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ABSTRACT From endonuclease EcoRI partial libraries of
DNAs from mouse embryo and MOPC 141, a 7yap-producing
myeloma, clones were isolated by using a DNA fragment
carrying the 7}, constant (C) region gene as a hybridization
probe. One clone from MOPC 141 contained a heavy chain
variable (V) gene and the C7yg), gene, as demonstrated by R-loop
mapping. The V gene and C gene in this clone were separated
by a 3.9-kilobase intron. The characterization of this clone as
well as the embryonic clones suggest that at least two recom-
bination events occurred to create the ysp, gene in MOPC 141.
One of the events is analogous to the V-] joining previously
demonstrated in the light chain genes, which brings the major
part of the V gene next to a short coding sequence (J). The other
event we refer to as “Cu-Crysj, switch recombination” because
a portion of the intron between the V gene and C gene of the
rearranged 7z, gene is derived from the 5’ flanking sequence
of the embryonic Cu gene. A model suggesting how the phe-
nomelrilon of switch seen in lymphocytes may occur is pre-
sented.

The notion that DNA segments in mouse embryo are re-
arranged during the ontogeny of a bone marrow-derived (B)
lymphocyte to create a A or x immunoglobulin light chain gene
has been demonstrated (1, 2). Essentially, this process involves
bringing into proximity a DNA segment coding for one of
multiple variable (V) regions with a DNA segment coding for
the corresponding constant (C) region. The detailed studies of
the sequence organization before and after recombination have
revealed that the V region is actually encoded in two separate
DNA segments (3, 4). For example, in the A; system the major
part of the V region (residues 1-97) is encoded in the V DNA
segment, whereas the rest of the V region (residues 98-109) is
encoded in a short DNA segment referred to as ] DNA. A re-
combination event between the 3’ end, relative to the direction
of transcription, of the V DNA segment and the 5" end of the
J DNA segment joins these DNA segments in the B lympho-
cyte.

The ] DNA segments have been mapped to the 5 side of both
C\| and Ck genes. Whereas in the Aj system a single ] DNA
segment has been found 1.2 kilobases (kb) away from CA; (3,
5), in the k system there is a cluster of at least five ] DNA seg-
ments in the range of 2.5 to 4 kb away from the Ck gene (6). The
possibility that the ] DNA segment, in addition to providing a
recombination point for any V DNA, may also contribute to the
antibody diversity has been suggested and may explain the need
for a cluster of ] DNA segments (6, 7).

Because the heavy chain polypeptide is also composed of a
V region and a C region, one might assume that what has been
established at the DNA level for light chains will be true for
heavy chains. In principle, this is probably so, although the
expression of heavy chains has some features that make it
considerably more complex than that of light chains. The nature
of this complexity is revealed by the existence of at least eight
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different C regions. Each of these C regions appears to share
the same set of V regions; i.e., a given V gene can be expressed
with more than one heavy chain class. In addition, it appears
that within a single lymphocyte there is the capacity to switch
the class of C gene expressed while maintaining expression of
the same V region (8-10).

In this report we present several features of the organization
of heavy chain genes in both mouse embryo and a yap-syn-
thesizing myeloma, MOPC 141. These include: (i) the distance
separating two heavy chain C genes, (ii) evidence that at least
two rearrangements at the DNA level are involved in the gen-
eration of a complete immunoglobulin gene of the vyg, subclass,
(i41) the intron—exon structure of the embryonic Cu gene, and
(iv) the existence of a ] ‘coding DNA segment for the heavy
chain genes.

MATERIALS AND METHODS

Bacteria and Phages. Phage Charon 4A and Escherichia coli
DP50 (Su IT*, Su III*) were obtained from F. Blattner of the
University of Wisconsin, Madison, WI (11). The AgtWES-AB
was obtained from P. Leder at the National Institutes of Health
(12). E. coli 803 (ri;, mi, Su IIT*) was originally from K. and N.
E. Murray of the University of Edinburgh. Lysogens used for
preparation of packaging mixtures, BHB 2688 [N205 recA~
(N imm434 b2 red3 Eam4 Sam7)/\] and BHB 2690 [N205
recA~ (N imm434 clts b2 red3 Daml5 Sam7)/\] were ob-
tained from B. Hohn of the Friedrich Miescher Institute
13).

Preparation of Mouse Embryo and MOPC 141 Libraries.
High molecular weight DNA from either mouse embryos or
MOPC 141 tumors was prepared as described (14). The DNA
was partially digested with restriction endonuclease EcoRI and
fractionated on a 10-40% sucrose gradient. DNA fragments in
the size range of 10-20 kb were ligated to Charon 4A arms and
packaged in vitro; the efficiency of packaging was 5 X 10°
recombinant phage per ug of mouse DNA (13). Each library
was amplified as a plate lysate before screening.

Isolation of Clones. Nick-translated hybridization probes
were prepared as described (3). Approximately 600,000 plaques
from each library were screened as discussed elsewhere (15).

Electron Microscopy. Procedures used for formation of
single-stranded DNA-mRNA hybrids, formation of DNA het-
eroduplexes, two-step R-loop technique, and formation of R-
hybrids have been described (16). In the two-step R-loop
technique the R-loop mixture is completely denatured by
heating and then incubated at 57°C for 4-6 hr. The R-hybrid
technique is essentially the same as the two-step R-loop tech-
nique except that two different cloned DNAs are mixed with
mRNA.

Other Procedures. Purification of ¥ chain mRNAs of v;
(MOPC 21), v (MOPC 173), ya, (MOPC 141), and 73 (J 606),

Abbreviations: V and C, variable and constant regions of immuno-
globulins; kb, kilobase(s); bp, base pair(s).
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F1G. 1. Physical map of mouse embryo DNA segment between
Cv1 gene and Cygp, genes. Arrows indicate EcoRI cleavage sites.
Fragment size is indicated in kb between arrows. The number in pa-
rentheses to the right of each clone name indicates the number of
other clones obtained with a similar pattern of inserts. The bar di-
rectly below the C+y; gene represents the 2.3-kb Xba I/Kpn I fragment
discussed in the text.

as well as u mRNA (MOPC 104E) and o mRNA (HOPC 8) (1);
preparation of Charon 4A DNA end fragments (15) and
AgtWES-AB end fragments (3); and ligation of DNA fragments
(17) were previously described.

All cloning experiments were carried out under P3-EK2
conditions in accordance with the National Institutes of Health
guidelines for recombinant DNA research issued in June
1976.

RESULTS

C+; and Cvjgp, genes are 21 kb apart in the mouse
embryo

We previously cloned from EcoRI-digested mouse embryo
DNA a 6.8-kb fragment carrying a Cy; gene (18). A 3.2-kb Xba
I/Kpn 1 fragment (Fig. 1) containing the Cvy gene was isolated
from this fragment and used as a hybridization probe to screen
the embryo EcoRI partial library. Isolated clones were analyzed
by EcoRI digestion followed by agarose gel electrophoresis. We
also examined R-loops formed between each of these clones and
a series of mRNAs coding for different heavy chain classes and
subclasses. These studies permitted us to classify all clones into
two groups. One group contained the C7y; gene on a 6.8-kb
fragment, 3.2 kb from the 5’ EcoRI site and 1.9 kb from the 3’
EcoRI site; the other group contained the C+yg}, gene on a 6.6-kb
fragment, 1.4 kb from the 5’ EcoRI site and 3.8 kb from the 3’
EcoRlI site. Clones of the latter class were isolated with the Cvy;
gene probe presumably by virtue of the cross-hybridizability
between the Cv; gene probe and the Cvyg, gene (Fig. 1).
The order of EcoRI fragments in each clone was determined
by R-hybrid analysis. For example, an R-hybrid mixture con-
taining MEP 15 and MEP 1 plus v; mRNA revealed that both
clones were completely homologous except for a 5.1-kb seg-
ment. The position of the R-loops for the C7; gene allowed us
to conclude that the 5.1-kb segment is 8.2 kb away from the 8’
end of the Cvy gene in the 3’ direction. Thus, the order of the
EcoRI fragments in MEP 15 is a 6.8-kb fragment that contains
the Cv; gene, followed by a 6.3-kb fragment to the 3’ side of
the gene, and next to this fragment a 5.1-kb fragment.
Digestion of one of the C7y,-containing clones, MEP 15, and
one of the Cygp-containing clones, MEP 5, with EcoRI dem-
onstrated that both clones contained a 5.1-kb EcoRI fragment
(Fig. 1). Heteroduplex analysis of the two clones revealed that
the two 5.1-kb fragments were indistinguishable. On the basis
of this result, it was concluded that the C-y; gene was to the 5’

side of the Cyg, gene and the two genes were separated by 21.1
kb.
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Fi1G. 2. (a) Electron micrograph and schematic interpretation
of mRNA-DNA hybrid observed upon using MOPC 141 mRNA and
DNA from clone 141-p21. Five exons are visible: V gene (V), C gene
(E1, En, Eo, Eg). Eq refers to the hinge region, and E;, Es, and E3 refer
to the constant region domains. Four introns are depicted as I, Ip,
Ic, and Ip. The short RNA tail after Eg is interpreted as poly(A).
Dotted line represents mRNA. (b) Physical map of mRNA-DNA
hybrid of clone 141-p21. Arrows refer to EcoRI sites. Hatched bar
refers to the Sac I/EcoRI fragment discussed in the text. Values of
exon and intron lengths are given in base pairs (bp) £ SD. Eighty
molecules were measured. Measurements were made with a Numonics
digitizer and the data were analyzed with a Hewlett—Packard HP9825
calculator.

In several of the Cygap-containing clones, mapping studies
revealed a small deletion ranging in size from 1 to 2 kb as shown
for clones MEP 5 and MEP 8 in Fig. 1. These clones constituted
a minority of the Cryap,-containing clones and probably resulted
during the growth of the phage. No further attempt was made
to characterize this deletion.

Y2 gene is rearranged in MOPC 141

The 6.6-kb EcoRI fragment containing the Cy2p, gene was used
as a hybridization probe to screen the EcoRI partial library of
MOPC 141 myeloma, a g}, producer. Of the six clones isolated,
two were identical and contained two EcoRI fragments, an
8.2-kb fragment containing the MOPC 141 V gene and a 7.8-kb
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FI1G. 3. (a) Electron micrograph and schematic interpretation of R-hybrid observed upon using MOPC 141 mRNA and DNA from clones
141-p21 and MEP 3. Dotted line represents mRNA. Arrow indicates the point where homology ends bétween 141-p21 and MEP 3. (b) Electron
micrograph and schematic interpretation-of R-hybrid observed upon using MOPC 141 mRNA and DNA from clones 141-p21 and MEP 203.
The two arrows define the ends of the homology between 141-p21 and MEP 203. (c¢) Physical maps of R-hybrids observed in a and b. Arrows

indicate EcoRlI sites.

fragment containing the Cyg, gene. A hybrid formed between
one of these two clones, 141-p21 and MOPC 141 g, mRNA,
is shown in Fig. 2. The two genes are separated by a 3.9-kb in-
tron. The Cvygp, gene is composed of four exons; the three
largest—E; (256 bp), Ez (327 bp), and Eg (392 bp)—we inter-
preted to correspond to the C region domains of a g}, chain,
whereas the short Ey (56 bp) very likely codes for the hinge
region. This structure is similar to that observed previously for
the Cv, gene (18).

The R-hybrid formed between the myeloma clone, 141-p21,
and the embryo Cvyyyp, gene clone, MEP 3, is shown in Fig. 3a.
The two cloned DNA fragments are extensively homologous
near their 3’ ends, but, unlike the light chain gene clones, the
homology does not extend to the V gene, but only 1.3 kb from
the 5 end of the C gene into the intron between the V gene and
C gene (Fig. 3c). This result suggests that, although the mye-
loma vg}, gene is rearranged, the rearrangement is different
from the way the light chain genes are rearranged.

Embryonic DNA fragment containing the remainder
of the 3.9-kb intron

The V-C intron in 141-p21 was found to be 3.9 kb long, of
which 1.3 kb could be accounted for by the homology with
MEP 3. To determine the origin of the 2.6-kb intron segment
unaccounted for by the embryonic Cygp gene clone, MEP 3,
we isolated from clone 141-p21 a 1.2-kb Sac I/EcoRI fragment.
The location of this fragment in 141-p21 is shown in Fig. 2. Five
clones were isolated by using this fragment as a hybridization
probe to screen the mouse embryo library. One of these clones,

MEP 203, contained three EcoRI fragments. Heteroduplex
analysis of the clones allowed us to order the three EcoRI
fragments as follows: 1.5 kb, 6.4 kb, and 10.5 kb. The R-hybrid
of MEP 203 and the myeloma clone 141-p21 is shown in Fig.
3b. The 73, mRNA was added to determine the position of the
homologous region relative to the C+yg}, gene. On the myeloma
clone there is a homologous segment between 1.3 kb and 3.9 kb
to the 5’ side of the C+yg}, gene. Because the V and the Cvyg}, gene
are separated by a 3.9-kb intron (Fig. 2), the 5’ end of the ho-
mology corresponds to the 3’ end of the V gene on 141-p21 (Fig.
3c¢). Thus, part of the intron between the V gene and C gene in
the myeloma clone 141-p21 is due to a segment of DNA on
MEP 203 and the rest of the intron can be found on clone MEP
3 (Fig. 3¢).

Embryonic clone MEP 203 contains a Cu gene

R-loop analysis of EcoRI-digested clone MEP 203 demonstrated
that this clone contained a Cu gene on the 10.5-kb EcoRI
fragment. Partially purified u heavy chain mRNA from MOPC
104E gave four R-loops, each separated by short single-stranded
DNA segment (Fig. 4). The approximate lengths of the exons
are: E;, 343 bp; Eg, 350 bp; Es, 359 bp; and E4, 506 bp. The
multiple exon structure is analogous to the structures previously
observed for other heavy chain C genes and strongly suggests
that the four Cu domains are encoded separately. We also used
Y1, Yea, Yob, Y3, and a heavy chain mRNAs for the analysis and
found no R-loops on clone MEP 203.
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FI1G. 4. (a) Electron micrograph and schematic interpretation
of mRNA-DNA hybrid observed upon using MOPC 104E mRNA and
EcoRI-digested DNA from clone MEP 203. Four exons are visible and
are labeled Ey, Ey, E3, and E4. Three introns are also visible and are
labeled Ip, Ic, and Ip. The two RNA tails seen are interpreted as the
V gene, which extends from Ej, and the poly(A), which extends from
E4. Dotted line represents mRNA. (b) Physical map of mRNA-DNA
hybrid of clone MEP 208. Values are given in bp + SD. Thirty mole-
cules were measured.

The 6.4-kb embryonic fragment contains a MOPC 141
J DNA segment

The R-hybrid structure shown in Fig. 3b suggests that one of
the two branch points between the myeloma clone 141-p21 and
the embryo clone MEP 203 corresponds to the 3’ end of the V
gene. If there is a V-] joining event in heavy chain genes similar
to that seen for the light chain genes, then the 6.4-kb embryonic
fragment should contain a ] DNA segment at a position corre-
sponding to the branch point. The ] DNA segment is too short
to be visualized as an open R-loop, but its presence can be in-
ferred by a duplex DNA loop formed by the intron separating
the embryonic ] and C DNA segments.

In order to determine whether a ] DNA segment coding for
the MOPC 1419y, chain is present on the 6.4-kb fragment, this
DNA fragment was ligated to the Cvyg}, gene-positive 6.6-kb
EcoRI fragment of clone MEP 3 (Fig. 1) and recloned in the
A WES vector. Head-to-tail ligation of the two EcoRI fragments
in one of the clones isolated (clone ME 46) was verified by
measurement of various parts of the heteroduplex structure
obtained with this clone and the myeloma clone 141-p21 (data
not shown). The R-loop structure formed by clone ME 46 and
partially purified MOPC 14179, mRNA is shown in Fig. 5. The
2.7-kb single-stranded DNA loop (labeled in Fig. 5 as 1) indi-
cates the presence of a ] DNA segment 2.7 kb away from the
5’ side of the Cvygp, gene. Because the Cya), gene is 1.4 kb away
from the 5" EcoRI end of the 6.6-kb fragment (Fig. 5), the above
result places the ] DNA segment on the 6.4-kb fragment and

1.3 kb away from its 3’EcoRI end. This position corresponds
to one of the fork points of the heteroduplex formed between
clone MEP 203 and clone 141-p2] (see Fig. 3c). Recent DNA
sequence analysis of this fork point in clone 141-p21 and MEP
203 has revealed that a ] DNA segment similar to that identified
for light chains does exist for the heavy chains (unpublished
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FI1G. 5. (a) Electron micrograph and schematic interpretation
of hybrid observed upon using MOPC 141 mRNA and DNA from
clone ME 46. E;, Ey, Eo, and Ej3 refer to the exons of Cvysp, and J refers
to a short sequence of about 50 bp. The RNA tail extending from J
is interpreted to be the V gene. Dotted line represents mRNA.
Twenty-seven molecules were measured. (b) Physical map of
mRNA-DNA hybrid of clone ME 46.

observations). These results suggest that the myeloma heavy
chain V gene is generated by V-] joining.

DISCUSSION

The results presented in this report suggest that at least two
recombination events are necessary for generation of the
complete g, gene from embryonic DNA sequences. One of
them occurs at or near the 3’ end of the V-coding sequence and
a short (=50 bp) sequence that seems to code for the V-C
junction region. The latter sequence is analogous to the ] DNA
segment of light chain genes (3). We designate this sequence
as a heavy chain ] DNA. In contrast to the light chain genes, in
which ] DNA segments are located in the 5’ flanking regions
of their respective C genes, in the heavy chain gene system the
] DNA used for the MOPC 141 g, gene does not lie in the 5
flanking region of the Cvya1, embryo gene but is located in the
5’ flanking region of the Cu embryo gene. Thus, there may only
be one set of ] DNA segments for the entire set of heavy chain
C genes.
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The second recombination occurs between a pair of sites, one
located between the ] DNA segment and the Cu gene and the
other in the 5’ flanking sequence of the Cygp, gene. This event
we refer to as “Cu-Crya), switch recombination.”

The temporal order of the two recombinations during B cell
differentiation cannot be determined from the present studies.
However, the attractive possibility, in light of the heavy chain
“switch” phenomenon (8-10), is that V-] joining occurs first,
followed by Cu—Cryap, switch recombination (Fig. 6). According
to this hypothesis the IgM to IgGgp, switch can be explained in
the following manner. During the differentiation of stem cells
to pre-B cells, one of the multiple V DNA segments is joined to
one of the ] DNA segments located to the 5’ side of the Cu gene.
In analogy to the light chain genes, it is probable that this re-
combination would generate a complete and active u gene. The
u-only pre-B cell (19, 20) and the resting small B lymphocyte
bearing IgM on its cell surface (21) are considered to contain
u genes of such sequence organization. Upon encountering an
antigen and often with the help of T cells, the small B lym-
phocytes undergo further differentiation and become blast cells
and eventually plasma cells. During this process the second
rearrangement, Cu—Crygp, switch, occurs in some lymphocytes,
replacing the Cu coding exons of the active u gene with the
Cr2p exons. Subsequently, these cells synthesize a g, chain
having the same V region as the u chain synthesized by their
progenitors.

Many eukaryotic genes are composed of informational DNA
(exons) interspersed with silent sequences (introns). In the im-
munoglobulin genes a polypeptide encoded by a single exon
seems to form a structurally and functionally independent unit.
Thus, the signal peptide and the major portion of the V region
are encoded in separate exons (5). Similarly, each of the three
heavy chain C region domains, as well as the hinge region of
1 and g, chains, is encoded separately (18, 22, 23). The R-loop
analysis of the Cu gene presented here suggests that this heavy
chain gene also follows this pattern. Correlation between a
signal peptide and an exon has been shown in at least one other
case (24). We (5, 18) as well as others (25, 26) have previously
speculated that one function of an intron is to serve as a site of
recombination between exons. In this way, two or more DNA
segments scattered throughout the genome and coding for a
polypeptide of some functional use can be assembled into a
single transcription unit. Consequently, a gene coding for a
protein having a new combination of functions is created. While
it is yet to be shown whether any genes were generated by
shuffling of exons in evolution, the structure of the g, gene
from MOPC 141 suggests that such a gene creation process
indeed takes place in differentiation.

Note Added in Proof. Recently two small exons have been observed
approximately 2 kb from the end of the Cy gene. These exons may be
used for the membrane form of .

DNA.
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