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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and S.T., unpublished).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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the unexpressed chromosome contains a D-J segment.
Although allelic exclusion at the heavy-chain locus could be
manifested by other forms of abortive rearrangement observed
in the light-chain loci, the existence of D segments may provide
additional forms. One might imagine that in addition to D-J
joining V-D joining can occur.

The analysis of myeloma DNA indicates that rearrangement
in the vicinity of J DNA segments is much more frequent in
heavy-chain genes than in light-chain genes. This distinction
also applies to normal B cells: little, if any J;; was observed in the
germ-line configuration®’, whereas unrearranged J« is observed
in significant amounts*®, The reason for this difference is not
clear, However, it is reasonable to assume that the frequency of
joining of two separate DNA segments increases as the number
of segments increases and/or as the distance between them
decreases. If there are many D segments (see the accompanying
article'’) and if they are close to J segments as Dqs; is, D-J
joining could account for more frequent abortive rearrangement
in the heavy-chain locus.
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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,
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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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sequences during differentiation of B lymphocytes. The somatic
rearrangement of DNA sequences is considered to have key
roles in both somatic amplification of antibody diversity and
determination of the specificity of lymphocyte clones. In mouse
light chains of both A and « types, two DNA segments, Vand J,
are separate in the germ-line genome and are joined in the
lymphocytes which express these DNA segments'™. The V and
J segments code for about 95 residues at the NH,-terminal and
about 13 residues at the CO,H-terminal ends of the V region,
respectively’™®. In contrast, DNA sequencing analysis of
heavy-chain genes suggests that the Vy region is encoded by
three DNA segments referred to as Vy, D and Jy, and somatic
joining of the three DNA segments is necessary to generate a
complete heavy-chain V gene®®, The D DNA segment encodes
the third hypervariable region, which determines in part the
shape and size of the antigen-combining site'*2,

The abovementioned sequence rearrangement of immuno-
globulin genes should occur during the development of B
lymphocytes before the appearance of the first detectable
immunoglobulins. Does an analogous or similar rearrangement
occur in the precursors of T lymphocytes, which share a common
stem cell with B lymphocytes? This question is particularly
important because of the possible use of the immunoglobulin
V gene pool by T cells for coding their antigen-specific recep-
tors'>'®, One approach to this question is to analyse DNA of
cloned T cells by the Southern gel blotting procedure using a J
DNA sequence as the hybridization probe. A V-] or V-D-J
joining will be monitored by a difference in the size of DNA
fragments detected in embryo (or kidney) and T-cell DNA. We
have therefore applied this technique to several cloned cytolytic
T cells, and show here that sequence rearrangements frequently
occur in T cells in the vicinity of the Jy sequences. Similar
findings have been reported by two other groups with T-
lymphoma lines'” and cytolytic T-cell lines'®. However, our
further analysis of two T-cell clones by recombinant DNA
techniques demonstrates that the rearrangements observed in
these T-cell clones are D-J joinings rather than V-D-J joinings.
This led to the identification of two D DNA segments on the
germ-line genome. One of the three D DN A segments described
here was found to be identical to the D segment that was
independently identified in our laboratory during the parallel
analysis of an abortively rearranged sequence observed in the
myeloma QUPC-52 (ref. 19).

T-cell DNA sequence is frequently
rearranged in the
vicinity of the Ju cluster

We have previously identified a cluster of four Jy DNA seg-
ments’ on a 6.4-kilobase EcoRI fragment cloned from BALB/c
embryos (clone MEP203)°. A 1.1-kilobase Sacl-EcoRI frag-
ment derived from the 3’ end (relative to orientation of tran-
scription) of this fragment (a Ji probe) would detect, when used
as a hybridization probe on Southern blots of cellular DNA
digested with EcoRI, sequence rearrangements that have
occurred within the 6.4 kilobase EcoRI fragment. The results of
various cytolytic T-cell clones and three thymomas are shown in
Fig. 1a. The cytolytic T-cell clones, except B6.1, were confirmed
for their functional activity before extraction of DNA. The
embryo or kidney DNAs of five different mouse strains—
BALB/c, C3H, C57BL/6, AKR and DBA—all gave the
expected fragment of 6.4 kilobases previously identified. The
DNA of three cytolytic T-cell clones—DAS 1, D.FL.2,
D.FL.13—and two thymomas—BW 5147 and T5-—each gave a
single band indistinguishable from that of embryos or kidneys,
suggesting that no gross sequence rearrangement has occurred
in these cells within the 6.4-kilobase EcoRI fragment. [The faint
bands observed above the 6.4-kilobase band in D.FL.2 and
D.FL.13 DNA are due to incomplete digestion as demonstrated
by separate experiments (data not shown).] In contrast, DNA of
six cytolytic T cells—C.SP.2, C.FL.1, B6.1, D.FL.1, D.FL.12
and D.FL.16—gave one additional band of 5.5, 5.3 or 4.0

Table 1 Germ-line and myeloma D sequences

Germline D

Osp2.1 7C TACTATGGTANG

Dgpa.2 TC TACTATGATTACG AC

Bos2 C AACTGGGAC

Myeloma D

5107 TACTACGGTAGTA

M603 TACTACGGTAGTA C

M167 G GACTACGGTAATA GCTACTTTG
MCl01 AGG GACTACGTTAGTA GGTACGACCC
MPCl1 GGGATT TACTACAATAGTA GCCC

M141 CGTCTCAATTTAT TACTACGGTCGTA GCGACAAATACTTCACTT
M173-II TGCCCCTCTAC TACTACAGTTACA GCGGGGGTT
H76 CCGGGGGTCCCC

Three germ-line D sequences identified in the present study are compared with
the D region sequences of the eight complete Vi, genes present in the indicated
myelomas. For Dgp, , and D, the sequences between the palindromic heptamers
are shown. The Dgp, ; has been identified only in a form joined with the J,;,
segment and therefore its exact 3' boundary is unknown. For S107 (ref. 8), M603
(ref. 8), M167 (ref. 8), MC101 (ref. 27) and M141 (ref. 7) the DNA sequences of
both the complete (rearranged) and the embryonic (unrearranged) V,, genes are
known. These sequences and the embryonic J;; sequences’ were used to deduce
the 5’ and the 3’ boundaries of these D regions. For MPC11 (ref. 28), M173-11
(H.S. and Y K., unpublished) and H76 (ref. 9), only the DNA sequences of the
complete Vi genes are known and therefore the 5’ boundaries are ambiguous. The
3’ boundaries were deduced as above. All sequences are aligned for the maximal
homology. The D regions of $107 and M603 contain a 13-mer (underlined) which
is a perfect palindrome around the central G. The homology present between each
of the other D sequences and the 13-mer is also indicated by underlining, The
homology between H76 and M173-1II D sequences is indicated by double under-
lining.

kilobases. This indicates that some of the two or more copies of
chromosome 12 [some T cells are polyploid (H.v.B. and W.H.,
unpublished)] in these T cells have undergone sequence rear-
rangement involving the 6.4-kilobase embryonic fragment. In
one cytolytic T-cell clone, D.FL. 4, and one thymoma, WC2, no
6.4-kilobase embryonic fragment was observed. The presence
of two non-embryonic bands, of 5.5 and 5.3 kilobases, in D.FL.4
suggests that sequence rearrangement has occurred on both
(assuming diploidy) chromosomal copies in different ways. In
contrast, WC2 seems to contain only one copy of the 6.4-
kilobase sequence and sequence rearrangement has occurred in
this fragment. Thus, we have observed sequence rearrangement
in 8 out of 13 cytolytic T-cell or thymoma clones. In the
majority, rearrangement occurred only in some but not all of the
copies of chromosome 12. The sizes of the rearranged fragments
seem to fall into three categories—5.5, 5.3 and 4.0 kilobases.

Two DNA clones from two

cytolytic T cells

We chose B6.1 and C.SP2 for further studies and cloned the
rearranged DNA fragments of 5.5 and 5.3 kilobases, respec-
tively, using a Awes vector’®; we refer to these fragments as
B6B1 (short-term B6) and SP2B1 (short-term SP2), respec-
tively. Electron microscopic examination of the heteroduplex
molecules formed between either of these T-cell DNA clones
and the 6.4-kilobase embryonic EcoRI fragment (clone
ME183-8) allowed mapping of the recombination sites. The B6
and embryo DNA fragments gave a single-stranded DNA loop
flanked by double-stranded DNA arms (Fig. 2a). In contrast,
the SP2 and embryo DNA fragments gave Y-shaped hetero-
duplexes. Measurement of the various parts of the heteroduplex
molecules indicated that the B6 DNA fragment has undergone a
1.2-kilobase deletion in a region immediately adjacent (5’ side)
to the Jy, sequence. In contrast, the entire sequence 5’ to Jy; is
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Fig. 1 a, Hybridization of T-cell and
thymoma DNA with the J,; probe. High
molecular weight DNA was prepared

from various cloned cytolytic T cells and
thymomas by the procedure described
previously®®, digested to completion

with EcoR], and fractionated on 0.8%

agarose gel by electrophoresis. The

DNA was denatured and transferred in

situ to mitrocellulose filters (Schleicher

and Schuell, BAS8S5) essentially as 6.4__
described previously®, The filters were 5%:__
incubated for hybridization with nick- 5.
translated J,, probe (1.1-kilobase Sacl- 40—
EcoRI fragment indicated in Fig. 34)
according to the published procedures®.
Characteristics of the various cytolytic
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cells have been described
previously®'**. C.SP.2 and C.FL.1 are
derived from C3H, B6.1 from

C57BL/6, DAS 1 from AKR/DBA F1, kb
all D.FL clones from DBA, and thy-
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momas were all derived from AKR. For comparison, DNA from BALB/cembryos and kidneys of C3H, C57BL/6, AKR and DBA were also analysed. These DNA
are indicated by strain names. Numbers and arrows to the left indicate sizes of DN A fragments in kilobases (kb). b, Hybridization of BALB/c embryo and C3H kidney
DNA with SP2D-J probe. A nitrocellulose filter, prepared as described for a, was incubated with the nick-translated SP2D-J probe, 0.8-kilobase Bg/II-HindlIl
fragment indicated in Fig. 3C. The sizes of the BALB/c DNA fragments detected are shown in kilobases. The 3.8-, 3.6- and 2.8-kilobase bands could be seen in the

original autoradiogram, but are too faint to be reproduced.

replaced with a sequence of unknown origin in the SP2 DNA
fragment. The points of sequence divergence between the T and
embryo cell DNA fragments were further determined by
comparison of restriction enzyme cleavage sites (Fig. 3A-C).
The results confirm the conclusion drawn by heteroduplex

mapping.

The SP2 fragment contains a joined
D-J DNA segment

We determined the DNA sequence of the 0.8-kilobase Bg/II-
HindI11 fragment (Fig. 3Ca) of the SP2 fragment containing the
site of recombination according to the strategy shown in Fig.
3Cb. This sequence was aligned with the previously determined
sequence of the embryonic fragment in the Jy;-coding region
(Fig. 4). As suggested by the heteroduplex molecules (Fig. 25)
and the restriction enzyme maps (Fig. 3A, C), the sequences of
the two DNA fragments match well starting with the first base of
the Phe codon TTT located in the 5’ edge of the J;; DNA
segment. On the SP2 fragment the Phe codon is preceded by an
Asn codon, AAC, which is in turn preceded by a nonamer,
TACTATGGT, that codes for a trimeric peptide, Tyr-Tyr-Gly,
when read in phase with the J;;,. This nonameric nucleotide
sequence or its close variants appear in the D regions of seven
out of eight myeloma V;; genes sequenced to date (Table 1).
Furthermore, the trimeric peptide, Tyr-Tyr-Gly, encoded by the
nonamer has been found in the D regions of a majority of
myeloma V regions for which amino acid sequence data are
available’’. These data strongly suggest that a D DNA segment
is joined with the Jy;; sequence on the SP2 fragment.

Further evidence for this notion comes from the feature of the
nucleotide sequence located immediately 5 to the putative D
DNA segment on the SP2 fragment. Based on the DNA
sequencing analysis of the various germ-line DNA segments, it
has been predicted that a nonamer,

GGTTTTTGT

CCAAAAACA
and a palindromic heptamer,

CACAGTG
GTGTCAC
separated by a 12-base pair spacer or closely related variants of
these sequences, precedes a germ-line D DNA segment”®. As
shown in Fig. 4, the putative D segment joined with the J;;; on
the SP2 fragment is preceded by two sequences,
GATTTTTGT and TACTGTG
CTAAAAACA ATGACAC

separated by a 12-base pair spacer. These results partially fulfill

the predictions of the 12/23-base pair spacer model’*, and in
turn support the conclusion that the sequence joined with the
Jis on the SP2 fragment is indeed a D DNA segment. We refer
to this D DNA segment as Dgpz ;.

No Vy-D-Jy joining on the SP2 fragment

Is a germ-line Vi3 DNA segment also joined on the SP2 frag-
ment? A visual inspection of the SP2 DNA sequence in the
region preceding the Dgp, , segment indicates that no germ-line
Vy or Vy-like sequence is attached to the D DNA segment.
First, there are one, two or four translation termination codon(s)
in the three different reading frames of the 300-base pair (an
approximate size of a germ-line V, segment) region 5' to the
Dsp, ; segment. Thus, this region cannot constitute part of a

06Y~-LC3H

Fig. 2 Heteroduplex molecules formed between cloned DNA fragments.
Cloned DNA was digested with EcoRI and examined under an electron
microscope as described previously?. Thick arrows indicate points at which
heteroduplexes branch out. The numbers indicate lengths of various parts of
the molecules in kilobases. In this experiment we used clone ME184-8
instead of MEP203%7 as a source of the 6.4-kilobase embryonic EcoRI
fragment. Clone ME184-8 was prepared by Richard Maki and contains, in a
phage vector, Awgg, the 6.4-kilobase EcoRI fragment carrying the four J;
DNA segments. a, 6.4-kilobase ME184-8 (I in short-form) versus 5.3-
kilobase B6B1 (B6); b, 6.4-kilobase ME184-8 (J) versus 5.5-kilobase
SP2B1 (SP2); ¢, 5.5-kilobase SP2B1 (SP2) versus 5.0-kilobase C3H-2
(C3H).
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germ-line Vy DNA segment. Second, some amino acid residues
are highly conserved among the Vy regions. In particular, Cys
residues are invariably present in all species studied to date at
positions 22 and 92 and are the only Cys residues in the Vy
region'®. These two Cys residues play an important part in
folding the protein domains through a disulphide linkage®**. In
addition, the Trp at position 36 is invariant across species'’. The
300-base pair SP2 DNA sequence preceding the Dgp, ; segment
contains three Cys and one Trp codons in the frame defined by
the Ju3 peptide. Eight Cys and four Trp codons, and four Cys
and one Trp codons, respectively, exist in the other two reading
frames. Thus, in all cases the total number of Cys codons is
incompatible with the notion that the DN A sequence before the
D DNA segment comprises a Vi DNA segment. Furthermore,
the locations of Cys and Trp codons within this DNA sequence
bear no resemblance to those in a Vy; DNA segment. We
conclude that no Vi or Vy-like DNA segment is joined with the
D-Ju DNA on the SP2 fragment.

Identification of a Dsp,.(-like D DNA
segment in a germ-line genome

Identification of a D-Jj; joining in the DNA of a cytolytic T-cell
clone allowed the identification, cloning and characterization of
germ-line D DNA segments. We dissected out the 0.8-kilobase
BglTI-HindIlI fragment (Fig. 3C) from the SP2 clone and used
it as a hybridization probe (SP2DJ probe) for analysis of EcoRI-
digested total DNAs of both BALB/c and C3H embryos (Fig.
1b). As this probe contains the J;;; and its 3'-flanking sequence,
it detects the 6.4-kilobase embryonic EcoRI fragment carrying
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Fig. 3 Restriction enzyme cleavage maps of the EcoRl inserts of various
DNA clones. A, The 6.4-kilobase EcoRI fragment of MEP203%7; B, B6B1;
C,SP2B1; D, C3H-2. Clone MEP203, which was described previously®”, is
an embryonic DNA clone and contains three EcoRI fragments, one of which
is the 6.4-kilobase fragment carrying the four J,; segments. Cleavage sites
were determined by single and double digestions of the cloned DNA by
various restriction enzymes. Homologous regions are indicated by bars of
two types of shading. The broken lines in B indicate the 0.6-kilobase region
that appeared as a deletion loop in the heteroduplex molecules formed
between the SP2B1 and C3H-2 fragments. The filled boxes correspond to
the four J, DNA segments previously identified on the MEP203 6.4-
kilobase fragment®’. The open boxes are D segments identified by DNA
scquencing. Sequencing strategy and finer restriction maps of the 0.8-
kilobase Bgl/11-Hindl1I fragment from SP2B1 and the 0.85-kilobase Bg/II-
Bgl1I fragment from C3H-2 are shown in Cb and Db, respectively.
Horizontal arrows indicate the directions and extent of sequencing. The
sequence across the 1.2-kilobase deletion of the B6B1 fragment was deter-
mined using the Xbal-BamHI fragment (B). The J; probe used in Fig. la
and the SP2D probe used in Fig. 15 are indicated in A and Ca, respectively.
Abbreviations used are: E, EcoRI; B, BamHI; H, HindIlI; Bgl, Bglil; X,
Xbal, Xh, Xhol; S, Sacl; Bgll, Bg/ll, D, Ddel; A, Avall; kbp, kilobase
pairs; bp, base pairs.

the four germ-line J; segments. In addition, the probe detected
one (5.0 kilobase), four (18, 6.7, 5.4 and 5.2 kilobase) and three
(3.8, 3.6 and 2.8 kilobase) bands of high, medium and low
intensity, respectively, in BALB/c DNA. A similar, but dis-
tinctive hybridization pattern was obtained in C3H DNA. These
results may indicate that a number of Dgp, ; or Dgpo ;-like DNA
segments exist in the germ-line genomes of mice, some of which
are polymorphic.

We have cloned most of these DNA segments in phage A
vectors and determined their structure and organization in the
germ-line genome (Y.K., unpublished). Some characteristics of
one of the most prominent fragments, that of 5.0 kilobases
(clone C3H-2, C3H in short-term) isolated from C3H embryos,
are described here. The heteroduplex formed between clone
C3H-2 and the SP2 fragment (Fig. 2c¢) and the restriction
enzyme maps (Fig. 3C, D) indicate that the two DNA fragments
are extensively homologous in the 3.6-kilobase region which
starts with the 5' EcoRI end and ends somewhere near the
position of Dgp,; on the SP2 fragment. However, that the
homology is imperfect is clearly shown by the presence of a
0.6-kilobase insert (or deletion) in the C3H (or SP2) clone.
Nevertheless, the above result suggests that the clone C3H may
contain a Dgp,-like DNA segment at the 3’ edge of the
homology. We therefore prepared a finer restriction map
around this region and determined the entire DNA sequence of
the 0.85-kilobase Bgl/II-BglII fragment, according to the stra-
tegy shown in Fig. 3Db.

As predicted, the sequence homology between the SP2 and
C3H fragments is extensive, starting with the 5'-Bg/1I site and
ending with the triplet AAC, the last codon of Dgp, ; on the SP2
fragment (Fig. 4). There are 28 single-base substitutions or
deletions (or insertions) in the 485-base pair homology region,
two of which are within the D DNA segments. The D DNA
segment on the embryonic clone C3H is flanked by two sets of
the putative recognition sequences with 12-base pair spacers.
This confirms the universality of the 12/23-base pair spacer
model”®. Although the C3H-2 D DNA segment and Dsp, , are
highly homologous, the imperfectness of the homology in the
5'-flanking regions as well as in the coding segments themselves
clearly indicate that they are two different copies of the D
segments that occupy independent positions in the germ-line
genome. We therefore refer to the C3H-2 D DNA segment as
DSP2.2-

The B6 fragment contains another
joined D-J sequence

Figure 5 shows the sequence across the 1.2-kilobase deletion of
the B6 fragment and sequences of the embryonic fragment that
cover the 5’ and 3' boundaries of the deletion. The sequence
homology between the B6 and the embryonic fragments ends
with the C-G base pair immediately to the left of the line Ld and
resumes with a T- A base pair immediately to the right of line Rd.
The latter base pair corresponds to the second letter of the Phe
codon TTT located near the 5' terminus of the previously
identified Ji;, sequence”®, The single base pair C-G present on
the B6 fragment and flanked by the two lines, Ld and Rd, is
unaccounted for by the embryonic sequence (see below). Ld is
preceded by a putative enzyme recognition sequence,

GGTTTTGAC CACAGTG
CCAAAACTG GTGTCAC

both on the B6 and MEP203 fragments. On the latter fragment
Ld is followed by nine base pairs, which are in turn followed by
another putative signal sequence,

CACGGTG _ ACAAAAACC
crGecac  (12-base pair spacer)  popppprGg

(12-base pair spacer)

Thus, the 9-base pair sequence on the MEP203 fragment fulfills
the requirement imposed on a D DNA segment by the 12/23-
base pair spacer rule’®. We therefore conclude that the B6
deletion is due to the joining of the J,, sequence with a D DNA
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* .
C3B-2 AGATCTGCATCGTCKGTGAGGACATCAAAGAGGAAAGGAAAAGCATGTCTCAAAGCACAATGCCTGGCTTGGGATG&TGTC
BglIT

SP2Bl AGATCTGCATCGTCTGTGAGGCCATCAAAGAGGAAAGGAAAAGCATGTCTCAAAGCACAACGCCTGGCTTGGGATGATGTC
BglIIl
ee o ° [y [] L3 °

C3H-2 TGCAGCTTCTGCCCTAGATCCTCTCACTCTACATGTAAGGGGCTCAAGGCATCAACCTAGAACTTCCCACTAAGGAGGAAGGAAGGCAGCATG&TGGTCAGGAAGTCGTCCAGAAACAGA
bder

SP2B1 CACA-CTTCTGCCCTAGATCCTCTCACTCTACATGTAAAGGGCTCAAGGCATCAACCTAGAACTTTCCACTAAGGAGGAAGGAAGGGAGCATGTTGGTCAGGAAGTCATCCAGAATCAGA
pder

* . * . (1] L3 *

C3H-2 CCTETCCAGTATTTCTTATGACCCCTCCCCCAGCA(.3CCACTGTCTAGG—CACTCAGAGAGCMGGGATGTTGTGMGTCAGCCTTGTGACAGCCCCAGGTACATTTACTTATAT}\GGACC

bder Avalr

SP2Bl CCTATCCAGTATT-CTTATGACCCCTCCCCCAGCAACCACTGTCTAGGACACTCAGAGAGCAAGGGATGTTGGGAAGCCAGTGTTGTGACAGCCCCAGGTACATTAACTTGTATAGGACC

Ddel Avalr

] . o
C3H-2 TCCCTGGGGAGATAGAATCCCAGGAGTAAAAATGCTGGATGTACACTAAGGATGGCCCCTGACACTCTGCACTGCTACCTCTGGCCCCACCAGGCAATGTTCCTGCAGAATCTCTTACCT

Dder
SP2B1 TCCCTGGGGAGATAGAATCCCAGGAGAAAAAAT GCTGGATGTACACTAAGGATGGCCCCTGACACTCTGCACTGCTACCTCTGGCCCCACCAGGCAATGTTCCTGCAGAACCTGTTACCT

bder

Dsp22

12 bp

12 bp
LK)
C3H~2  TACTTGGCAGGRATTTTTGTCAAGGGATCTAQCACTGT] CTACTATGATTACGATATATCCAGCAGTATGCCCAGCAGACTCTTCAGCTCAAMCAGTG

Dsp2.1
12 bp TyrTyrGlyAsn
SP2Bl  TACTTGGCAGGBATTTTTGTCAAGGGATCTAJIACTGTEICTACTATGGTAAC

113

heAlaTyrTrpGlyGlnGlyThrleuvalThrvalSerala
'TTGCTTACTGGGGCCAAGGGACTCTGGTCACTGTCTCTGCAGGTGAGTCCTAACTTCTCCCATTCT

‘13 113

PheAlaTyrTrpGlyGlnGlyThrleuValThrvalSeraAla

23 bp
MEP203  CCAAGGATCRTTTATTGTLAGAGGTCTAATCATTGTTGTCALAATGTdoC TG TTGCT TACTGGGGCCAAGGGACTCTGG I CACTGTCTCTGCAGGTGAGTCCTAACTTCTCCCATTCT

C3H-2 AGTCAAGAGGAGCTTGCACCTTAGGGGGCTATATCTGAATCTCGACAACTGAGAATCATTAGTTAATAGGATCCAACACAGAGCTTTATGACTACCCACAGACAGGTGAAAGCACACTAA

pdel

SP2Bl AAATGCATGTTGGGGGGATTCTGAGCCTTCAGGACCAAGATTCTCTGCAAACGGGAATCAAGATTCAACCCCTTTGTCCCAAAGT TGAGACATGGGTCTGGGTCAGGGACTCTCTGCCTG

Dder Avarr

C3H-2 AGACAGATCCCAATAGTCTCTCACCCAGAATCTTGGTACCCCATTAGAAAAGAACTCTCAGCTCTCCACATGGACCAGTGCCTCCGTTCAATAAGAAGGGCCCAGTAGATCT

bdel Avall BglII
SP2Bl  CTGGTCTGTGGTGATATTAGAACTGAAGTATGATGAAGGATCTGCCAGAACTGAAGCTT

HindIII

Fig.4 Nucleotide sequences of three DNA clones: C3H-2, SP2B1 and MEP203 (refs 6, 7). All sequences were determined by the method of Maxam and Gilbert??.
The sequence of the 0.85-kilobase Bg/II-Bg!II fragment of clone C3H-2 is aligned for the maximal homology with the sequence of the 0.8-kilobase Bg/11-HindIII
fragment of clone SP2B1. Also aligned with the SP2B1 sequence is the sequence of the Jy;;-containing region of clone MEP203, which was determined previously in
our laboratory’. The SP2B1 fragment contains a D segment (Dgp. ,) fused with the J; segment. Amino acid residues encoded by the fused Dgp, ; and Jyy; on the
SP2B1 fragment and those by the unfused J,;; on the MEP203, numbered according to Kabat et al.'’, are indicated in italics. The SP2B1 sequence is extensively
homologous to the C3H-2 sequence from the 5’ Bg/Il site to the Dgp, ;—J;;, boundary, where the homology switches to the MEP203 sequence. The dots and dashes
indicate base substitutions and deletions within the homologous regions. The putative recognition sequences for recombinations are boxed. C3H-2 contains a D
segment, Dgp, 5.

segment located 1.2 kilobases upstream. This D DNA segment
has been independently identified during analysis of a rear-
ranged fragment isolated from myeloma QUPC52 and is there-
fore referred to as Dqs, (see the accompanying article’).

As mentioned above, one base pair, C-G, is inserted on the B6
fragment at the site of recombination. Based on repeated
sequencing of the relevant region, we believe that error is
unlikely. This suggested the possible involvement of an inter-
mediate recombination, the extra base pair arising from an
independent D DNA segment. However, as described in the
accompanying article, no additional D sequence has been
identified between Dgs, and Jy,. Thus, if one is to pursue this
possibility, it is necessary to invoke a scheme that allows joinings
of multiple D DNA segments, the order of which in the assem-
bled gene is independent of that in the germ-line genome.
Although such a scheme is possible, one alternative is that the
act of recombination introduced the extra base pair at the site of
joining.

Structure and diversity of D sequences

In the digest of BALB/c mouse embryo DNA (Fig. 15) the
SP2D probe detected at least eight EcoRI fragments, each of
which is likely to contain at least one copy of a Dgp, ;-like DNA
segment. For the 5.0-kilobase fragment, this was demonstrated
directly by DNA sequencing, which led to the identification of
Dspan. Our recent result indicates that the 5.0-kilobase band
contains three EcoRI fragments each of which hybridizes with
the SP2DJ probe (Y.K., unpublished). Thus, assuming that
positive hybridization with the probe signifies the presence of at
least one D segment, the minimum number of Dgp, ;-like seg-
ments is 10 (8 bands, of which one is triple).

If Dgp, 1-like DNA segments are abundant, as the Southern
gel blot suggests, this is in agreement with the frequent
appearance of the Dgp; ;-like sequences in the D regions of the

assembled V genes. The D-coding regions of seven out of eight
assembled Vy genes sequenced to date contain a palindromic
13-mer, TACTACGGTAGTA (ref. 8), or its variants (Table 1).
The Dspy; and Dgpy, also contain sequences similar to the
13-mer (Fig. 4, Table 1). In addition, the D regions of most
mouse Vy regions for which amino acid sequences are available
contain a tripeptide Tyr-Tyr-Gly that is encoded by the Dgp, ;
and Dgp,, segments''. Even the Dgs, segment which did not
cross-hybridize with the Dsgp, -like segments (Y.K., unpub-
lished) shows significant homology, not only in the coding region
(Table 1), but also in the flanking regions (Figs 4, 5). Thus, many,
if not all D segments are related to the Dgp, segments, both
evolutionarily and structurally.

Many D regions have extensions on one or both side(s) of the
13-mer (Table 1). The only striking characteristic of the
sequences within these extensions is that the 3’ extension of the
M173-11 region shares a heptamer, CGGGGGT, with the H76
D region, the only D region apparently having no homology with
the core 13-mer (Table 1). Each of these D regions may be
encoded by its own D segment. Alternatively, some D regions,
particularly those with relatively long extensions, may be
encoded in two or more discrete D segments which are joined in
the complete V genes. Two observations argue for the presence
of D-D joinings. First, one and four base pairs at the presumed
Dasa~Juo joining sites of the B6B1 and Q52 clones were in fact
encoded neither by the Dqs, nor J, DNA segment (ref. 19 and
Fig. 5). Second, we have been unable to detect a Dy14; band in
Southern gel blots of embryo DNA when this sequence of 44
base pairs (Table 1) was dissected out from the complete V4,
gene and used as the hybridization probe. In the same hybrid-
ization conditions the Jy, band was easily detected using the
corresponding probe of nearly the same length (H.S., unpub-
lished). If D-D joinings indeed occur, we predict that some D
segments carry putative recognition sequences with 23-base pair
spacers on at least one side.
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MEP203 12
AGCCTCAGAGTCCCTGTGGTCTCTGACTGGTGCAAGGTTTTGAQPAAGCGGAGCAQ

(DQSZ)

12
B6BL AGCCTCAGAGTCCCTGTGGTCTCTGACTGGTGCAAGGTTTTGACFAAGCGGAGCAQG

MEP2Y3  ITAGGCTACATGGOTAGATEGTTTTTGIACACCCACTARAGGGGTCTATGA hCTACT]
P

Ld

Dasz2
A CTGCGACGCGTGGCTCTCTGTTTGGA

euAspTerrpGlyGlnGlyThrThrLeuThrValSerSer
[ TGACTACTGGGGCCAAGGCACCACTCTCACACT T

JH2

A eAspTerrpGlyClnGlyThtThILeuThrValSez‘Set
3 GCCAAGGCACCACTCTCACAGTCTCCTCAGGTGAG

froacip

EACAGTG

Rd

Fig. 5 Nucleotide sequences of the recombination regions of clone MEP203 and clone B6B1. The sequence across the 1.2-kilobase deletion of the B6B1 clone is

compared with the two sequences of the embryonic fragment, MEP203, that cover the §' (top)'® and the 3’ (bottom)” boundaries of the deleted segment. The two

vertical lines, Ld and Rd, designate the left (5' side) and the right (3’ side) boundaries of the deletion as determined by DNA sequencing, respectively. The other
markings are as in Fig. 4.

Somatic diversification of heavy

chains by Vu-D-J;; joinings

Amino acid sequence data’’ strongly suggest that the three
types of germ-line V gene segments, Vy, D and Jy, combine in
various, albeit not all possible, combinations to form complete V
genes that are active in myelomas and presumably in B lympho-
cytes. The presence of the common ‘recognition’ sequences on
the joining ends of all three gene segments supports this
‘random’ assortment. Furthermore, in both « light- and heavy-
chain genes it has been established that a given J DNA segment
can assort with different V DNA segments*>2?,

Another somatic mechanism that might be used to amplify the
coding capacity of immunoglobulin genes has been previously
suggested by us* and by Max et al.’, based on a proposed
flexibility in the joining enzyme(s) with respect to the exact
recombination sites on a given pair of joining gene segments.
Although several previous observations in the x-gene system
support this hypothesis®>7**?°, none of the previous studies
provides direct evidence for the hypothesis, because no two
joinings examined took place between the same pair of gene
segments. The present study, when combined with that
described in the accompanying paper'®, presents such a case.
Thus, the D-J joinings observed in myeloma QUPCS52 and
T-cell B6 both used the Dgs, and Ji,, and yet the exact
recombination sites differ both on the D and J sides in the two
joinings as shown below,

B6 Q52
Das2 GCACCACAGTGCAACTGGGACCACTGTGACGC
T2 GATAGTGTGACTACTTTGACTACTGGGGCCAA

Bb ok

where the arrows indicate the recombination sites and the
underlined sequences are the palindromic heptamers. Provided
that these recombinants represent the intermediates of success-
ful V-D-J joinings, we can conclude that modulation of exact
recombination sites is another source of antibody diversity that
is generated somatically.
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T-cell antigen receptors are not encoded in
assembled Vy, D and Jy segments

Our gel-blotting experiments using the Jy hybridization probe
demonstrated that the DNA sequences are often, but perhaps
more importantly not always, rearranged in the vicinity of the J
cluster in various clones of cytolytic T cells and in thymomas.
Two other groups reported similar findings and implicated them
in the somatic formation of the complete structural genes coding
for the antigen receptors of T cells'”'®, The present results
clearly rule out such a simple interpretation of the gel-blotting
experiments. The recombinations in both SP2 and B6 cells
involve D and J sequences, but no Vg sequence. In fact, neither
recombinant can code for a V-like polypeptide chain in the
region located 5' to the recombination sites. We also emphasize
that the recombination does not always occur among T-cell
clones; we observed no indication of rearrangement around the
Ji cluster in four well characterized clones of functional cytolytic
T cells. We thus conclude that if the Vi DNA pool is shared by T
and B cells to encode the antigen receptors, the four J;; segments
identified to date are not used for rearrangement, at least in
cytolytic T cells. It may be that T-cell receptors are encoded in
an entirely different set of genes, or alternatively T and B cells
share the same or an overlapping set of germ-line Vy genes, and
another set of J-like and C-like DNA segments exists elsewhere
in the genome, with which a V DNA segment joins specifically in
T cells. Why, then, are there D-Jy joinings in T cells? One
possibility is that they occurred in the common precursor cell
which gave rise to B and T cells and have no active role in T-cell
function. As discussed in the accompanying article'®, D-Jy
joinings might be common on the unexpressed copy of
chromosome 12 in myelomas, and one recent study*® suggests
that this might also be the case in natural B lymphocytes.
Alternatively, the hypothetical T-cell recombinase may mediate
these joinings due to lack of absolute specificity for the gene
segments encoding the T-cell receptors.
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