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Identification and nucleotide sequence of a
diversity DNA segment (D)
of immunoglobulin heavy-chain genes

Hitoshi Sakano, Yoshikazu Kurosawa, Martin Weigert & Susumu Tonegawa

Basel Institute for Immunology, 487 Grenzacherstrasse, Postfach, 4005 Basel 5, Switzerland

A putative diversity segment of immunoglobulin heavy-chain genes (D segment) has been identified 700 base pairs 5’ to
Ju1 DNA on the germ-line genome of the mouse. This 10-base pair D segment is flanked by two sets of sequences related to

CACTGTG and GGTTTTTGT

GTGACAC

CCAAAAACA

which are possible recognition sites for a recombinase. The spacer separating the heptamer and the nonamer is 12 base pairs

long on both sides of the D segment. As the spacer separating the two signal sequences in Vi DNAs and Jy DNAs is
23+ 1 base pairs long, the two recombinations required for creation of a complete immunoglobulin Vi gene, a Vi—D joining
and a D-Jy joining, follow a 12/23-base pair spacer rule. Allelic exclusion is discussed with respect to D segments.

IT is well established that complete immunoglobulin variable
region genes (V genes) are generated by somatic DNA recom-
bination(s) during the development of B-lymphocyte cells'™'*, In
the light-chain genes of the mouse, in both A- and «-types, the
last 13 COOH-terminal residues of the variable region are
encoded by a separate DNA segment called J DNA (J for
joining) in the germ-line genome*~"*'°. Coding information for
the rest of the V region is contained in an embryonic V DNA
segment™*7%1° Accordingly, somatic recombination occurs
between the 3’ end of the V DNA and the 5’ end of the ] DNA to
generate a complete light-chain V gene*®®. The JA, (ref. 6) and
five Jx DNAs®>'° carry two blocks of sequences, one a palin-
dromic heptamer, CACTGTG, and the other a nonamer,
GGTTTTTGT, highly conserved in the 5'-noncoding regions.
These conserved sequences are invertedly repeated in the 3'-
noncoding regions of all embryonic VA and Vk DNAs
sequenced to date>*”*'°, Another striking feature around the
recombination site is that the spacer between the heptamer and
the nonamer'>!® in all V and J DNAs is 12+ 1 or 23+ 1 base
pairs long. In addition, recombination seems to occur only
between a V DNA with the shorter (12-base pair) spacer and a
JDNA with the longer (23-base pair) spacer or vice versa
(12/23-base pair spacer rule). Based on these observations
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Fig. 1 Southern blot analysis of mouse embryo and myeloma DNAs.
Mouse DNAs were digested with EcoRI, separated in 0.8 % agarose gels and
blotted to nitrocellulose filters according to the method of Southern?’. Filters
were then incubated with the nick-translated J,; probe (1.1-kilobase Sacl-
EcoRI fragment, see ref. 11), essentially as described by Wahl et al. *°.
Hindlll fragments of phage A DNA were used as size markers (in kilobases,
kb). For the cloning of a 5.2-kilobase Q52 fragment hybridizable with the J,;
probe, EcoRI digest of the myeloma DNA was fractionated in a 0.8%
agarose gel and DNA from the J; probe-positive fraction was eluted as
described previously*®. Recombinant phages containing the mouse DNA
were screened by in situ plaque hybridization*' with the J; probe.

Early et al.'? and Sakano et al."® predicted that the same or a
similar enzyme mediates the recombinations in both A- and
k-light-chain genes and that the recombinase consists of two
functionally distinct units, one recognizing the heptamer and the
nonamer separated by the shorter (12-base pair) spacer and the
other recognizing the same signal sequences separated by the
longer (23-base pair) spacer.

In contrast to the light-chain genes, heavy-chain J DNAs (Jy)
do not seem to associate directly with the heavy-chain V DNAs
(Vu). In the case of the y2b heavy-chain gene expressed in
myeloma MOPC141, the 14-residue peptide comprising the
third hypervariable region (HV3) beginning with Val (residue
98) and ending with Thr (residue 111) is encoded neither in the
germ-line V DNA nor in the J DNA'. A similar observation
has been made independently in an a heavy-chain gene'’.
Therefore, it is generally believed that the HV3 region of a
heavy chain is encoded by a separate DNA segment, D (D
segment for diversity'®), and that two recombination events,
Vu-D and D-Jy joinings, are necessary to form a complete
heavy-chain V gene. All germ-line V4 DNAs and J,; DNAs
sequenced so far have the conserved heptamer and nonamer
separated by the longer spacer. It has therefore been predic-
ted'>'? that germ-line D segments must contain the same
recognition sequences on each side of the coding segment and
their spacers must both be short ones, so that the 12/23-base
pair spacer rule is adhered to. However, no germ-line D
sequence has been reported to date and the predictions outlined
above still need to be verified. It was previously observed that
the DNA sequences are often rearranged in the Jy cluster in
some cloned T-cell lines'”'?, as well as in pre-B-cell lines'®'".
By the Southern hybridization method using a Jy cluster probe,
we observed that DNA rearrangements within the Ji cluster
region are not restricted to one allelic chromosome in most of
the myelomas. One intriguing possibility was that some of these
rearrangements were abortive, representing recombination
between a D segment and a Jy segment producing an
incompletely rearranged D-Jy; structure. We therefore cloned
some of the genomic DNA fragments containing the rearranged
Ju-cluster sequence from myelomas and characterized the
cloned DNA fragments. These studies led to an identification of
a potential germ-line D DNA segment, which is reported here.
This potential D DNA segment is flanked by the two pairs of
conserved sequences in inverted orientations, and the spacers
separating the two signal sequences are 12 base pairs long for
both.
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Fig.2 A, Electron micrograph (a) and
schematic interpretation (b) of a
heteroduplex molecule formed between
two EcoRI inserts, one from clone
ME184-8 (embryonic J) and the other
from clone Q52J (rearranged J from
myeloma QUPCS52). Procedures used
for the heteroduplex formation have
been described previously*. Clone
ME184-8 was prepared by Richard
Maki and contains, in a phage Awgg
vector, the 6.4-kilobase EcoRI embryo
DNA fragment carrying the four Jy
DNA segments whose sequences were
determined previously'® using another
DNA clone referred to as MEP203
(ref. 11). Numbers indicate lengths of
various parts of the heteroduplex in

QUPC 52

Embryo

A

kilobases. B, Restriction enzyme
cleavage maps of the J-containing
EcoRlI fragments. a, 5.2-kilobase insert
from the myeloma clone Q52J; b, 6.4-
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loop mapping and DNA sequenc- c
ing'**3. The D segment is identified in

the present study by DNA sequencing of the 5’ flanking region of Jy,. Strategy of the sequencing is shown in Bc. kbp, Kilobase pairs; bp, base pairs. The previously

published BamHI sites'* have been corrected.

Frequent rearrangements of the Jy4 region
sequences in myelomas

We analysed EcoRI digests of total DNA from 18 different
BALB/c myelomas by the Southern gel blotting method”® using
a Jy probe (Fig. 1). The embryo DNA gave a band of 6.4 kilo-
bases as expected from previous studies''. All but three
(MOPCS511, MOPC21 and MOPC321) myelomas gave one,
two or three bands that are all different from the embryo band.
MOPCS511 and MOPC21 each gave two bands, one of which is
indistinguishable from the embryo band. MOPC321 gave no
band. This myeloma synthesizes no heavy chain and presumably
lacks part of the heavy-chain gene sequences in question. In
some myelomas a very faint band can be seen at the position of
the embryo band, probably due to contamination of non-
myeloma cells in the solid tumours from which the DNA was
prepared. The variability in the number of bands among various
myelomas and in the intensity of bands within a myeloma most
probably reflects the fact that myelomas are usually not
diploid®’.

We assume that one rearranged band in each myeloma
represents the Vyu—D-Jy joining required for the formation of a
complete heavy-chain gene active in that myeloma. Although
the nature of the additional rearrangements observed in many
myelomas is unknown, the results show that sequence rear-
rangements are very frequent in the vicinity of the Jy cluster in
all copies of chromosome 12, on which the heavy-chain genes
reside®.

Embryo
a DQS52

UPCS2 12 m
b QD_J GAGTCCCTGTGGTCTCTGACTGGTGCAAGCGGAGCA ACAGTFAACTGGGA

DNA deletion on an abortively-rearranged
Ju fragment in myeloma QUPCS2

We chose the 5.2-kilobase QUPC52 (Q52) fragment for further
analysis and cloned it in the phage vector Awgs (ref. 23). The
cloned EcoRI fragment was analysed by heteroduplex forma-
tion using a germ-line Jy fragment (clone ME184-8) cloned
from the EcoRI digest of mouse embryo DNA. Asshown in Fig.
2A, the 5.2-kilobase myeloma fragment carries a 1.1-kilobase
deletion, which lies 3.0-4.1 kilobases from the 5’ end of the
embryonic J, fragment. By superimposing the heteroduplex
map on the restriction enzyme map of the embryonic clone, we
could locate the right end of the deletion near the Jy, DNA and
the left end about 0.7 kilobases 5’ to the J;; DNA (Fig. 2B).

D-like segment is attached to Jy DNA
on the abortive clone

To analyse the structure of the DNA segment joined to the Ji
region, we purified a 600-base pair Bg/I-BamHI fragment (see
Fig. 2Ba) from the myeloma clone and determined the nucleo-
tide sequence. Figure 35 shows the nucleotide sequence of a
110-base pair Hinfl-Hinfl fragment containing the deletion. As
expected, we found the Ju, sequence in the sequenced region.
By comparing this myeloma sequence with the germ-line Jy,
sequence (Fig. 3b, ¢) we found that the J, sequence starts with
the third nucleotide of the Asp codon at position 101 (number-

1 2 InLeuGly 1 2
GAGTCCCTGTGGTCTCTGACTGGTGCAAGGTTTTGACAAGCGGAGCAQTACAGTGL AACTGGGACXACGGTGRCGCGTGGCTCA TCTGTTTGGAGCTCTCCA

InLeuGlyYInGlyTyrTrpGlyGlnGlyThrThrLleuThrValSerSer
AGETACTGGGGCCAAGGCACCACTCTCACAGTCTCCTCAGGTGAG

23

c Embryoc

JH2

TyrPheAspTyrTrpGlyGlnGlyThrThrLeuThrValSerSer

JH2 GTTAGGCTACATGGGTAGATGGGTTTTTGT CACCCACTAAAGGGGTCTATGCTACTTTGAL‘TACTGGGGCCAAGGCACCACTCTCACAGTCTCCTCAGGTGAG

Fig.3 Nucleotide sequence of the D-J structure in a myeloma clone, Q527 (), and its germ-line sequences, J;;; (¢) and Dgs; (@). For the sequencing of b, a 110-base
pair Hinf-Hinf fragment containing a deletion was purified from a 600-base pair Bg/I-BamHI fragment (see Fig. 1 Ba), both ends labelled with [a-**P]-nucleoside
triphosphates, and the strand separated and sequenced in both directions according to the procedures described previously*”. The embryonic Jy;, sequence (c) was
taken from ref. 13. The embryonic Dy, region (a) was sequenced according to the strategy shown in Fig. 2Bc. Two blocks of conserved sequences,

GGTTTTTGT
CCAAAAACA

and

CACTGTG
GTGACAC

or their related sequences are boxed. Numbers indicate lengths of spacers separating the two conserved sequences in base pairs. Sequences in a and ¢ contributing the
coding region in b are underlined. The corresponding sequences in b are also underlined. Note that tetranucleotide AAGG in b between the two boundaries of Dqs,
and Jy; is not accounted for by either germ-line sequence. Vertical lines indicate possible recombination sites with D5, and J;;,. Encoded amino acid sequences are in

italics.
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Kpnl
GGTACCCCCATGGCTTCCCGGAGGCACTGCCCCACCCCCACCATCACAGACCTTTCTCCATAGT TGATAGCTCAGCAGAGTGAATGACAGATGGACCTCCATCTGCTCTTATTTTAAAAA 120

XhoI
GAAGACAAACCCCACAGGCTCGAGAACTTTAGCGACTGTTTTGAGAGAAATCATTGGT CCCTGACTCAAGAGATGACTGGCAGTTTGGGGATCAAGAATACCCATACTCTGTGGCTAGTG 240

Das2

12 12
TGAGGTTTAAGCCTCAGAGTCCCTGTGGTCTCTGACT GGTGCAR AAGCGGAGCAQCACAGTACAACT GGGAJCACGGTGACGCGTGGCTCARCAAAAACCTCTGTITGG 360
AGCTCTCCAGGGGCAGCCTGAGCT ATGAGGAAGTAGAGAGGCTTGAGAAATCTGAGGAAGAAAAGAGTAGATCTGAGAGGAAAGGTAGCT TT CTGGAGGTCAGGAGACAGTGCAGAGAAG 480
BamHT
AACGAGTTACTGTGGACAGGTCT TAGATGGGGARAGAATGAGCARATGCAAGCATCAGAAGGATAGATGCAATGTCCTGCCAAGGACTTACCAAGAGGATCCCGGACAGAGCAGGCAGGT 600
GGAGTTGACTGAGAGGACAGGGTAGGT GCAGGTTCCTCTCTCGT TTCCT TTCTCCTTCTCCTGTTTCCTTCCTCTCT TGTCACAGGTCT CACTATGCT AGCCAAGGCTAGCCTGAAAGAT 720
TACCATCCTACAGATGGGCCCATCCAGTTGAGTTAAGGT GGAARGATCTCTCCAAACATCT GAGT TTCTGAGGCTTGGATGCCACTGGGGACGCCAAGGGACTTTGGGCTGGGTTTIGGTT 840
GGCCCCACATGTAGGGCTACTTCACTGGGTCTATARTTACT CT GATGTGCTAGGACCAGGGGGCTCAGGT CACTCAGGTCAGGTGAGTCCTGCATCTGGGGACTGTGGGGTTCAGGTGTC 960

22 JH1 BStETL
CTAAGGCAGGATGTGGAGAGAGTITTAGIAT AGGAACAGAGGCAGAACAGAGACT GTGCTACT GGTACT TCGATGTCT GGGGCGCAGGGACCACGGTCACCGTCTCCTCAGGTAAGCTGS 1080
-

Fig. 4 Nucleotide sequence of the 5'-flanking region of J;;; DNA. Strategy for the sequencing is shown in Fig. 2Bc. The Jy;, sequence and some of the 5'-flanking
sequence have been published elsewhere'>'*%*, The Dq;, and Jyy; segments are underlined. Two blocks of conserved sequences,

GGTTTTTGT CACTGTG
CCAAAAACA GTGACAC

or their related sequences are boxed. Numbers indicate the lengths of the spacer separating the two conserved sequences in nucleotide bases.

and

ing is after Kabat ef al.?*). The myeloma sequence of the
3'-flanking region of Ji, is identical to the embryonic sequence
(data not shown). Thus, the right end of deletion was identified
between the second and third nucleotides in the Asp codon (Fig.
3b). We then examined the sequence preceding the Jy, on the
myeloma clone. As shown in Fig. 3b, a palindromic heptamer,
CACAGTG, and a T-rich sequence, GGTTTTGAC, closely
related to the nonamer GGTTTTTGT, are present 14 and
26 base pairs, respectively, 5' to the recombination site. The
spacer separating the heptamer and the nonamer is 12 base pairs
long. These structural features of the DNA attached to the
Q52 Jy, sequence fit the predictions made for the D segments.
We could not find any V-like sequence on the 5’ side of the
recombination site, and this would have been easy to detect, as
the sequence at the end of V DNA coding for residues 90-94 is
highly conserved®’.

Identification of a germ-line D segment

If the rearrangement on the QS5S2 clone represents the deletion
between a D segment and a Jy segment, the germ-line D
sequence must be on the 6.4-kilobase embryonic J fragment.
As shown in Fig. 2, the left end of the deletion on the Q52 clone
has been mapped 0.7 kilobases 5' to the J;;; DNA on the germ-
line clone. We therefore extensively sequenced the 5'-flanking
region of the J; DNA cluster on the embryonic clone. Figure 4
shows the complete nucleotide sequence of the 1-kilobase
region upstream from Ji;; DNA. As predicted, about 700 base
pairs 5' to the Jy; we identified the same sequence as found on
the 5' side of Q52 Ji, DNA. In this germ-line sequence another
set of the palindromic heptamer and the T-rich nonamer are
invertedly repeated on the 3’ side (Figs 4 and 3a). Again the
spacer separating the heptamer and the nonamer is 12 base
pairs. Accordingly, this germ-line sequence has the structure
predicted for the germ-line D segment. In the D-like segment
identified here, a 10-base pair DNA stretch is flanked by two
palindromic heptamers,

CACAGTG CACCGTG
GTGTCAC GTGGCAC
and further flanked by A + T-rich nonamers,
GGTTTTGAC and ACAAAAACC
CCAAAACTG TGTTTTTGG

12 base pairs outside. This 10-base pair segment can code for
three amino acid residues, Gln-Leu-Gly, Asn-Trp-Asp or Thr-
Gly-Thr. Although no published mouse HV3 sequence cor-

responds to these hypothetical peptide sequences, we tenta-
tively refer to this potential D segment as Dgs..

The tetranucleotides, AAGG, adjacent to the recombination
site on the Q52 Jy, DNA cannot be explained by either the
germ-line Jy, or the Dgs, sequence (Fig. 3), and at present the
origin of this sequence is unknown. We looked for another
germ-line D segment encoding the tetramer between the Dgs,
and J;;; sequences and found none (Fig. 4). As shown in Fig. 3a,
the coding sequence in the embryonic Dgs, segment is followed
by pentanucleotides CACGG. If we assume one nucleotide
deletion and one nucleotide substitution in this pentamer, the
tetramer AAGG could be generated. These events might have
occurred somatically on recombination (see the accompanying
article’’ for more discussion on this point).

In the hope of finding another D segment, we extensively
sequenced the 1.3-kilobase segment 5’ to Dqs, according to the
strategy shown in Fig. 2Bc (sequence not shown). However,
detection of another D or D-like sequence was unsuccessful:
therefore, germ-line D segments do not seem to be as tightly
clustered as are J; DNAs.

Generality of the 12/23-base pair spacer rule

The present study extended the 12/23-base pair spacer rule'*'?
to germ-line D segments. It thus seems that all recombinations
leading to formation of a complete V gene are mediated by the
same or similar enzymes. These enzymes are thought to contain
two DNA-binding proteins, one for a DNA segment carrying
the heptamer and nonamer separated by a short (12-base pair)
spacer and the other for a DNA segment having essentially the
same short sequences separated by a long (23-base pair)
spacer'>'*. As the two pairs of the putative recognition
sequences are in an inverted orientation relative to the cor-
responding coding DNA segments, they could form a transient
intermediary duplex if it is stabilized by the recombinase®'’.

D-Ju joining accompanies a deletion

It seems to be a general rule that sequence rearrangement
involving immunoglobulin genes accompanies a deletion of the
DNA sequence which separates a pair of joining DNA segments
on a germ-line genome. Experimental evidence for this rule was
first obtained for V-J joining of the A;-type light-chain gene®,
and was confirmed in a subsequent experiment®® in the «-type
gene. There is also evidence that deletions accompany heavy-
chain joining'®?°. Furthermore, a number of groups reported
results which strongly suggest that the same rule applies to the
‘switch recombination’ of heavy-chain genes®*’>>**, All the
evidence is based on hybridization analysis of mouse DNA using
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an appropriate probe. The heteroduplex molecule, formed
between the embryonic Jy clone and the Q52 Jy clone, provides
the most direct evidence for the involvement of deletion in D-J4
joining. As the size of the cloned DNA fragments corresponds
well to those of the fragments detected by Southern gel blotting
analysis, the deletion cannot be attributed to cloning artefacts
(see Fig. 1 for clone Q52 Jy).

D-Jy joining and allelic exclusion

Unlike all previous autosomal gene studies, only the gene on one
of the two homologous chromosomes is active in a given cell for
immunoglobulin chains®'~**, This ‘allelic exclusion’ is mani-
fested in several ways for light chains. A common form is that
one copy of the chromosome contains a rearranged, complete
gene, and the other retains the germ-line configuration®. Alter-
natively, both alleles are rearranged, but one abortively in
several different forms (refs 5, 18, 33-36, 45-48 and P. Kennedy
and S.T., unpublished). At the heavy-chain locus, rearrange-
ments on both copies of the chromosome seem to be very
common (Fig. 1), and lack of rearrangement as observed in light
chains does not seem to be a common form of allelic exclusion.
The demonstration that the heavy-chain locus includes D DNA
segments suggests a unique way in which this locus can be
abortively rearranged. As shown here for myeloma QUPCS52,
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Identification of D segments of immunoglobulin
heavy-chain genes and
their rearrangement in T lymphocytes
Yoshikazu Kurosawa, Harald von Boehmer, Werner Haas, Hitoshi Sakano,

André Trauneker & Susumu Tonegawa

Basel Institute for Immunology, 487 Grenzacherstrasse, Postfach, 4005 Basel 5, Switzerland

The finding that the diversity (D) and joining (Jr1) but not the variable (Vi) DNA segments of mouse immunoglobulin
heavy-chain genes are joined in the DNA of some cloned cytolytic T cells, led to identification and sequencing of three
different D DNA segments. Two segments identified on the embryo DNA carry on both the 5' and 3' sides two sets of
characteristic sequences separated by a 12-base pair spacer, which have been implicated as recognition signals for a
recombinase. The third segment, identified in a form joined with a Ju DNA segment in a T cell, carries the recognition signal
on the 5' side. These results support the 12/ 23-base pair model for somatic generation of immunoglobulin V genes, and rule
out the possibility that the cytolytic T cells use assembled Vi, D and Jy sequences to encode their antigen receptors.

germ-line genome''°. These DNA segments are assembled into
a continuous stretch with concomitant deletion of the spacer

THE variable region of an immunoglobulin chain is encoded in
multiple DNA segments scattered along a chromosome of a
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