig. 2. In
contrast, coding of the MOPC21 v1 chain and the MOPC173
v2a chain by the same J,;, DNA segment seems to start with a
Tyr triplet UAU and another Tyr triplet UAC, respectively. The
first letters of the two Tyr triplets are 7 and 10 bases ahead (5
side) of the first base used for the coding of the MOPC141 J
region. Similar exampies for Jyy, Jus and Jyy; are indicated in Fig.
4 and Table 1.

The DNA sequence of the clone PJ14 demonstrated that
coding by the germ-line V4, gene ends with the second letter
of the Ser 97 codon AGC (Fig. 2). As shown in Table 1, the
amino acid sequences immediately preceding Ser 97 are highly
conserved among various V regions. Particularly noteworthy is

Ball
Avall
HinfI
PstI
Hinfl
Hinfl
Avall
Hinfl
HinfI
BsStEIL
Avall
HinfI
HinfI
Hpall

Fig. 3 Restriction enzyme cleav-
age maps of part of the mouse
DNA inserts in clones MEP 203
(Aa, Bc, Bd), MEP3 (Ba), M141-
P21 (Ab, Bb) and PJ14 (Ac).
Cleavage sites were determined by
the end-labelling method of Smith A
and Bimstieln, by the separation
of single and double digests of
DNA fragments by various
restriction enzymes, and/or by
DNA sequence determination.
Horizontal arrows indicate the
extent and direction of sequence
determination. The filled boxes are
exons identified by R-loop map-
ping and/or DNA sequencing.
Vertical line S in B indicates the
switch recombination sites for
MOPC141 heavy-chain genes. X
and Y in Bc are sequences similar
to the Sw(y2b) sequence. Four J
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U ]
Jﬂ TyrTrpTyrPheAspVal TrpGlyAlaGlyThrThrvalThrValSerSer
GGTGCCTTAAGCCAGGATATGGAGAGAGTTTTAGTATAGGAACAGAGGCAGAACAGAGACTGTGCT. TbGTACTTCGATGTCTGGGGCGCAGGGACCACGGTCACCGTTTCCTCAGGTA

5107 M603 M167

AGCTGGCTTTTTTCTTTCTGCACATTCCATTCTGAAACGGGAAAAGATATTCTCAGATCTCCCCATGTCAGGCCATCTGCCACACTCTGCATGCTGCAGAAGCTTTTCTGTAAGGATAGG

GICTTCACTCCCAGGAAAAGAGGCAGTCAGAGGCTAGCTGCCTGTGGAACAGTGACAATCATGGAARATAGGCATTTACAT TGTTAGGCTACATGGGTAGATGGGTTTTTGTACACCCAC

J2 \ryrPheaspTyrTrpGlyGlnGlyThr ThrLeuThrVal SerSer

TAAAGGGGTCTATGATAGTGTGAqTACTTTGACTACTGGGGCCAAGGCACCACTCTCACAGTCTCCTCAGGTGAGTCCTTAAAACCTCTCTCTTCTATTCAGCTTAGATAGATTTTACTG
M315

CATTTGTTGGGGGCGAAATGTGTGTATCT GAATTTCAGGTCATGAAGGACTAGGGACACCTT GGGAGTCAGARAGGGTCATTGGGGGCCCTGGCTGACGCAGACAGACATCCTCAGCTCC

CAGACCTCATGGCCAGAGATTTATAGAGATCCTGGCCAGCATTGCCGCTAGGTCCCTCTCTTCTATGCTTTCT TG TCCCTCACTGGCCTCCATCTGAGATAATCCTGGAGCCCTAGCCA

i
JS AlaTrpPhehlaTyr rrpGlyGinGlyThrieuval ThrvalSerAla
AGGATCATTTATTGTCAGAGETCTAATCATTGTTGTCACAATGTACCTIRGT TTIGCTTACTGGGGCCAAGGGACTCTGGTCACTGTCTCTGCAGGTGAGTCCTARCTTCTCCCATTCTAAA
! !
H&-I a4  J539

TGCATGTTGGGGGGATTCTGAGCCTTCAGGACCAAGATTCTCTGCAAACGGGAATCAAGATTCAACCCCTTTGTCCCARAGTTGAGACATGGGTCTGGCTCAGGCGACTCTCTGCCTGCTG

GTCTGTGGTEATATTAGAACTGAAGTATGATGAAGGATCTGCCAGAACTGAAGCTTGAAGTCTGAGGCAGAATCTTGTCCAGGGTCTATCGGACTCTTGTGAGAATTAGGGGCTGACAGT

TGATGGTGACAATTTCAGGGTCAGTGACTGTCAGGTTTCTCTGAGGTGAGGCTGGAATATASGTCACCTTGAAGACTAAAGAGGGGTCCAGGGGCTTTTCTGCACAGGCAGGGAACAGAA

TGTGGAACAATGACTTGARATGGT TGATTCTTGTGTGACACCAAGAATTGGCATAATGTCTGAGTTGCCCAAGGGTGATCTTAGCTAGACTCTGGGGTTTTTGTCGGGTACAGAGGAARAA
\JZHTQATU Ja:FtASpTerrpGlyGlnGlgThtSerValThrValSerSer

CCCACTATTEEQKHTA ATGCTALGGACTACTGGGGTCAAGGAACCTCAGTCACCGTCTCCTCAGGTAAGAATGGCCTCTCCAGGTCTTTATTTT TARCCTTTGTTATGGAGTTTTCTG
M173 M21 M141
M173-0

240

360

480

600

720

840

960

1080

1200

1320

1440

Fig. 4 Nucleotide sequence of the 1.4-kilobase region of the embryonic clone MEP203 containing four J; DNA segments. The sequencing
strategy is shown in Fig. 3Aa. The J;; DNA segments are referred to as Jy, J», J3 and J4 from 5'to 3'. The amino acid sequences encoded by these J
DNA segments are shown in italics. The sequences closely related to the palindromic heptamer, CACTGTG, and present in front of every ] DNA
segment, are underlined. The vertical lines indicate determined (solid lines) or predicted (broken lines) sites where coding by the ] DNA segments
begin 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 cloned from the respective myeloma. (See Fig. 2 for the M141 y2b chain gene. The others are based on
unpublished sequence data.) We have identified, isolated and sequenced two rearranged V genes, one from HOPCS and the other from
MOPC173. The V regions encoded by these rearranged V genes are different from the published ones, and are therefore referred to as H8-I1I and
M173-1I. It is not clear whether these V genes are part of the active heavy-chain genes of the respective myelomas. The putative sites for the
heavy-chain genes of S107, M167, M315, A4, J539, M173 and M21 were deduced by comparing the J-peptide amino acid sequence of each
heavy chain with the DNA sequence of the corresponding J DNA segment (Table 1).

the universal Cys at position 95. 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 V genes ends in the immediate
vicinity of the 97th triplet. If so, coding gaps of various lengths
exist in the majority of the cases listed in Table 1. As suggested
above, these residues must be encoded elsewhere in the genome.
The gaps in the heavy chains of four myelomas, A4, E109, Uet
and A47N, are the shortest: only the first letter of Gly 98 is
unaccounted for. Similarly, only several more bases are neces-
sary to code for the HV3 of the J558 « chain. Previous studieson
x-chain genes indicated that the 3" end of a given germ-line V
gene may not be precisely fixed and could shift within a range of
several nucleotides’. If the same applies to the heavy-chain
genes, the heavy chains with shorter HV3, such as those of A4,
E109, U61 and 1558, could be fully encoded by the respective
germ-line V gene and the ] DNA segment. It thus seems that in
some cases the germ-line V DNA segment directly joins with the
JDNA segment, as is the case in the light-chain genes. However,
it is also possible that the assembly of the Vy always occurs in
two steps, but that in some cases the D segments are very short
or do not even contribute to protein encoding at all.

In either case, by modulation of the joining sites and by
various combinations of these DNA segments, diversity could
be generated in the third hypervariable region of heavy-chain
molecules. However, the location and 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 clustered
between the V DNA segments and the J DNA segments. In
either case we assume that the order of the V, 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.

Sequence characteristics around the
V and J joining sites

We have previously reported that the five Jx DNA segments and
the one JA DNA segment are preceded by two blocks of short,
conserved sequences: a palindromic hexamer interrupted by an
AT base pair at the centre of symmetry, CACTGTG, and a
nanomer, GGTTTTTGT (ref. 7). Similar sequences are also
present 5’ to all four Ji; DNA segments, although deviation from
the basic sequences seems to be slightly higher for the Jy
segments than for the J, segments (Table 2). We also reported
previously that germ-line Vk and VA DNA clones contain
inverted complements of the nanomer and heptamer in the
3'-noncoding regions. As shown in Fig. 2 and summarized in
Table 2, the same or similar sequences are also present in the
equivalent positions of the germ-line V4,41 gene clone. Based on
the fact that these sequences are highly conserved, we propose
that they constitute recognition signals for the putative recom-
binase. The finding of similar sequences near the heavy-chain
gene DNA segments strengthens the validity of this hypothesis.

In the case of Jus, two sequences, CACAATG and
CAATGTG, are closely related to the basic heptamer sequence,
CACTGTG. Similarly, two sequences, TATTGTG and
TACTATG, are present near the 5’ end of Jy, (Fig. 4). In these
cases it is not clear which of the two sequences constitutes part of
the proposed recognition signal.

The presence of the closely related conserved sequences in the
corresponding positions of both light- and heavy-chain germ-
line V genes and their ] DNA segments suggests that all recom-
bination events necessary for the generation of complete,
somatic V genes are carried out by the same or a similar
mechanism. We predict that the similar recognition sequences
are also present on both sides of the D DNA segments.
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An additional feature of the conserved signal sequences is the
striking regularity in the length of the spacer between the
heptamer and the nanomer. As summarized in Table 2, in
almost all cases the spacers are 12 or 23 base pairs long. One
exception is one of the two alternative cases of Jy,, where the
spacer is 31 base pairs long. As a DNA double helix completes a
turn every 10.4 base pairs®®, the above indicates that the internal
boundaries of the heptamer and the nanomer of a given DNA
segment are orientated in nearly the same direction relative to
the axis of the helix, regardless of the length of the spacer. The
spacers of all Vk segments correspond to one turn, and those of
VA and VA to two turns. The spacer of Viy,4: is two turns long.
All J« spacers are two turns whereas the JA; spacer is one turn.
All spacers of the four Jy segments are two turns. The 31-base
pair spacer, one of the two alternative spacers of Jy,, could be
considered as an exceptional three turns. It should be
emphasized that although the lengths of the spacers are conser-
ved in a given type of gene segment, their sequences have
diverged widely.

A model of the joining enzymes

The above mentioned features around the joining sites suggest
some predictions about the nature of the recombinases. In both
A and « light-chain V-J joinings, one partner in the recom-
bination displays the heptamer and nanomer one turn of the
helix apart from the recombinase, and the other displays these
sequences two turns apart. We predict that the recombinase
contains two DNA-binding proteins: one recognizing the
heptamer and nanomer one turn apart, and the other recogniz-
ing them two turns apart. As the two partners carry essentially
identical recognition sequences, the two DNA-binding proteins
would be structurally closely related.

The germ-line V141 gene and all J; segments show the recog-
nition sequences separated by two-turn spacers. If the D seg-
ment contains recognition sequences with one-turn 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
the assembly of immunoglobulin V genes would follow a one-
turn/two-turn spacer rule.

The two recombinase components hold the two recombining
partners together and cut and rejoin the strands in the vicinity of
the heptamers. As the recognition sequences of one partner are
complementary to those of the other, it is possible that intra-
strand base pairing occurs, however transiently, in the enzyme-
DNA complex and facilitates the ligation reaction.

This rule prohibits some unwanted recombinations, such as
those between VA and J«, and Vk and JA. However, some other
unwanted recombinations, such as those between Vi and JA, D
and Jx, and VA and Vi, could occur. This may be the reason that
the three gene families are distributed in three different
chromosomes.

The switch recombination sites for the
complete y2b gene of MOPC141

Our previous electron microscopic studies'® demonstrated that
the complete y2b gene clone M141-P21 shows some homology
to the germ-line Cu gene clone MEP203 and some to the
germ-line Cy2b gene clone MEP3. As shown in Fig. 1, the
homology between clone M141-P21 and MEP203 is 2.4 kilo-
bases long and extends, on M141-P21, from the 3’ end of the V
DNA segment to asite 1.2 kilobases 5' to the Cy2b gene, and, on
MEP203, from the J, DNA segment to a site 2.5 kilobases 5' to
the C. gene. The remaining part of the 3.6-kilobase V-Cy2b
intron of the complete y2b gene and the sequence that follows
this part are entirely homologous to the germ-line Cy2b gene
clone. The restriction enzyme maps of the three DNA clones
shown in Fig. 3B confirm the results of the electron microscopic
studies. Thus, the cleavage sites present in the first 2.2-kilobase
portion of the V-Cy2b intron are also present at the cor-

Table 2 The two conserved blocks of sequences near the V-J or V-D-J
joining sites

J DNA
segments Nanomers Heptamers Ref(s)

Tkl GGTTITTGT 23 CACTGTG 7,13

T2 AGTTTTTGT 23 CAGTGTG 7,13

Jx3 GGGTTTTGT 21 CACTGTA 7,13

Jkd GGTTTTTGT 24 CACTGTG 7,13

IS5 GGTTTTTGT 23 CACTGTG 7,13

JAl GGTTTTTGC 12 CACAGTG 6

Jm AGTTTTAGT 22 GACTGTG *

T GGTTTTTGT 23 TAGTGTG *

Ja ATTTATTGT 21 CACAATG *
23 CAATGTG *

JHa GGTTTTTGT 22 TATTGTG *
31 TACTATG *

Basic

sequence GGTTTTTGT CACTGTG
V DNA
segments Heptamers Nanomers Ref.

Vik21C CACAGTG 11 ACAAAAACC 7

Vk21B CACAGTG 12 ACAAAAACC +

VK41 CACAGTG 12 ACATAAACC 8

VK2 CACAGTG 12 ACATAAACC 5

VA; CACAATG 22 TCAAGAACA 6

VA CACAATG 23 ACAAGAACA 4

VHia1 CACAGTG 23 ACAAATACC *

Basic

sequence CACAGTG ACAAAAACC

Two blocks of conserved sequences found in the 5'-flanking region of
J DNA segments and in the 3'-flanking region of embryonic V DNA
segments are compared. The numbers between the two types of
sequences indicate the distance between them in base pairs. The bases
different from those of the basic sequences in the corresponding posi-
tions are underlined. The refs from which the sequences were taken are
listed (* this paper; T G. Heinrich, personal communication).

responding positions of the germ-line Cu gene clone, whereas
the cleavage sites located in the rest of the intron and the DNA
stretch that follows are also found in the corresponding regions
of the germ-line Cy2b gene clone. The maps show that switch
recombination occurs between a pair of sites, one located within
the 750-base pair HindIII-HindIII segment of the germ-line Cp.
gene clone and the other within the 200-base pair EcoRI-
BamHI segment of the germ-line Cyx, gene clone, and
generates the 650-base pair HindIII-BamHI segment present in
the complete y2b gene clone (see Fig. 3B).

To understand this novel somatic event better, we determined
the nucleotide sequences around the switch recombination sites
(Fig. 5a). As expected, the 5' portion of the M141-P21
sequence is the same as the sequence of the germ-line Cp. gene
clone, MEP203, whereas the 3' portion is identical to the
sequence of the germ-line Cy2b gene clone, MEP3. The exact
p—v2b switch recombination sites are indicated by a vertical line
in Fig. Sa. We propose to refer to the p—y2b switch sites on the
germ-line Cp. gene and the germ-line Cy2b gene as Su(y2b) and
Sv2b(w), respectively.

Sequences around the p—y2b switch sites

Are there any characteristic sequences around the p—y2b switch
sites that might be considered as part of the recognition signal
for the recombinase? As shown in Fig. 5a, two short blocks of

TCCTGG AGA .
and , present in front of (towards
AGGACC TCT

the 5' side of) Sp.(y2b) are also present near the Sy2b(u) site in
the equivalent positions. The two sets of sequences are in the
same orientation relative to the direction of transcription, and
thus, differ from those sequences conserved near the V-J joining
sites not only in the sequence content but also in the relative

sequences,
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Embryonic i TTAATGAATTTGAAGTTGCCAGTAAAT GTA @- GTT TGGTATCAAAGGACAGTGCTTAGATCCAAGGTGAGTGTGAGAGGACAGGGG
(MEP203) AATTACTTAAACTTCAACGGTCATTTACATGAR CAACAAT ACCATAGTTTCCTGTCACGAATCTAGGTTCCACTCACACTCTCCTGTCCCC
Embryonic y2b TCAGGCAGAAGAATAGCTTGGCTGCAGAGAATCCTGAGGGCCAG TTGTCCGATTGAGCAGGARCATAGGCAGGAARAGGCCCTGGCACTGACATT
(MEP3) AGTCCGTCTTCTTATCGAACCGACGTCTCTAAGGACCCCCGGTC AACAGGCTAACTCGTCCTTGTATCCGTCCTTTTCCGGGACCGTGACTGTAA
MOPC141 Y2b TTAATGAATTTGAAGTTGCCAGTAAATGTAC m GTT. TTGTCCGATTGAGCAGGAACATAGGCAGCARAAGGCCCTGGCACTGACATT
(M141-p21) AATTACTTAAACTTCAACGGTCATTTACATGAR daACAAT! AACAGGCTAACTCGTCCTTGTATCCGTCCTTTTCCGGGACCGTGACTGTAA

W * ¥2b
b

T;II:"A?ACTTATI‘TCGG’I'PGAACATGCI‘GG'I'I‘GGI‘GGTI‘GAGAGGACACTCAGTCAGTCAGTGGCGTGAAGGGCI"I‘CPAAGCCAGTCCACATGCTC'I’GTGTGAACTCCCTCTGGCCC‘I‘GCI‘
a.

TATTGTTGAATGGGCCARAGGTCTGAGACCAGGCTGCTGCTGGGTAGGCCTGGACT TTGGGTCTCCCACCCAGACCTGGGAATGTATGGTTGTGGC TTCTGCCACCCATCCACTTGGCTG

CTCATGGACCAGCCAGCCTCGGTGACT TTGAAGGAACART TCCACACARAGACTCTGGACCTCTCCGARACCAGGCACCGEAAN GACAGAGGCAGCCACAGCTGTGGCTGCTCT
va

HinfI Ava
nggm'rmcr GTTTCT GmAAGAGGGACTSI}nGEgTTCAGTCATI‘ GCTTTAGGGGGAGAAAGAGACATTTGTGTGTCT TTGAGTACCGTTGTCTGGCTCACTCACATTTAACTTT
i
CC'I'I‘GAMAACTAGTAAAAGAAAAATGTTGCCTG'X‘TMCCAATMTCATAG%GC?CATGG'I'A’I"I‘TTGAGGAM’I'CI‘TAGAAAACGTGTATACAATTGTCTGGAA’I‘I‘ATTTCAGTTMGTG
ac
TATTAG’I'I‘GAGGTACTGATGCTGTCTCTACITCAG’ITATACATGTGGGTTI‘GMmgAA}?TA’I‘TCTGGCTCTTCITAAGCAGAAAATTTAGATAAAATGGATACCI‘CAGTGGTI‘TTT
in

AATGGTGGG'I'I'I‘AATATAGAAGGAATTI‘AAATI‘GGAAGCTAA’ITTASAA?gMGTAAGGAGGAGACE_CAGGCTAAGAAGGCAATCCI‘GGGAT':C'I‘GGAAGAAAAGATG’I‘T’I'I’I‘AGTTTI‘I‘A
in va HinfI

TAGAAAACACTACTACATTCTTGATCTACAACTCAATGTGGTTTAATGAATT TGAAGTTGCCAGTAAATGTACTTCCTGGTTGTTAAAGAATEG TATICAAAGGACAGTGCTTAGATCCAA

-
GGTGAGTGTGAGAGGACAGGGGCTGGGGTATGGATACGCAGAAGGAAGGCCACAGCTGTACAGAAT TGAGAAAGARTAGAGACCTGCAGTTGAGGCCAGCAGGTCGGCTGGACTAACTCT

CCAGCCACAG'I'AATGACCCAGACAGAGMGGCCAGACICATA}AIAGSEGCTGAGCAAAATTAAGGGAACAAGG’I'I‘GAGAGCCCTAGTAAGCGAL:&:L TCTAARAAGCATGGCTGAGCTGAG
11

ATGGGTGGGCTTCT: TGAGgG?I‘TCTAAAA‘I‘ggGgl‘AAAgGAQGTGA’ITACT G
-3 2

CGCTAAGCTAAACTAGGCTGGCTTAACCGAGATGAGCCARACTGGAATGAACTTCATTAATCTAGGTTGAATAGAGCTAAACTCTACTGCCTACACTGGACTGTTCTGAGCTGAGATGAG

CTGGGGTGAGCTCAGCTATGCTACGCGTGTTGGGGTGAGCTGATCTGAAATGAGCTACTCT GGAGTAGCTGAGATGGGGTGAGATGCGGGTGAGCTGAGCTGGGCTGAGCTGGACTGAGCT
Sacl

GAGCTGAGCTGGGGTGAGCTGAGCTGAGCT GGG T GAGCTGAGCTGAGCTGGGGT GAGCT GAGCTGAGCTCGGETGAGCTGAGCTAGECTGARCTGGGCTGGGTGAGCTGGAGTICAGCTG

GTGCTGAGGGGAGCTGGATTGAACTGAGCTGTGTGAG

AGCTGAGGTGAACTGGGGTGAGCCGGATGTTTIGACTTGAGCTGGGGTAAGATGAGCTGARCTGGGGTAAGATGGGATGA
Hpall

CI‘GAGQGGGGTCAGMQCAAGAQGAQTAGAGMGGCCAAGAAQLA_A_;GIAA%AATTAGGMTGAGCCAGA'I‘T}?%GCTGGGATCAGCTGTACECAGATGAGCTGGGATGAG
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Fig.5 a, Nucleotide sequences around the .(y2b) switch recombination sites in clones MEP203, MEP3 and M141-P21. Sequencing strategy is

shown in Fig. 3B. The recombination sites are indicated by the vertical line designated by S. The two blocks of sequences commonly present in the

5' side of the recombination sites of the embryonic u and y2b gene clones are in boxes. b, The nucleotide sequence of 5'-flanking region of Cp.

DNA surrounding the switch recombination site for M141 y2b gene. The 1.8-kilobase Xbal-HindIIl segment (Fig. 3Bd) was sequenced

according to the strategy shown in Fig. 3Bd. Two regions (X and Y) homologous to the M141 v2b switch site (§) are indicated and common
sequences GGTA and CAPuG are in boxes. Pentameric sequence CTGAG or its related sequences are underlined.

orientation. Although it is not clear whether these sequences are
indeed recognized by the recombinase, the results suggest that
the enzymatic mechanism for the p—y2b switch recombination is
quite different from that for V-J joining.

Sequences of the 5'-flanking region
of the germ-line Cp. gene

Recently, Davis et al.*® isolated a complete o heavy-chain gene
clone from MOPC603 that carries both Vi and Ca genes.
Heteroduplex analysis of this clone against the germ-line Ca and
Cp gene clones suggested that the complete o heavy-chain gene
is also generated by a switch recombination that involves the
5'-flanking region of the germ-line Cp. gene. The Sp(a) site was
mapped between the two HindIII sites at 2.2 and 1.3 kilobases,
respectively, from the Cp. gene (see Fig. 3Bc). Thus, the p—a and
u—y2b switch recombinations seem to use different sites in the
5'-flanking region of the germ-line Cp. gene. This suggests that

there may be several different switch sites in this region, possibly
one at least for each of the six heavy-chain classes or subclasses,
with the possible exception of the  chain. (The behaviour of B
cells suggests that n-8 switches probably do not occur*°.)
We therefore extensively sequenced the 5'-noncoding region
of the germ-line Cp gene clone, MEP203. Fig. 3Bd shows the
restriction map of the 2.2-kilobase region preceding the Cp.
gene, and its complete nucleotide sequence is shown in Fig. 5b.
We searched for sequences that had a resemblance to those
found near the Su(y2b) site and found two, which are referred to
as X and Y and are located, respectively, around 0.6 kilobases
upstream and 0.3 kilobases downstream of the Su.(y2b) site (Fig
5b). All three sequences share a tetranucleotide, GGTA, and a
pentanucleotide, CAPuAG. However, the two sequences,
TCCTGG and AGA, commonly present in the regions 5’ to the
Si(y2b) and Svy2b(p.) sites, are absent in the vicinities of X and
Y. Itis premature to predict that X and Y are indicative of switch
recombination sites. Cloning and sequence analysis of complete
heavy-chain genes of various classes and subclasses will clarify
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the matter. (Recently, we learned that the Y sequence is indeed
used for the recombination of the y1 gene sequenced by Kata-
oka et al.”' (N. Takahashi and T. Honjo, personal com-
munication).)

In the 0.8-kilobase region extending from the 5’ side of the Y
sequence to the HindIII site, a pentameric sequence, CTGAG,
or its close variants are repeated in tandem. As the Su(a) site
reported by Davis et al.*° falls within this region, involvement of
the repeated sequence in the p—a switch recombination can be
invoked. Indeed, our recent DNA sequencing study on the
germ-line Ca gene clone indicates that the same pentameric
sequences are prominent in the region where the Ca(p) site had
been mapped by Davis et al. (H.S., unpublished observations).

Clone MEP203 carries a deletion of about 3 kilobases which
seems to have occurred during the cloning or subsequent pro-
pagation of the clone in Escherichia coli. Restriction enzyme
maps of several independent Cp gene clones isolated by our
laboratory and another laboratory*® suggest that most clones
carry deletions of various lengths that map between the two
HindIll sites surrounding the Y sequence. As shown in Fig. 5,
this is the region where the pentameric sequences are repeated.
Our recent DNA sequencing studies on two independent Cp
gene clones carrying different deletions confirmed that these
deletions occur within the pentamer-rich regions.

The two types of somatic recombination

The present studies deal with two types of somatic recom-
bination required for the generation of complete heavy-chain
genes, namely V-D-J or V-J joining and switch recombination.
The two types of recombination are clearly different in several
aspects, although they both occur somatically during lympho-
cyte differentiation. Although V-D-J or V-J joining should
precede the synthesis of the free p chain detected in pre-B
cells*!, switch recombination almost certainly occurs after these
cells mature to small B cells bearing complete IgM molecules on
the cell surface. V-D-J or V-7 joining takes place at the margins
of two protein-encoding DNA segments and generates
complete V genes. In contrast, switch recombination occurs in
the sequences located away from the protein-encoding DNA
segments and in effect replaces the Cp exons of the complete
w-chain gene with exons coding for the C regions of other
heavy-chain classes or sub-classes, except, perhaps, for the &
class.

In V-D-J or V-] joining, the recombinant DNAs are to be
translated in the recombined regions. This imposes certain
restrictions on the precise cutting and joining sites because the
encoded polypeptide chains would have to fold properly to be
able to function as immunoglobulin subunits. Indeed, this type
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of recombination seems to occur within a short (several base
pairs) region adjacent to the conserved palindromic heptamer
present at the margin of every V and ] DNA segment studied to
date. However, the recombination site does not seem to be
unique in a given gene segment and this flexibility, however
limited, seems to have been exploited during evolution to
increase the genetic capacity of the organism’s antibody reper-
toire. Switch recombination can a priori occur anywhere within
the 7.5-kilobase intron separating the J DNA segments and the
Cp exons, and anywhere within a several-kilobase region
located 5' to the respective C exon of other classes, as long as the
transcription unit on the recombined DNA can encompass the V
and C exons and the transcript can be processed properly to the
mature mRNA. This suggests that switch recombination sites
may be scattered widely in these regions. Indeed, the Su(y2b)
site for the MOPC141 v2b chain and the Su(a) site for the
MOPC603 o chain are at least 500 base pairs apart. Further-
more, our recent studies demonstrated that in the EcoRI digests
of various myeloma DNA, the sizes of the DNA fragments
detected by the 3-kilobase Xbal-Xbal fragment carrying the
switch region (see Fig. 3Bc) are diverse, even among those
myelomas secreting the heavy chains of the same class or
subclass (R.M., unpublished observations). This suggests that
one or both switch recombination sites are not class or subclass
specific.

We previously proposed that the V-J joining can be consi-
dered as a reversal of an ancient, accidental insertion of an
IS-like DNA element carrying invertedly repeated sequences at
the margins’. In contrast, the evolution of immunoglobulin
chains suggests that the C exons of various heavy-chain classes
or subclasses arose by duplication of ancient Cp exons and their
flanking sequences*’. The switch recombination sites have
probably arisen from these duplicated flanking sequences by
making use of the sequence homology among them. Whether
the switch to various classes or subclasses is actively controlled at
the level of the DNA recombinations remains to be determined.

Early et al*® have independently reported the analysis of
M603 o heavy-chain V DNA and its germ-line V DNA and J
DNA. They found that the 18-base pair D DNA segment in
M603 V DNA is not accounted for by either germ-line V DNA
or J DNA. They also identified two heavy-chain J DNAs by
nucleotide sequencing that correspond to our Jy; and Jy,. Our
determined or predicted joining sites on Ji;; DNA for M603,
M167 and S107 heavy-chain genes are in agreement with their
direct sequencing of cDNAs for heavy-chain mRNAs prepared
from respective myelomas.

We thank Dr Michael Potter for myelomas and Ms L. Sultz-
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