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The heavy-chain switch from immunoglobulin M (IgM) expression to IgA expression is mediated by a
recombination event between segments ofDNA called switch regions. The switch regions lie two to six kilobases
upstream of the F. and at constant region coding segments. Switch recombination to IgA expression results in
a recombinant jio-a switch region upstream of the expressed a constant region gene. We have characterized the
products of switch recombination by a lymphoma cell line, 1.29. Two sets of molecular clones represent the
expected products of simple FL to a switches. Five members of a third set of molecular clones share the same
recombination site in both the ,u and the a switch regions, implying that the five molecular clones were derived
from a single switch recombination event. Surprisingly, the five clones fall into two sets of sequences, which
differ from each other by several point mutations and small deletions. Duplication of switch region sequences
are also found in these five molecular clones. An explanation for these data is that switch recombination
involves DNA synthesis, which results in nucleotide substitutions, small deletions, and duplications.

Antigenic stimulation of immunoglobulin-expressing lym-
phocytes can result in a switch by individual cells from
expression of immunoglobulin M (IgM) to expression of IgG,
IgA, or IgE. The switch from IgM to IgA, for example, is a
substitution of an a constant (C) region for a ,u constant
region in the immunoglobulin heavy chain. The I.29 mouse
B-lymphoma cell line switches from IgM to IgA expression
in vivo and in vitro (1, 21, 23). The genetic basis of the class
switch in 1.29 cells is a DNA rearrangement that moves the
VDJ (variable-diversity joining segments) complex, encod-
ing the variable region of the expressed heavy-chain gene,
from physical association with the C,u gene to physical
association with the Ca gene (22, 23). The rearrangement is
accomplished by a recombination event between segments
ofDNA (called S,u and Sa regions) located between two and
six kilobases upstream of the C, and Ca genes. This
recombination event between S regions is similar to that
observed in the vast majority of heavy-chain switches in
other immunoglobulin-producing cells (3, 12, 14, 17).
S regions are composed of simple sequences imperfectly

repeated in tandem. For example, the S,u region is composed
of the repeat unit GGGGT(GAGCT)n, where n is usually
between one and seven (13, 17). The Sa region is composed
of an 80-base-pair (bp) long repeat which is based on
pentamers similar to those found in the S,u region (3, 14).
Switch recombination events in both the S,u and the Sa
regions have been shown to be scattered over most of the
respective switch regions (3, 10, 12, 14). Most studies of
switch recombination sites have focused on myeloma or
hybridoma cells and have analyzed switch recombination
sites of a clonal progeny cell. We have examined switch
recombination sites from different cellular progeny of what is
apparently a single switch recombination event. If the im-
mediate DNA product of a switch recombination event
included regions of base mismatches, one might expect two
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populations of DNA molecules, segregated into two popula-
tions of cells, following replication and cell division. We
have found that the progeny of a single switch recombination
can fall into two groups of very similar, but distinguishable,
sequences.

MATERIALS AND METHODS

All of the expressed a genes used in this study were
BamHI fragments cloned in bacteriophage vectors that in-
clude the expressed VDJ exon, the S,uSa recombination site
and part of the expressed Ca gene. The molecular clones
Ea.J1, Ea.J2, Ea.J3, Ea.J4, Ea.J5, and Ea.J8 have been
described in detail elsewhere (11, 22). Briefly, these molec-
ular clones were derived from a population of 1.29 cells
which had been passaged in vivo five times and that was 77%
IgA+ and 17% IgM+. The BF0.5 and BF0.6 expressed-
a-gene clones were derived from a clonal cell line [BF0.3
(IgA+)] that had switched in vivo and been cloned in vitro
(11, 21). The 40.1 and the 41 series of molecular clones (41.1,
41.3, 41.4, 41.6, and 41.8) of expressed a genes were derived
in a single experiment by induction of the I.29,u cell line (not
cloned) in vitro. After 35 days of treatment with lipopoly-
saccharide and anti-idiotype (giving rise to 40.1) or lipopoly-
saccharide and anti-immunoglobulin (giving rise to the 41
series), approximately 95% of the cells were IgA+. DNA
was prepared from these cells, and molecular clones were
derived. L47.a2 contained the germ line a gene cloned from
the IgM.5P cells (22). The nonexpressed a gene in IgM.5P
cells had the identical restriction map as the germ line a gene
in liver cells from I/St mice (22 and data not shown).

Switch region subclones from the bacteriophage clones
mentioned above were prepared in the Bluescript KS vector
or in pSA801, which includes a Sacd fragment and about 150
bp of flanking sequence from bacteriophage lambda DNA in
the BamHI site of pBR322. pCa is a Sacd subclone of the Sa
region from L47.a2 and has the same size SacI fragment as
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the parent clone. Sau3A, BstNI, or AluI partial subclones
were prepared in M13 and sequenced by the dideoxy method
(18). Southern hybridization was performed as described
elsewhere (11).

RESULTS

We prepared populations of 1.29 cells that included IgA+
cells which arose by a switch recombination event from 1.29
(IgM+) cells. From these cell populations or from cellular
clones from these populations, we prepared molecular
clones of the expressed a heavy-chain genes and determined
the nucleotide sequence of the switch recombination sites.
BFO.5 and BFO.6 represent independent molecular clones

derived from the clonal IgA+ cell line BFO.3 and therefore
represent the same gene. As expected, they have the same
recombination site and the same sequence for 300 bp sur-

rounding the recombination site (Fig. 1A). The 40.1 and the
41 series of molecular clones were derived from two cul-
tures, in the same experiment, of I.29,u cells that had been
induced to switch. The I.29,u cells used for this experiment
had not been cloned; approximately 0.5% of the cells ex-

pressed IgA when the cultures were initiated. As presented
in Fig. 1A, 40.1 and all of the 41 series of molecular clones
also share the same switch recombination site. They also
share the same sequence for 264 bp surrounding the recom-
bination site, except for 41.6, which has a single base change
137 bp upstream of the recombination site (not shown).
The Ea.J series of molecular clones represents more

complex recombination events. These six expressed a genes
were cloned from a population of I.29 cells obtained by
selecting for IgM+ cells on the fluorescence-activated cell
sorter and subsequent passage five times in mice. We first
characterized the S,uSa regions of SacI plasmid subclones of
the Ea.J phage clones by examination of complete Sau3A
digests. Each of the six Ea.J subclones has a large (greater
than 1,000 bp) Sau3A fragment that is variable in length.
DNA sequencing demonstrated that these large fragments
consist mostly of SRx tandem repeats (data not shown). This
variability in length is probably due to deletions of the highly
repetitive S,u region during growth in bacteriophage vectors
(13, 17). Ea.J1, Ea.J3, and Ea.J5 are similar in that they
share a 295-bp fragment not found in Ea.J2, Ea.J4, Ea.J8, or

pCa (Ea.J1 is shown as an example in Fig. 2A, lane 4). Ea.J1
also has a 320-bp fragment similar to that found in the germ
line Sa clone, pCa (Fig. 2A, lanes 2 and 4). Ea.J2 and Ea.J4
share 300-bp and 290-bp fragments, neither of which is found
in any of the other subclones (Fig. 2A and data not shown).
Ea.J8 has a unique 360-bp fragment. The Sau3A fragment
composition of the molecular clones around the S,uSa re-

combination sites is shown in Fig. 3.
Ea.J1, Ea.J2, Ea.J3, Ea.J4, and Ea.J5 share the same

switch recombination site (Fig. 1B). The S,u recombination
site in Ea.J8 is upstream of the S,u recombination sites of
other Ea.J series clones, and the Sa recombination site is
downstream of the Sa recombination site of the other Ea.J
series clones. (The Ea.J8 sequence is contiguous between
the two arrows in Fig. 1B.) The fact that five of the Ea.J
series clones share a single recombination site suggests that
they are derived from a single switch event in a single cell.
Thus, the IgA+ progeny of one switch event appears to
dominate the cell population in passage 5. Since IgA+ cells
dominate the passage 5 population, they must have some
growth advantage over the IgM+ cells (22). IgA+ cells arise
at a low frequency from the IgM+ precursors (21). The first
cell that switches to a from ,u does not have to compete with

other IgA+ cells for a significant time, and the progeny of
that cell may dominate the final population. For reasons to
be discussed below, it is likely that the molecular clone
Ea.J8 is derived from progeny of the same switch event that
gave rise to Ea.J1 through Ea.J5.

All of the Ea.J series clones have the germ line a Sau3A
and PvuII fragments downstream of the Sa Sau3A site
designated S-2 in Fig. 3A. Hence, the switch recombination
sites are in the 5' end of the Sa region, 5' of S-2. We
compared the DNA sequence of the germ line Sa 320
fragment between S-1 and S-2 (Fig. 3A), the sequence of the
Sa 270 fragment (Fig. 3A), and the sequences of the Ea.J1
through Ea.J5 switch recombination sites. The comparison
suggests that the switch recombinations occur in the Sa 320
fragment and not in the Sa 270 fragment (see residues 301 to
345, Fig. 1B). An alternative interpretation of these data is
that the recombination event occurred in the Sa 270 frag-
ment and was accompanied by four point mutations that
happened to coincide with the sequence of the Sa 320
fragment. We favor the former simpler interpretation.

Nevertheless, the sequences of the 290 and 295 fragments
found in Ea.J1 through Ea.J5 are very similar to the germ
line 320-bp fragment, except for a 25-bp deletion and a few
single-base changes. The 290-bp fragments in Ea.J2 and
Ea.J4 have an additional 5-bp deletion. Since the S,uSa
recombination event in the Ea.J series of clones interrupts
the germ line 320-bp fragment and all restriction fragments
downstream of the 320-bp fragment are in the germ line
configuration, the 290 and 295 fragments appear to represent
a duplication of germ line Sa sequences. To note this
duplication, we have designated the new Sau3A site in
clones Ea.J1 through Ea.J5 S-2'.
Clone Ea.J1 includes an additional 320-bp Sau3A frag-

ment, the location of which on the Ea.J1 restriction map has
not been determined. PvuII and Sau3A fragment sizes
suggest that it is 5' of S-2. It represents another duplication
of Sa sequences but differs from the germ line 320 fragment
by eight base substitutions (data not shown).

It was possible, however, that the germ line a gene clone,
L47.a2, had deleted some of the Sa sequences present in
genomic DNA and that this could explain the apparent
addition of Sa sequences in the Ea molecular clones. Given
the DNA se-quence data discussed above, the deletion would
have to be at least 290 bp long to account for the extra
fragment in Ea.J2 and Ea.J4. This possibility was investi-
gated by comparing the size of Sa SacI and SacI-PvuII
fragments in cellular DNA from I.29,u cells and in the cloned
germ line a gene. The SacI and the SacI-PvuII fragments in
the molecular clone were 80 to 100 bp smaller than the
corresponding fragments in genomic DNA (Fig. 2B, lanes 5
through 8). This migration difference between the molecular
clone and the corresponding genomic fragment may not
represent a true difference in fragment length; it may result
from artifactual migration of different samples. Neverthe-
less, even if the migration difference represents a 100-bp
difference in fragment length, this deletion is much too small
to account for duplications of 290 to 600 bp in the Ea.J series
of clones.

Besides having additional Sa sequences relative to the
germ line Sa region, the sequences of the Ea.J1 molecular
clones also differed from the germ line Sa sequences. Ea.J1,
Ea.J3, and Ea.J5 differ from the germ line Sa sequence by
four single-base changes and the 25-bp deletion in the 360 bp
3' of the S,uSa recombination site. Ea.J2 and Ea.J4 differ
from the germ line by five single-base changes, the 25-bp
deletion, and the 5-bp deletion. Ea.J8 differs from the germ
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A. 41.3/40.1
Sp + Sa

GAGCTGGGGTGAGCTGAGCTGGGCTGATCTGGAATGAGCTGGGATGAGCTGAGCTAGGCT

Sp+++4-++++444++ Sa
BFO.5/.6 GAGCTGAGCTGAGCTAGGGTGAGCTGAGCTAGAATGATCTGGAATGGGCTGAGCTAGGCT

Sau3A-0
B. En .J2/J4 GAGCTGAGGTGAGCTAGGGTGAGCTGATCTGAGTTAGGGTGAGCTGAGCTGAGCTGGGGT 60

Ea.J8 ---- ----

Ea.J1/J3/J5
En.J2/J4
En.J8

En.J1/J3/J5
En .J2/J4
Ea.J8

En.J1/J3/J5
Ea.J2/J4
En .J8

Ea.J1/J3/J5
Ea.J2/J4

Sa 320
En.Jl1/J3/J5
En .J2/J4
Scn 270

Sa 320
Ea .J1/J3/J5
Ea.J2/34

Sa 320
Ea . J1/J3/J5
Ena.J2/J4
Ea.j8

Sa 320
Ea.J1/J3/J5
Ec.J2/J4
Ecn.J8

GAGCTGAGCTGAGCTGGGGTGAGCTGAGCTGGGGTGAGTTGAGCTGAGCTGACCTGAGCT 120
----A--------------------------------------
----A----------------------- ---------------

GAGCTGAGCTGAGCTGGGGTGAGCTGGGGTGAGCTGAGCTGGGGTGAGCTGAGCTGAGCT 180
-----C--- - -------A- --- --- -- -------------- - --- ------- - ---- --

----C----------A-----------------------------------------

GGGGTGAGCTGAGCTGAGCTGAGCTGAGCTGAGCTGAGCTGAGTT GGGTGAGCTGAGCT 240
------------------T- ----

-T4--------T4
SAs

GAGCTGAGCTGGGGTGAGATGAGCTGGGGTGAGCTGAGCTGAGCTGGGGTGAATTGGGGT 300
-A---------------------------------A----------------------

Sa Sau3A-2'
CGGCTGGTGTGAGCTGAGCTAGGCTGAGCTGAGCTAGAATGATCTGGGATGGGCTGAGCT 360

A~~~~~~~~- - --C--ed
A----CA---------G---------------------------(end)

AGGCTAAAATAGGCTGGGCTGGGCTGGTGTGAGCTGAGCTAGGCTGAGCTGAGGTGGAAT 420

---- -----------C-~~~~~~~~~~~~~~C-

GAGCTGGGATGGGCTGAGCTAGGCTGGAATAGGCTGGGCTGGGCTGGTGTGAGCTGAGCT 480

AGGCTGAGCTGAGCTGGAATGAGCTGGGATGGGCTGAGCTAGGCTGGAATAGGCTGGGCT 540

T-------------
--------T-----

Sa 320 GGGCTCATGTGAGCTGGGCTAGGCTGAGCTGAGCTGGAATGAGCTGGGATGAGCTGAGCT 600
Ea.j1/j3/J5 -- --------------------------------------------------

En.J2/J4 --------------------------------A---------------------------
Eo.J8 --------------------------------A---------------------------

Sau3A-2
Sn 320 AGGCTGGAATAGGCTGGGCTCGGCTGGTGTGAGCTGAGCTAGGCTGAGCTGAGCTAGAATGATC
ED .J1/J3/J5 --------------------------- -- G------------------A-----------
En.J2/J4 --------------G------------------------------
En.J8 ---------------------------------G------------------------------

FIG. 1. Nucleotide sequences near ,u-a switch recombination sites. ,a-a switch recombination sites are noted by arrows and are delimited
by the residues which are clearly derived from SjL and Sa. The recombination sites can be ambiguous, since one or more residues could be
derived from either S,u or Sa. (A) Nucleotide sequences for the molecular clones 41.3, 40.1, BFO.5, and BFO.6. The sequences for five other
genomic clones, independently derived from the same culture as 41.3, are identical to 41.3. (B) Nucleotide sequences for the Ea.J series of
molecular clones. ----, Identity to the upper sequence in each group of lines. Substitutions are indicated by the appropriate base
abbreviation. Spaces indicate deletions relative to the upper sequence. For example, the sequence of Ea.J8 is contiguous from one arrow
(residue 195) to the other arrow (residue 440). To retain the pentamer arrangement in S,u, a space in the sequence has been introduced at
residue 226. Sau3A sites are designated as in Fig. 3. Sa 320 and Sa 270 are germ line fragments identified in Fig. 3. Because some Sn
sequences are duplicated in the Ea.J clones, some of the Sa 320 fragment sequences have been duplicated in this figure (residues 301 through
345). Only a small portion of the Sa 270 sequence is shown. The 300 fragment (see Fig. 2 and 3) extends from Sau3A-0 to Sau3A-2' in the
Ea.J2-Ea.J4 sequence. The 290 and 295 fragments (see Fig. 2 and 3) extend from Sau3A-2' to Sau3A-2 in the Eo.J2-Ea.J4 and the
Eo.J1-Ea.J3-Ea.J5 sequences, respectively.

line by four single-base changes and the 25-bp deletion. A
few of these single-base changes might be an artifact of the
comparison made, since we have compared the 290 and 295
fragments in Ea.J1 through Ea.J5 to the germ line 320
fragment, even though the 290 and 295 fragments might arise
by duplication of other Sa sequences. A more valid compar-

ison might eliminate some of the base changes relative to the
germ line. Importantly, six differences (including the 5-bp
deletion) in the Sn region between Ea.J1, Eo.J3, and Ea.J5
and Ea.J2, Eo.J4, and Eo.J8 would remain.
The sequence of germ line S,u is not available in the region

5' of the S,uSa recombination site. However, the Ea.J1,
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FIG. 2. Restriction fragment composition of ,u-a recombined and
a germ line switch regions. (A) Sau3A fragment composition. A
0.1-,ug portion of Ea.J8 (lane 1), pCa (lane 2), Ea.J4 (lane 3), or
Ea.J1 (lane 4) DNA was digested with Sau3A and end labeled with
[a-32P]dATP, by using the large fragment of DNA polymerase. The
resulting DNA fragments were fractionated on a 6% polyacrylamide
gel. Lengths of some fragments in bp are noted. Several fragments
in lane 1, including the fragment at about 325 bp, are the result of
end-labeling and are not observed by ethidium bromide staining. (B)
Comparison of Sacl and SacI-PvuII fragments in genomic and
cloned a genes. Eleven micrograms of genomic DNA from I.29,u
cells (lanes 5 and 8) or 0.1 ng of L47.a2 DNA (lanes 6 and 7) were
cut with Sacl (lanes 5 and 6) or Sacl and PvuII (lanes 7 and 8),
fractionated on a 1.2% agarose gel, and blotted onto Zetabind paper.
The filter was hybridized with an RNA probe transcribed from the
320 Sa fragment cloned in a Bluescribe plasmid. These fragments
were identical in size in bacteriophage clone L47.a2 and the plasmid
subclone pCa (not shown).

EQ.J3, and Ea.J5 sequences differ from the Ea.J2 and Ea.J4
sequences by five single-base changes and a 5-bp deletion.
Each of the differences must represent deviations from the
germ line in one set of sequences or the other. (This does not
imply that any sequence from the Ea.J series need be totally
germ line or totally mutated; each molecular clone could be
a mix of germ line residues at some of the differences and
mutated residues at other differences.) Ea.J8 is similar to
EQ.J2 and Ea.J4 in the S,u sequences; it has a single-base
difference from Ea.J2 and Ea.J4. In all of the base changes,
transitions predominate. A single transversion (G to C) is
observed.
An additional base change results in a Sau3A site in the S,

portion of Eo.J2, Ea.J4, and Ea.J8. This Sau3A site, desig-
nated S-0 in Fig. 1B and 3B, is not found in Ea.J1, Ea.J3,
Ea.J5, or in a 2.3-kilobase molecular clone of the SR region
from I.29 cells. This novel Sau3A site results in a 300-bp
fragment (Fig. 2A, lane 3); the corresponding fragment in
Ea.J1, EQ.J3, and Ea.J5 is longer than 1,000 bp. The
structure of Ea.J8 is the result of replacement of the 300- and
290-bp fragments in Ea.J2 and Ea.J4 by the 360-bp frag-
ment.

DISCUSSION

We assume that molecular clones with identical switch
recombination sites are derived from a single switch recom-
bination event. No two independent switch sites have ever
been shown to be identical at the sequence level (3, 12, 14,
16, 17, 24, 25). In every case studied to date the two Igh loci
within a single cell are found in distinguishable, rearranged
restriction enzyme fragments (2, 6, 8, 20, 25). Therefore,
within a single cell, the two switch recombinations, even

when occurring within the same switch region, occur at
different S region locations. Thus, it appears that in genera-
tion of both the 40.1 and 41 series of molecular clones and
the Ea.J molecular clones, cells deriving from a single
switch recombination event dominated the population at the
time ofDNA preparation. Since the 40.1 and 41 series clones
were derived from separate wells, the switched cell appar-
ently existed before induction by lipopolysaccharide and
anti-immunoglobulin antibodies. If the Ea.J1, Ea.J3, and
Ea.J5 and the Ea.J2 and Ea.J4 clones arose by two switch
events which both occurred at exactly the same Sp. and Sa
site, they would also have to share the 25-bp deletion of Sa
sequences in the 290 and 295 fragments and the apparent Sa
sequence duplication. Although we provide no formal evi-
dence to rule out independent switch recombination events
occurring at the same S,u and Sa sites, given the precedents
in the literature, the derivation of the cell populations and
the molecular clones, and the structure of the molecular
clones, the more parsimonious interpretation would favor
single recombination events giving rise to similar recombi-
nation sites.
One of the striking findings in the Ea.J molecular clones is

the presence of two groups of sequences (Ea.J1, Ea.J3, and
Ea.J5 and Ea.J2, Ea.J4, and Ea.J8) that are nearly identical
within a group but differ between groups by several point
mutations and deletions. It is unlikely that the point muta-
tions are the result of cell culture or recombinant DNA
artifacts. The sequences of BF0.5 and BF0.6, which were
derived from a cloned IgA+ cell line, were identical. Fur-
thermore, the sequences of the 40.1 and 41 series clones,
which appear to have been derived from a fortuitously clonal
line, were virtually identical to each other. If artifactual
mutations were occurring, we should have observed them in
these molecular clones.
The point mutations are probably not related to the

hypermutation mechanism associated with VDJ regions.
They are located far from the VDJ complex, where somatic
hypermutation is concentrated (4, 10, 15). Furthermore,
somatic hypermutation is apparently not active in 1.29 cells,
as these molecular clones lack somatic mutations in their
VDJ exons (11).
We presume that the Ea.J1 through Ea.J5 molecular

clones arose from a single switch recombination event in a
single precursor cell. That precursor cell divided many
times, its progeny dominating the population obtained after
passage 5. The five molecular clones were probably derived
from the DNA of five different progeny cells. If the point
mutations occurred before switch recombination in the pre-
cursor cell, the five Ea.J clones should have identical
sequences. Since we observe two different sequences, the
mutations cannot have occurred before the switch. If the
point mutations occurred after the switch, the five Ea.J
clones should each have a different sequence, because each
molecular clone was presumably derived from a different
progeny cell in the final cell population. Hence, we suggest
that the mutations occurred at about the same time as the
switch recombination event. Since the single cell that
switched proliferated, the mutations were segregated into
two groups in the final cell population, giving rise to two
different sets of molecular clones.
As detailed in Results, it is formally possible that switch

recombination occurred in the Sa 270 fragment and that the
290 and 295 fragments represent products of small deletions
of the germ line Sa 320 fragment and not duplications. We
favor the interpretation that the Sa 290 and 295 fragments
represent duplications, with small deletions, of Sa se-
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FIG. 3. Diagrams and restriction maps of the expressed immunoglobulin heavy-chain gene in I.29 cells and derived moltkular clones. (A)
The expressed ,u heavy-chain gene and the unrearranged, downstream a constant region gene in 1.29 (IgM+) cells is shown. Expanded maps,
with a few restriction enzyme cleavage sites, are shown for the Sp, (shaded) and Sa (hatched) regions. (B) Maps, with a few restriction enzyme
cleavage sites, are shown for molecular clones derived from I.29 (IgA+) cells. The portion of the restriction map shown includes the ,u to a
switch recombination site. We do not mean to imply an order of biological derivation by the order of presentation of the Ea.J series of
molecular clones. S, Sau3A sites. For ease of discussion, some Sau3A sites are given additional designations: S-1, S-2, S-2', S-2", and S-O.
Several Sau3A fragments are named according to their length.

quences. These duplications and deletions may have oc-
curred during the propagation of IgA+ cells or molecular
clones. For example, the switch recombination site observed
in Ea.J8 might be the result of an artifactual deletion of the
original recombination site, which would be the same as that
in the other EaL.J series clones. The Ea.J8 recombination site
might be the product of some other internal deletion, unre-
lated to switch recombination. In fact, since Ea.J8 shares so
many mutations with Ea.J2 and Ea.J4 and shares the 25-bp
deletion with all the Ea.J series clones, it is very likely that
it shares the original switch recombination site. We think
that it is possible that the recombination site in Ea.J8 is the
result of a secondary switch recombination. In support of
this possibility, the one mutation relative to Ea.J2 and Ea.J4
might have arisen by such a secondary switch recombina-
tion.
The apparent duplications show some clonal variation,

since the Eoa.J1 molecular clone includes an additional
320-bp fragment. This might imply that the duplication

process could take place independently of switching. It is
also possible that Ea.J1 through Ea.J5 each had the addi-
tional 320-bp fragment after switching and that homologous
recombination in the lymphoma cells or during growth of the
bacteriophage clone eliminated the fragment. In this case,
independent events in Ea.J2 through Ea.J4 would have to
yield nearly identical products.
DNA synthesis during switch recombination could give

rise to both the mutations and the duplications-deletions.
This role of DNA synthesis, which has been previously
suggested by others (9, 19), is illustrated in Fig. 4. The
tandemly repeated nature of switch regions could give rise to
slippage during DNA synthesis, resulting in duplication or
deletion of sequences. In this communication, we have
reported deletion and duplication in recombined switch
regions. Deletions and duplications of nonrecombined
switch regions are associated with activation of switch
recombination in both I.29 and normal splenic B cells (7, 23).
One might hypothesize that DNA synthesis during switch
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A. SM.=
---~Sa

B. Sg = SJ.L-

C.511- S a S x, S a

C. Si S a Sj.S a

D. SA' SaS__': Sa
and and

SL S a S' Sa

FIG. 4. Model for DNA synthesis in heavy-chain switch recom-
bination. Existing DNA strands are symbolized by thick lines;
newly synthesized strands are symbolized with thin lines and arrows
noting the direction of synthesis. An early step in switch recombi-
nation is nicking of at least one strand of the switch region DNA
double helix (A). As one strand melts away, DNA synthesis begins,
by using the other strand as a template (B). This synthesis could
initiate in either or both switch regions. DNA synthesis occurs in
only the 5' to 3' direction. Hence, synthesis goes from left to right
with the upper strand as a template and right to left with the lower
strand as a template. At some point, the synthesis crosses over from
the Spl to the Sa sequences, accomplishing the heavy-chain switch
recombination. Depending on the synthesis pattern of the switch
regions and the resolution of the recombinational complex, duplica-
tion of the switch region sequences could result (C). Nicks in the
DNA (0) now religated, and the switch recombination point (A) are
noted. Errors during DNA synthesis could result in a heteroduplex
with differences from the germ line sequence. Depending on how the
heteroduplex was resolved or repaired, both germ line and mutated
sequences could arise (D).

recombination may switch templates not only between do-
nor and acceptor switch regions but also within a single
switch region. The unusual composition of switch regions
might also cause DNA synthesis to be error prone. Error-
prone DNA synthesis in the switch would explain discrep-
ancies previously observed between recombined and germ
line switch regions (14, 24). Nucleotides not accounted for
by either the donor or recipient switch region at switch
recombination sites (25) might be explained by non-tem-
plate-directed DNA synthesis. c-myc translocations often
involve rearrangement with switch regions and may be a
form of abberant heavy-chain switch recombination. Inser-
tions, deletions, and a duplication have been observed in
c-myc switch region recombination sites and have been
interpreted similarly (5).
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