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Both light and heavy chains of antibody (or immu-
noglobulin) molecules consist of two regions. About
100 residues at the amino-terminal ends of the poly-
peptide chains determine the specificity of the mole-
cules and compose variable (V) regions, whereas the
remaining residues determine the class or subclass
of antibodies to which the molecule belongs and com-
pose constant (C) regions. Two types of heterogenei-
ties exist among antibody molecules. The first distin-
zuishes about 20 types of molecules with respect
to their C regions. In mice, three (k, A, and Ay) and
eight (8, , i, ete.) different C regions are known
for the light and heavy chains, respectively. The
second type of heterogeneity distinguishes millions
of molecules differing with respect to their V regions.
Thiz heterogeneity is often called “antibody diver-
sity,” and the guestion of whether the diversity in
the structural genes coding for the V regions (V
genes) arose in evolution or arises in ontogeny has

sen one of the most debated subjects in modern
mmunology (Wigzell 1973; Capra and Kehoe 1974).

Recent hybridization studies with purified immu-
aoglobulin mRINA indicated that the number of
germ-line V genes is far too small to account for
the observed diversity in the V regions. For instance,
there are no more than a few (and probably only
one) germ-line V genes for the entire repertoire of
the V regions which are associated with the M type
light chains (Tonegawa 1976; Honjo et al. 1976).
These results strongly suggested the existence of
some mechanism by which coding information in
the V genes is somatically diversified during differ-
entiation of lymphocytes. In mice, the heterogeneity
in the V, regions (V regions of k-type chains) is much

pgreater than in the V; regions (V regions of Atype

chains) (McKean et al. 1973; Cohn et al. 1974). The
hybridization studies, as well as aminn acid sequence
analysis of myeloma & chains, suggested that the
mouse V. genes as a whole constitute a multigene
family of as many as a few hundred unique but re-
lated =zequences (Cohn et al. 1974; Tonegawa et al.
1977c). As with V, genes, the coding content of each
of these V, genes diversifies somatically in the clones
of B (bone-marrow-derived) lymphocytes, such that
a large V -region repertoire is generated from no
more than a few germ-line genes in an adult mouse
Tonegawa et al. 1974; Rabbitts et al. 1975; Tone-

awa 1976).

The number of C genes was also estimated by nu-

cleic acid hybridization. These studies showed that
both C, and C, genes are unique or nearly unique
(Faust et al. 1974; Stavnezer et al. 1974; Tonegawa
et al. 1974; Honjo et al. 1974). Thus, at least in &
chains, the fotal number of germ-line genes is much
greater for V regions than for C regions. This led
us to investigate the two-"genes"-one-polypeptide-
chain hypothesis for antibody chains, which was put
forward a decade ago by Dreyer and Bennett (1565).
We analyzed DNA from early embryos and from
myelomas by digestion with restriction endonu-
cleases and by hybridization with a purified k-chain
mRNA. These experiments strongly suggested that
V, and C, genes are separate in early embryo DNA
and that one of the multiple V, genes becomes con-
tiguous to the C, gene during differentiation of B
lymphocytes (Hozumi and Tonegawa 1978). The re-
arrangement permits the continuous transeription
of a full immunoglobulin gene.

+ T further study the organization and regulation

of this gene family, it is useful to clone chromosomal
DNA fragments carrying immunoglobulin genes.
By combining biochemical enrichment of such a
DNA fragment with screening in situ of phage pla-
ques, we were able to clone a A phage which carries
a mouse V, gene DNA insert. In this paper we de-
scribe isolation of the phage and characterization
of the mouse DM A insert. In addition, further analy-
sis with a restriction enzyme of total mouse DNA
of various cellular sources is described,

Enrichment of a V, Gene

We previously showed that, in a total EcoRI digest
of early BALB/c embryo DINA, three fragments of
4.5, 2.7, and 2.0 megadaltons contain A-chain gene
sequences (Tonegawa et al. 1977c¢). The use of a
whole (a probe for V; and G, sequences) as well as
a 3-end-half (a probe for C, sequences) h<chain
mRNA in hybridization permitted us to conclude
that the A-chain gene sequences contained in the
4.5-megadalton fragment are exclusively for a G,
region, whereas those contained in the 2.7- and 2.0-
megadalton fragments are for V,, regions (Tonegawa
et al. 1977c). As a first attempl to clone an immuno-
globulin gene, we selected the 2.T-megadalton V-
gene fragment as the source of mouse DNA.

Wea incubated the DNA fragments with excess
A~chain mRNA, purified from HOPC-2020 myeloma,
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in T0% formamide under the conditions which pro-
mote replacement of the coding DNA strand with
the RNA, but which do not completely dissociate
the two DNA strands (R-loop formation) (White and
Hogness 1977). We subjected the nucleic acid mix-
ture to equilibrium centrifugation in CsCl and local-
ized the position of the R-loop structure by hybridiza-
tion with #°I-labeled HOPC-2020 A<chain mRNA
after removal by alkali of the prehybridized RNA
(Fig. 1). When no A<chain mENA was added during
incubation in formamide (Fig. 1B), the fragment car-
rying V, gene sequences cobanded with the bulk
DINA. When MAchain mBNA was added (Fig. 14),
the major proportion of the V,-sequence-carrying
DINA banded at a position which was clearly heavier
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Figure 1. Preparative R-loop formation EcoRI-digested
embryonic DNA prefractionated by agarose gel electropho-
resis for V gene sequences was incubated in the presence
Atand absence (B)of HOPC-2020 Achain mRENA and cen-
trifuged in CsCl as described elsewhere (Tonegawa et al,
1977a). Fractions 12-16 shown in A and another tube which
showed profiles nearly identical to those in A were pooled
and recentrifuged (CL (O-—-0) ©D,,0; (0——a) DNA-RNA
hybrid; (——) buoyant denaity.

than the peak of the bulk DNA. The buoyant density
at the hybridization peak in Figure 1A was 0.018
g/cm® higher than that in Figure 1B,

In a separate experiment we isolated a AgtWES
phage which contains as its insert a 6.9-kb mouse
DNA fragment (generated by EcoRI) carrying riboso-
mal DNA sequences (5. Tonegawa, in prep.). When
the DNA fragment excised from the phage genome
was annealed with the purified mouse 188 ribosomal
ENA (2.0 kb) and centrifuged to equilibrium in CsCl,
the R loop banded at a position 0.023 g/cm® denser
than the duplex DNA. As a first-order approxima-
tion, the density increase of R loops is inversely pro-
portional to the ratio of the lengths of DINA and
BEMNA. The lengths of the Vy-carrving DINA fragment
and the A-chain mRNA are about 4.8 and 1.2 kb,
respectively. We therefore expect that the R loop
formed between them is 0.019 gz/cm® heavier than
the DNA duplex. Thus we assume that the major
hybridization peak observed in Figure 1A is com-
posed of such an R loop. In Figure 1A, a second
hybridization peak is observed in fraction 10. The
increment of buoyant density of this peak is approxi-
mately twice that of the major hybridization peak,
suggesting that this component is a hybrid formed
between a single strand of the V, DNA fragment
and the d-<chain mBNA. This component was not
characterized further. The fractions 12-16 shown
in Figure 1A were recentrifuged in CsCl. Although
the hybridization peak remains at the original posi-
tion, a large proportion of DNA (i.e., OD2q, absorbing
material) banded at the position where the bulk of
the DNA banded in the first centrifugation. The frac-
tions 12-16 shown in Figure 1C were pooled and
used for cloning.

Enrichment for DNA fragments carrying the V,
gene was approximately ten-, nine-, and fourfold by
agarose gel electrophoresis and by first and second
CsCl density gradient centrifugation, respectively.
If we assume that other operations carried out be-
tween these steps (e.g., ethanol precipitation and
dialysis) did not cause loss of specific DNA frag-
ments, the overall enrichment factor was about 360-
fold. The final yield was about 2 pg from 10 mg
EcoRIdigested embryo DINA.

Cloning of a V; Gene

We inserted the partially purified V, DNA frag-
ment in the middle of the AgtWES phage DNA by
using T, ligase (Mertz and Davis 1973). The phage
vector was developed by P. Leder and his coworkers
and was approved as an EK-2 vector by the National
Institutes of Health Advisory Committee on Hecom-
binant DNA Research (Enquist et al. 1976). Upon
transfection of CaCl.-treated Escherichia coli 803
(ri mg Sug*) (Mandel and Higa 1970), we obtained
about 6000 plaques from 2 pg of the partially puri-
fied V; DNA. We screened about 4000 plaques by
in situ hybridization with ‘**[-labeled HOPC-2020
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mBENA (Kramer et al. 1976). The 358 plagues which
oroduced gray or biack autoradiographic spots of
arying strength were reexamined by means of a
second in situ hybridization with less RNA probe.
iince the A<hain mRNA probe used was about 909
pure and the impurity is distributed among many
different RNA species (Tonegawa 1976), each com-
posing a small fraction of the mRNA preparation,
the use of smaller amounts of the RINA probe in
hybridization favors detection of the DNA clone
complementary to the major mRINA component. Qut
of the 38 plagues reexamined in this way, one
plaque, AgtWESIg 13, gave a distinctly stronger au-
toradiographic spot than the others.

Characterization of the Mouse DNA Insert

Length of the insert. When analyzed by agarose
gel electrophoresis, EcoRI digestion of the DNA ex-
tracted from the clone AgtWESIg 13 yvielded, in addi-
tion to the left and right arms of the parental
AgtWES genome, one fragment of 3.0 megadaltons.
The length of the insert was also determined by elec-
tron microscopy using two independent methods.
MetWESIg 13 DNA was digested with EcoRIL, and
the three resulting fragments were measured, Tak-
ing PM2 DNA (10 kb) as the internal length stand-
ard, the left and right armas of the vector were calcu-
lated to be 21.2 and 13.9 kb, respectively; the mouse
TINA insert was 4.8 kb,

In heteroduplex preparations made between

WgtWESAC and AgtWESIg 13 DNA (Davis et al
371), these measurements were confirmed. One
large heteroduplex region showed up at the expected
position: between 53.1 and 65.2 map units from the
left end (Fig. 2). The lengths of the two single-

Figure 2. Electron micrograph of a hybrid

molecule formed between AgtWESAC and
tWESIg 12 DNA showing one large het-

.roduplex region. The bar represents 1
1.

stranded regions were 4.8 kb (mouse DNA) and 5.5
kb (A EcoRll C fragment).

Hybridization with A-Chain mRNA and cDNA

In Table 1, hybridization properties of the whole
MgtWESIz 13 DNA with various RNA probes are
shown. The DNA hybridized well with HOPC-2020
whaole A mRNA, whereas the levels of hybridization
obtained with the 3%-end-half of the same mRNA
were no higher than when the same mRNA was
hybridized to a clone carrying mouse ribosomal
DNA. The results suggest that AgtWESIg 13 DNA
contains V, sequences and lacks C, gene sequences
of HOPC-2020 mRNA. The same DNA showed no
hybridization with a MOPC-321 rchain mRNA. Be-
cause these experiments were conducted with DNA
baked on a Millipore filter, the efficiency of hybrid-
ization was not high. To circumvent this problem,
full-length ¢DNA was synthesized from A-chain
mRNA with the avian myeloblastosis virus reverse
transcriptase, and this DNA was hybridized with
excess hgtWESIg 13 DNA in liguid. The results are
shown in Table 2. When assayed by hydroxylapatite,
at least 60% of the cDNA, prepared either from
MOPC-104E A~chain mRNA or HOPC-2020 A~chain
mRNA, hybridized with the cloned DNA. When nu-
clease S, was used to remove the tail (and possibly
some mismatched bases), the hybridization levels

. were reduced by about one-half. The mean melting

point of the hybrid thus formed was 84°C in 0.12
 NaP0,, as assayed by the hydroxylapatite method.
It is not surprising that the hybridization of cDNA,
as assayed by hydroxylapatite, is incomplete (up to
64%), since the A mRNA used in preparing the
c¢DINA was about 80% pure ahd the efficiency of hy-
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Table 1. Hybridization of '**[-labeled Lightchain mRNA and Its Fragments
with hgtWES[g 13 DNA

Input Hybrid Percentage

DNA on filter e ["*[ImRNA (cpm) (cpm) of input
AgtWESIg 13 25 A chain (whole) 16,000 2,943 15.6
AgtWES.Ig 13 50 A chain (whole) 16,000 3,397 21.2
Agt-rD 25 A chain (whole) 16,000 136 0.85
hgt-rD 50 X chain (whole) 16,000 172 1.08
MAWESIg 13 25 % chain (3“end-half) 2,500 136 1.39
AgtWESIg 13 50 A chain (3-end-half) 5,500 163 1.72
Agt-rD 25 A chain (3-end-half) 8,500 125 1.32
dgt-rD 50 A chain (3"-end-half) 9,500 132 1.39
IgtWESIg 13 25 & chain (whole) 15,000 211 1.35
AgtWESIg 13 50 k chain (whole) 15,000 144 093
Agt-rD 25 K chain (whole) 15,000 158 1.00
Agt-rD 50 k chain (whole) 15,000 186 1.20

DNA was heat-denatured and fixed on a Millipore filter by the method of Gillespie and Spiegelman
(1965). Hybridization was carried out in 2 X 35C buffered with 0.05 » PIFES (pH 7.1) at 69°C for 14
hr. Specific activity of RNA was 3 X 10" cpm/ug for whole and 3-end-half Achain mRNA and 3.2 X10°
cpm/pg for kK mENA. The hybrid was assayed by RNase treatment (RNase A, 20 pg/ml; RNass T,, 2
unita/ml, in 2 X S50 Agt-rD designates o AWES phage in which the center EeoRI fragment was replaced
with a 6.9-kb mouse DNA fragment currying ribosomal DNA sequences. The '**[-labeled 3'-end-half of
the A-chain mRANA and the whole kchain mRNA used in this experiment hybridized well with cor-

responding ¢cDNA (data oot shown).

bridization under these conditions is about 90%.
These results are consistent with the hypothesis that
the AgtWESIg 13 clone carries V, gene sequences.

Length and Location of Homology Region

Further evidence for the existence of V, gene s

quences was obtained by electron microscopic exami-
nation of R loops. HOPC-2020 A-chain mRNA and
AgtWESIg 13 DNA were incubated under conditions
of R-loop formation (Thomas et al. 1976; Tonegawa

i -

Table 2. Hybridization of **F A-Chain ¢eDNA with Ig 13

DNA
Praction of ¥P
counts in hybrid
hydroxylapatite  nucleass
HP-labeled cDNA assay 5, assay
prepared on Gyt (%) (%)
HOPC-2020 mRNA 0 4.4 2.7
HOPC-2020 mENA 5xX10°% 61 27
© HOPC-2020 mRNA 6.7 X 10 61 27
MOPC-104E mRNA 22X 10 64 30

Isolation of Ig 13 DNA, synthesis of full transcript cDNA, and
annealing were carried out as described in the legend to Fig. 2.
For the hydroxylapatite assay, the annealing mirtures were made
to 0.12 m NaPO, by the addition of water, and were loaded on &
small hydroxylapatits column presquilibrated with 0.12 m NaPO,,
pH 6.9, at 60°C. The column was washed with 9 ml of the same
buffer and the hybrid was eluted with & ml of 0.4 m NaPO,, pH
6.9. The hybrid fraction was determined by dividing the radio-
activity in the 0.4 m NaPO, fraction by the total radicactivity
recoversd from the colums For the nuclease 5, assay, the
annealing mixture was divided into two equal parts. DNA in one
part was directly precipitated with trichloroacetic acid, and DNA
in the other part was precipitated after treatment with nuclense
5, (see legeod to Fig. 2. The hybrid fraction was determined by
subtracting the intrinsic 5;-resistant counts (1.29%) from the ratio
of the 5,-resistant counts and the total TCA precipitable counts.
=0 sample was prepared by placing the heat-denatured sample
directly in a dry-ice ethanol bath. ¢ refers to the concentration
of DNA in moles of nucleotide per liter X incubation time in sec.

-

et al. 1977a). We observed only a relatively low pro-
portion of hybrid molecules. About 30% of the mole-
cules displayed a small R loop, and some of the R
loops had a small RNA tail at one end (Fig. 3). Meas-
urement of 89 such hybrid molecules showed that
the R loop is at a unique position: 63 £ 1 map units
from the left end (Fig. 4). Since the right EcoRI site

" on this chimeric molecule is at 65.2 map units, we

conclude that the region to which HOPC-2020
dchain mRNA hybridizes lies within the mouse
DNA.

The lengths of the R loop and the RNA tails were
400 £ 100 nucleotides and 200-8600 nucleotides, re-
spectively. We think that the large variations in
the length measurements of the RNA tail result
from that fact that the mRNA molecules are not
fully denatured and do not completely extend under
the spreading condition used.

More accurate measurement of the position and
length of the homology region was made by electron
microscopic examination of R loops formed with the
Achain mRNA and the purified 4.8-kb EroRI frag-
ment, as well as hybrid molecules formed with the
same DNA fragment and full-length ¢cDNA synthe-
sized on MOPC-104E Achain mRNA (in prep.). The
results obtained from these experiments confirmed

. the conclusion drawn above and indicated that the

homology region is approximately 400 nucleotides
long and that it is localized between 3290 and 3690
{£200) nucleotide pairs from the left end of the 4.5
kb mouse DNA insert. Figure 4 shows the maps of
MtWESIz 13, AgtWESAC DNA, and the mouse
DNA insert as obtained from electron microscopy.

Restriction Enzyme Cleavage Sites

To characterize the mouse DNA insert firther, -
we determined the cleavage sites of several restric-
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Figure 3. Electron micregraph
of an R-leep molecule formed
by hybridizing myeloma HOFPC-
2020 d~<hain mRNA with Agt-
WESIg 13 DNA. The R leop with
an RNA tail is shown at higher
magnification in the insert. The
histogram was made from one
representative set of measure-
ments from the R loops made by
incubation at 57°C and high salt,
and spread from T0% formam-

number of molecules

s

L

ide. The R loop is at a unique
position 63 £1 map units from
the left end of the AgtWESIg 13
molecule,

tion enzymes. Two kinds of experiments were car-
ried out. In one series of experiments, the 4.8-kb
EecoRI fragment was digested by several restriction
enzymes which cleave DNA relatively infrequently.
The digests were electrophoresed in 1.2% agarose
gel, and the DNA fragments containing sequences
homelogous to HOPC-2020 A-chain mRNA were
lentified by the Southern transfer technique .
Southern 1975). In some cases, mere comparison
f these results with the homology map obtained
.y electron microscopy (Fig. 4) allowed us to order
the fragments. In other cases, fragment order was
deduced from results cbtained by single- and multi-
ple-enzyme digestion. Figure 5A summarizes these
results,
In the other series of experiments, a more exten-
sive cleavage-site map of the 1.5-kb Haelll fragment
was obtained by the partial-digestion method of
Smith and Birnstiel (1976). The 4.8kbh EcoRI frag-
ment was terminally labeled with [+**P]ATP by T,
polynucleotide kinase. The 1.5kb Haelll fragment
was isolated by agarose gel electrophoresis and was
partially digested with Hinf, Mboll, and Alul. The
positions of the cleavage sites determined by this
method are summarized in Figure 5B. These results

20

=3

a0 100

40

map units

were confirmed by total digestion of the Haelll frag-
ment (data not shown).

Nucleotide Sequences -

Ultimate evidence that the mouse DNA insert
contains A-chain gene sequences comes from direct
DNA sequencing. We have determined a partial se-
quence of the Hinf C fragment. This fragment is
about 250 nuclectides long and includes part of the
homeology region and the sequences immediately ad-
jacent to it (Fig. 5B). According to the map in Figure
5B, there should be an Mboll restriction site near
the center of this fragment. We labeled the 5’ ends
of the Hinf fragment with polynucleotide kinase,
cut it with Mboll, and determined the nucleotide
sequences of the two halves by the method of Maxam
and Gilbert (1977).

The results of the left and right halves are shown
in Figures 6 and 7, respectively. To determine the
fit of the observed sequences to that predicted from
the amino acid sequence of the A chains, all possible
Hinf sites in the predicted sequence were aligned
with the DNA sequences. Figure 6 shows that the
possible Hinf site at amino acid positions 63 and

Figure 4. Mapa of AgtWESMC

hatwes-AC

and AgtWESIg 13 DNA. The
wavy line indicates the mouse
DNA insert. The hatched box
representa the region homolo-
gous to HOPC-2020 MA-chain

lgths =g 13

1IRNA.

mouse DMNA
33 i
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Figu're 5. Maps of restriction enzyme cleavage sites on the
mouse DNA insert: (A) 4.8-kb EeoRI fragment; (B} 1.5-kb
Hedll fragment. Fragments are labeled in alphabetical
order from large to amall. The cross-hatched boxes indicate
the region homologous to HOPC-2020 Achain mRNA. The

exact position of the Bglll cleavage site at the left was™

not determined. The Mboll map is incomplete. See text
for further explanation.

Hinf I
OBSERVED 5 A HTC ___ GGC TCC CTG ATT
&5
prepicTED 5 CBX UUY UCX GGX UCX CUX ALY
AGR AGY AGY UUR ALA
oBsERvED 5 GGG GCA C46 "ACT GAG GAT GAT
B as
CAY
PREDICTED 5 GGX GCX CAR ACX GAR GAY GAR

TONEGAWA ET AL.

64 of V, regions gives an alignment which results
in an excellent fit, with only a few exceptions in
the sequences so far determined. In Figure & the
DNA sequences thus aligned are shown, together
with the predicted sequences obtained from the
MOPC-104E V,; region-and the MOBC-315 V,5 re-
gion. At positions 85 and 87, the DNA sequences
correspond to the predicted sequences of Vi instead
of V. At two more positions, 94 and 95, the sequence
correspondence is with V. Does this mean that em-
bryonic DMA contains a single. V, gene which is a
hybrid of the Vi, and Vyy types? We believe that
a more likely explanation is that there are separate
germ-line genes for Vy; and V,y regions, and that
the gene contained in the cloned mouse DNA is for
the V,; region. This is because positions 94 and 85
are in the hypervariable region, whereas positions
85 and 87 are framework residues (Cohn et al. 1974).
The two germ-line V genes code for common amino
acids at positions 94 and 95, and the amino acids
observed in MOPC-315 Ay at these positions are the
result of somatic changes. ’

Is there a C gene immediately adjacent to the V
gene? Since Artype mRINA was used in the hybrid-
ization experiments, it is possible that the presence
of a Gy gene might have been overlooked because
of the relatively large difference (29 out of 102 amino
acids) (Dugan et al. 1973; Cohn et al. 1974) of amino
acid sequences between the two C regions. The DNA
sequence of the right half of the Hinf C fragment
{Fig. 5B) shows no noticeable similarity to the fe-
quences predicted from either the C; or Gy region.
Figure 7 shows the observed DN A sequence, its com-
plementary sequence, and the corresponding amino

GGA GAC AAG GCT GCC CTC ACC ATC ACA

70 75
GhX GAY AAR GCX GCX CUX
: UUR

ACX ALY ACX

AUA

-

T6T CTA TGE TAC AGC "

a0 95
Y cGx

CUX UGG UAY AGY
- UUR UCX

ATG TAT TTC

ALG

Ay
AUA

GLX UAY UUY UGY 60X

Figure 6. Partial nucleotide sequences of the left half of the Jinf C fragment. Experimentally determined nuclectide
sequences are shown in comparison with the sequences predicted from amino acids within a V;; region (MOPC-104E X
chain). The numbers designate amino acid positions. The amino acids, and consequently predicted nucleotides of a Vg
region (MOPC-315 A chain), are identical with those of MOPC-104E A chain, except for positions 85, 87, 94, and 95.
Nucleotides predicted from the MOPC-315 A chain at these positions are shown in italics. Positions 94 and 95 are
within a hypervariable region (Cohn et al. 1974). X, indicates any one of four bases; B indicates purine; ¥ indicates
pyrimidine. Three nucleotides immediately adjacent to the Hinf site were not determined.
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Alu I

5 AAGTTGTTTAACATATTATTAATACGGAACTACTGTTCGAAACARATAGTTGAACCATCTTG

927

Hind III Hinf I

_CTHAG 5

~

5 ., TTCAACAAATTGTATAATAATTATGCCTTGATGACAAGCTTTGTTTATCAACTTGGCAGAAC _ _GANTC 3

PhehsnLysLeuTyrhEnRsnTyrAlaLeu.MetThrSerPheUalTyrGlnLeuGlyh:g

SerThrasnCysIlellelIleMetPro-x»-x Gl nalaTrpPhelleAsnleualaGlu

GlnGlnIleVal-x3»-x LeuCydLeuAspAsplysLeuCysLeuSerThrTrpGlnAsn
Figure 7. Partial nucleotide sequences of the right half of the Hinf C fragment. Experimentally determined nueleatide
sequence is shown at the top. In the second row, the complementary sequence is shown. The latter sequence was trans.
formed into amino acid sequences by reading it in all three frames. These amino acid sequences are shown under the
complementary nucleotide sequence. Positions of Alul and Hinf cleavage sites are indicated by arrows. G Indicates a

termination triplet.

acid sequences obtained by reading the complemen-
tary sequence in each of the three frames. Amino
acid sequences read by two possible frames run into
double termination codons. The third frames yielded
amino acid sequences which bear no similarity to
either the C; or Cy region. Alternatively, we have
tried to align the observed and predicted nucleotide
sequences using as reference points the Hinf and
the Alul recognition sequences. No alignment was
nossible which gave less than 40% mismatching,

en using the most favorable codon assignments.
~hether or not some residual sequence homology

ists between this region and G, genes remains to
we determined. We conclude that a C, gene is not
contiguous to the V, gene.

In collaboration with A, Maxam, W. Gilbert, R.
Tizard, and 0. Bernard, we recently determined
more extensively the nucleotide sequences in the
homology region and the regions immediately adja-
cent to it (in prep.). The result confirms the se-
quences shown in Figures 6 and 7.

Rearrangement of Immunoglobulin
Genes

The DINA cloning technigque is a powerful tool for
analyzing the crganization and function of euka-

ryotic genes. There is no doubt that the analysis -

of various immunoglobulin gene clones from differ-
ent cellular origins will reveal many microscopic
details of the arrangement and rearrangement of
DNA sequences. For a better understanding of the
various problems associated with this gene family,
it would be useful to combine these studies with
analysis of total cellular DN A at a more macroscopic
leveal. ;

When limit Bomiil digests of total DNA from
BALB/c embryos or MOPC-321 myeloma (a kchain

-oducer) were fractionated by agarose gel electro-
vhoresis and the DNA in each fraction was hybrid-

#d with a whole kchain mBNA (a probe for V,
and C, gene sequences), profiles of hybridization

were drastically different with the two DNAs (Ho
zgumi and Tonegawa 1976). We interpreted the pro-
file difference as a result of a rearrangement of im-
munoglobulin genes which takes place during
differentiation of lymphocytes. The rearrangement
is thought to bring one of the multiple V genes in
contiguity to a C gene, thereby permitting the con-
tinuous transeription of a full immunoglobulin gene.
An alternative explanation of the results, namely,
that accurmulation of multiple mutations or base
modifidations leading to either loss or gain of BamHI
sites generated the observed pattern difference, was
considered to be unlikely (Hozumi and Tonegawa
1976). Another possible, also unlikely, interpreta-
tion was to ascribe the pattern difference to massive
scrambling of DNA sequences which might accom-
pany generation or propagation of the myeloma
cells. To exclude these trivial interpretations, we
extended the analysis to DINAs of other sources.
In Figure 8B a BamHI digest of kidney DNA from
adult BALB/c mice was analyzed with a whole
i-chain mRNA purified from MOPC-321 myelomas,
as well as with its 3-end-half. Two DMNA components
of 6.0 and 3.9 megadaltons hybridized with the whole
BENA molecule, whereas only the B.0-megadalton
component hybridized with the 3-end-half. Overall,

. hybridization patterns were indistinguishable from

those obtained with embryonic DNA (Fig. 8A) (Ho-
gumi and Tonegawa 1976). Essentially identical pat-
terns were obtained with DNAs of other adult tis-
sues such as liver and brain. The hybridization

. patterns of the whole rchain mRNA with DNA from

J558 myeloma were also indistinguishable from
those obtained with embryonic DNA (Fig. BA). In
this myeloma, a A chain is produced and no k-chain
gene is expressed. DNA from two other A-chain-pro-
ducing myelomas(MOPC-104E and HOPC-2020) gave
essentially the same result (not shown). Conversely,
when DNA from a k-chain-producing myeloma
(MOPC-321) was analyzed with a purified A-chain
mBNA as hybridization probe (HOPC-2020), the hy-
bridization pattern was indistinguishable from that
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Figure B. Gel electrophoresis patterns of A J558 DNA f4)
and kidney DNA ¢B}digested with BamHI. Whole MOPC-
321 RNA (0-----0) (1250 cpra, 7 X 10" cpm/ pg) or its 3’ -end-
half fragment (@) (600 cpm, T X 107 cpm/ ug) was hy-
bridized to fractionated DNA. Digestion of DNA, prepara-
tion of RINA probes, electrophoresis, and hybridization pro-
cedures were as described elsewhere (Tonegawa 1976;
Hozumi and Tonegawa 1976), The number at the top of
each panel in this Egurs and in Figs. 9 and 10 indicates
the molecular we1ght¢'[m megadaltons) of EcoRI-digested
phage X DNA used as miigration markers,

obtained with embryo DNA by the same mENA
{Tonegawa et al. 1977h). These results render the
trivial interpretations described above unlikely.

An Inactive V Gene Remains Unjoined with the
Corresponding C Gene in Plasma Cells

Our earlier hybridization studies, as well as those
of others, indicated that a group of closely related

V regions are somatically generated from a few,
probably single, germ line genels) (Tonegawa et al.
1974; Rabbitts et al. 1975; Tonegawa 1876; Honjo
et al. 1576; Tonegawa et al. 1377¢k Such a V-region
£group is best appmmated to the subgroup as de-
fined by Cohn et al. (1974). We previously presented
direct demonstration of separate germ-line V genes
for two V regions of different subgroups (Tonegawa
et al. 1977c). The results are reproduced in Figure
B4 for the present cuntext. Embryonic DN A digested
with BamHI enzyme was analyzed with two mRNAs
coding for two i chains of different subgroups,
MOPC-321 and MOPC-21. These two k chains show
little homology in their V regions, whereas they
have identical sequences in the C region (Milstein
and Swvasti 1971; McKean et al. 1973). As expected,
both RN As hybridized with the 6.0-megadalton com-
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Figure 9. Gel electrophoresis patterns of embryo DNA (4)
and MOPC-321 DNA (B digested with HamHI. Whole
MOPC-321 mBENA (2-----0) (1250 epm, T ¥ 107 cpm/ pg) or
MOPC-21 mRNA (e—=) (1220 cpm, B X 107 cpm/ug) was
annealed with extracted DNA.
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ponent which carries the C, gene (see above). In addi-
tion, each of the two RN As hybridized with a second,
ut mutually different, DNA component. These
INA components of 5.0 and 3.9 megadaltons should
‘arry MOPC-21 and MOPC-321 V-gene sequences,
espectively. :
Is a V, gene for a given subgroup joined with a
C, gene in the myeloma which synthesizes a « chain

carrying a V region of another subgroup? That this -

is probably not the case is shown in Figure 5B, where
MOPC-321 DNA was analyzed with the homologous
(MOPC-321) and heterologous (MOPC-21) x mRNA.
As we reported previously, the homologous k mRNA
hybridized with a major DNA component of 2.4
megadaltons (Hozumi and Tonegawa 1976). This
component carries both V. wmopcan and G, gene
sequences. While the 6.0-megadalton, embryonic
C, gene component disappears, the 5.0-megadalton
V. mopc.a gene fragment remains at the embryonic
position (this band was atypically broad in this par-
ticular experiment). These results, as well as those
deacribed in the last section (ie., analysis of k-gene
sequences in DNA from adult tissues and from -
chain-producing myelomas), suggest that there is a
strict correlation between the V-C-gene joining and
activation of the joined immunoglobulin genes.

Does the V-C-gene Joining Take Place in Both
of the Homologous Chromosomes?

The apparent disappearance of the embryonic V-
and C-gene components (Hozumi and Tonegawa

¥76) in MOPC-321 DNA suggested that the joining
event leads to homozygosis. As we pointed out previ-
ously (Tonegawa et al. 1977c), homozygosis could re-
sult from the loss of one homolog followed by redupli-
cation of the other, or it could result from somatic
recombination between the centromere and the im-
munoglobulin locus. The alternative view—that
joining takes place in both chromosomes—presents
a problem since there is more than one V gene (see
above). There is no intrinsic reason why the same
W gene should be joined on both homologs. The above
results, however, could be explained by the known
abnormality of the karyotype of mouse myelomas.
Although MOPC-321 is subtetraploid (S. Tonegawa,
unpubl.), we have no information as to the number
of chromosomes on which the k genes lie. Thus it
is possible that this myeloma has lost the homologis)

on which the V, wopc.ss: and C, genes are located -

separately.

To investigate this possibility, we analyzed DNA
from another myeloma, TEPC-124 (Fig. 10). MOPC-
321 and TEPC-124 k chains are different only by
three amino acids in the V regions (McKean et al.
1973) and belong to a single subgroup. The two V
regions, therefore, presumably share the same germ-
line V gene. Since nucleotide sequences in the two

1RNAs are extensively homologous (Tonegawa et
al. 1974; 8. Tonegawa, unpubl.), MOPC-321 k mRNA
1d ita 3-end-half were used as the hybridization
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Figure 10. Gel electrophoresis patterns of TEPC-124 DNA
digested with BomHI. Whole MOPC-321 mRNA (0---0)
ar its 3'-end-half fragment (e——a) was annealed with ex-
tracted DINA.

probes instead of the homologous mRNA. Three ma-
jor DNA components hybridized with the whole
k mRENA, two of which hybridized also with the
3end-half fragments (Fig. 10). The size and hybrid-
ization properties of these DNA components suggest
that the overall pattern is a composite of the two
patterns obtained when embryonic and MOPC-321
DNA 'were analyzed by the same RNA probes. Thus
the principal difference in the two hybridization pat-
terns, one of embryonic DNA and the other of TEPC-
124 tumor, is the addition of the 2.4-megadalton
component in the latter. This component hybridized
with both whole and 3-end half RNA probes. Each
of the two componenta that hybridized with the
3end-half should contain a complete C gene se-
quence, for our recent study with a wchain cDNA
clone indicates that there is no BamHI cleavage site
in the C gene (G. Matthyssens and 5. Tonegawa,
unpubl.). If the two V regions indeed share the same
germ-line V gene, the straightforward interpreta-
tion of the above results is that the V gene is joined
with the C gene only in one of the two homologs
in plasma cells.

For immunoglobulin loci, only one allele is ex-
pressed in any given lymphocyte (allelic exclusion)
{Pernis et al. 1965). This is not the case for any other
autosomal gene studied until now. Considering the
strict correlation between joining of a pair of V and
C genes and the expression of the joined V gene,
the above results with TEPC-124 DN A may be rele-

.vant to the mechanism of allelic exclusion. On the

other hand, the apparent homozygosis observed in
MOPC-321 DNA can also conveniently explain alle-
lic exclusion, if this is a naturally occurring event.
In this case, heterozygosis observed in TEPC-124
DNA could result from accidental acquisition of a
homolog from a nonlymphatic cell during genera-
tion or propagation of the tumor. We feel that the
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matter will be clarified only by analysis of DNA
from natural lymphocyte clones.

CONCLUSIONS
The nuclectidesequence determination of a
cloned, embryonic V, gene directly demonstrated
that V genes are separate from a corresponding C
gene in embryonic cells. Analysis by restriction en-
gymes of total cellular DINA from various sources

strongly suggested that the two separate immunc

globulin genes become continuous during differenti-
ation of B lymphocytes. There seems to be a strict
correlation between the joining event and activation
of the joined genes. Cloning of more immunoglobulin
genes from embryo and plasma cells will not only
provide direct demonstration of such a gene-joining
event but also help in the elucidation of a possible
relationship of the event to gene activation mech-
anisms.

The genecloning experiments were carried out
in a P-3 laboratory in accordance with the National
Institutes of Health guidelines issued in June 1976,

The phage vector used was approved, in January .

1976, as an EK-2 vector by the National Institutes
of Health Advisory Committee on Hecombinant
DNA Research. After completion of the work, in
April 1977, we were informed that this approval
was withdrawn. In compliance with the new rule,
we are now growing the AgtWESIg 13 clone on E.
coli DP50. Retention of the original amber muta-

tions in this phage clone was kindly confirmed by :

Dr. B. Hohn at the Biocentar, Basel.

Acknowledgments

We thank Drs. M. Potter, M. Cohn, M. Weigert,
J. W. Beard, T. Bickle, P. Leder, M. Sugiura, and
M. Takanami for providing strains and enzymes.
We thank Dr. B. Hohn for analyzing the genetic
markers carried in A phagea. We also thank Dr. G.
Matthyssens for a gift of Achain cDNA. The techni-
cal assistance of Mr. G. Dastoornikoo, Ms. R. Schul-
ler, Ms. P. Riegert, and Mr. A. Traunecker is highly
appreciated. The excellent secretarial help of Ms.
K. Perret-Thurston is also appreciated.

REFERENCES

Carra, J. D. and J. M. Kenoe. 1974. Antibody diversity:
Is it all coded for by the germ line genes? Scand J
Immunol 3: 1.

Coun, M., B. BromBerc, W. Gecxrer, W. Rascuxe, B
RisceT, and M. WeicerT, 1974, First order considera-
tions in analyzing the generator of diversity. In The
immicne system, genes, receptors, signals (ed. E. E. Ser-
carz et all, p. 89, Academic Press, New York. ~

Dawvis, R. W., M. Sivox, and N. Daviosos. 1971. Electron
microscope heteroduplex methods for mapping regions
of base saquence homolegy in nucl&lc acids. Methods
Enzymol 21D: 413,

Dreeyer, W. J. and J. C. Besxerr. 1965 The molecular
basis of antibody formation: A paradox. Proe Natl
Aead, Sci. 5d: B64.

Ducaw, E. 5, R. A, Braossaw, E. 5. Simms, and H. N,
Fisen. 1973, Amino acid sequence of the light chain
of & mouse myloma protein (MOPC-315). Bischemistry
12: 54040,

Ewquist, L., D. Tiemeieg, P. Leoer, B. Weassers, and N,
STERNBE?.G 1976. Safer derivatives of bacteriophage
hgt-he for use in cloning of recombinant DNA mole
cules. Neature 259 5946

Fausr, O H., H. Dicoximasy, and B, Macw 1974, Estima-
tion of the number of genes coding for the constant
part of the mouse immuneglobulin kappa light chain.
Froe. Natl, Aced. Sci. T1: 2481,

Greeseie, D. and 5. SpIEGELMAN. 1965, A guantitation as-

say for DINA-RNA hybrids with DNA immobilized on
" a membrane. J Mol Binl I'%: 829

Howao, T., 8. Packman, DL Swan, and P. Leper. 1976,
Quantitation of constant and variable region genes for
mouse immunoglobulin A chains. Biochemistry 15: 2780.

Howao, T., 8. Packmas, D. Swax, M. Nav, and P, Lepes.
1974. Organization of immunoglobulin genes: Heitera-
tion frequency of the mouse x chain constant region
gene. Proc. Natl Acad, Sei T1: 36568,

Hozumar, N. and S, Tonscawa. 1976 Evidence for somatic
rearrangement of immunoglobulin genes coding for var-
iable and constant regions. Proc Notl Acad. Sei T3
3628,

Kramer, B A, J. B. Cameron, and R. W. Davis. 1976,
Isolation of bacteriophage A containing yeast ribosomal
RNA genes: Screening by in situ RNA hybridization
to plagues. Call 8 227.

MarpeL, M. and A. Hica. 1970, Calcium-dependent bacte-
riophage DNA infection. J. Mel Biol 53: 159,

Maxam, A. M. and W. GuszrT. 1977. A new methed for
sequencing DNA. Proc. Netl Acad Sei T4: 560.

McKzsw, D, M. Porrer, and L. Hoon, 1973, Mouse immu-
noglobulin chains. Pattern of sequence variation among
kappa chains with limited sequence differences
Biochernistry 12 T60.

Merrz, J. E. and R. W. Dawvis, 1972, Cleavage of DNA by
R, restriction endonuclease generates cohesive ends.
FProc. Natl. Acad. Sei 63 3370

Mmnstem, C. and J. Svast. 1971, Expansion and contrac-
tion in the evolution of immunoglobulin gene pools.
Prog. Immuncl, 1: 33,

Perwis, B., G. Caiaremvo, A, 8. Kevus, and P. G. H. Gerr
1985. Cellular localization of immunoglobulins with dif-
ferent allotypic specificities in rabbit lymphoid tissues,
J. Exp. Med 122: 553,

Raeerrrs, T. H., J. M. Jarvis, and C. Mostery. 1975, Dem-
onstration that a mouse immunoglobulin light chain
messenger RNA hybridizes exclusively with unique
DMNA. Cell 6: 5.

Smrres, H. 0. and M. L. BirxsTies. 1976. A simple method
for DINA restriction site mapping. Nucleie Acids Res.
3: 2387T.

SovrheEry, E. M. 1975, Detection of specific sequences
among DNA fragments Eeparamf:l by gel-electrophore-
sis, J Mol Biol 98: 503,

STAVNEZER, J., R. C. C. Huang, E. Stavnezer, and J. M.
Brauop, 1974, Isolation of messenger RNA for an immu-
noglobulin kappa chain and enumeration of the genes
for the constant region of kappa chain in the mousa.
1. Mol. Biol 88: 43.

Teiomas, M., J. B. Camerow, and R. W. Davis. 1974, Viable
molecular hybrids of bacteriophage lambda in euka-
ryotic DNA. Proc. Natl Aead. Sci 71: 4570.

ToNEGAWA, 5. 1976, Reiteration frequency of immunogle-
bulin light chain genes: Further evidence for somatic
generation of antibody diversity. Proe Natl Acad Sei
73: 203.



ORGANIZATION OF IMMUNOGLOBULIN GENES 931

Towecawa, 5., C. Brack, N. Hozums, and R. ScHULLER.
1977a. Cloning of an immunoglobulin variable region
gene from mouse embryo. Proc Natl Acad Sci T4
2518,

"wxecawa, 5., N. Hozumi, C. Brack, and B. ScHULLER.
1977h. Arrangement and rearrangement of immunoglo-
bulin genes. In Regulation of the immune system: Genes
and the cells in which they funetion. JCN-U'CLA Symp.
{in press).

Towecawa, 5., N. Hozumi, G. Marryyssens, and R ScHUL-
rzr. 1977c. Somatic changes in the content and context

of immunoglobulin genes. Cold Spring Harbor Symp.
Quant. Biol 41: 877.

Toxecawa, 5., C. Stemveenc, 5. Duss, and A. BERNARDINL
1974, Evidence for somatic generation of antibody diver-
sity. Proc. Natl Acad Sci. 71: 4027,

Whaite, R. L. and D. 8 Hoowess. 1977, R-loop mapping
of the 185 and 285 sequences in the long and short
repeating units of Drosophila melanogaster tDNA. Cell
10 177.

WiczewL, H. 1973, Antibody diversity: I3 it all coded for
by the germ line genes? Seand. J Immunol 2; 199,

-



