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The mouse myeloma cell line MPC 11 carries two Cy2a immunoglobulin heavy-chain genes on the expressed
chromosome, a duplication shown to have occurred through unequal sister chromatid exchange (USCE). In the
present report, we present the nucleotide sequence of the USCE joint and show that both breaks occurred
within tracts of repeated TC dinucleotides. Additional TC dinucleotide tracts and two oligonucleotide segments

(N sequences) were inserted at the USCE site.

A single copy of each of the eight immunoglobulin heavy-
chain constant region genes is present in the germ line of
BALB/c mice. The myeloma cell line MPC 11 carries a
tandem duplication of the Cy2a gene on the expressed
chromosome (Fig. 1). The expressed chromosome contains a
deletion of y2a-associated tandem repeats, while its homolog
maintains a germ line configuration in this region; since both
copies of y2a involved in the duplication carry the deletion,
unequal sister chromatid exchange (USCE), rather than
mitotic recombination between homologs, is the molecular
mechanism responsible for the duplication (13). Further-
more, USCE appears to be an ongoing process in MPC 11;
variants in heavy-chain production derived from MPC 11
carry the reciprocal products of further USCE (either loss or
further amplification of the duplicated y2a gene).

The DNA sequences of the germ line regions involved in
the crossover, one located approximately 3 kilobases 3’ to
Cy2b and the other the same distance 3’ of Cvy2a, are
virtually identical (15), strongly suggesting homologous pair-
ing of the two regions as an initial step. The size of the USCE
joint, however, implies that if crossing over followed precise
pairing, the nicks in the two strands did not occur at
equivalent positions. We measured an offset of about 50
nucleotides between the two cuts. The crossover site was
further localized by genomic Southern blot analysis within a
region of juxtaposed tracts of TC and TG dinucleotide
repeats. Alternating purine-pyrimidine tracts, such as (TG),,
may assume a Z-DNA conformation (11), whereas regions of
TC simple sequence may assume a novel non-B, non-Z,
triplex structure (10) and have been suggested to be struc-
tural elements of S1 nuclease-hypersensitive sites (3).

To precisely localize the site of recombination, we sought
to clone and sequence the USCE joint from a cell line
carrying the Cy2a duplication. The USCE joint was cloned
from the MPC 11 variant ICR 16, the y2a genes (and hence
the USCE joint) of which are amplified approximately 5- to
10-fold (13). Since previous cloning attempts with large
fragments in cosmid and phage vectors were unsuccessful,
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perhaps due to recombinogenic properties of the USCE
joint, we sought to clone this region as a small fragment in a
plasmid vector. In order to enrich the library for the USCE
joint, a double-fractionation strategy was employed. The
USCE joint was present on a 6.4-kilobase Bgl/II fragment and
on an internal HindIII fragment of 2.5 kilobases (Fig. 1a).
Genomic DNA was digested with Bgl/II and size fraction-
ated; DNA of the appropriate size was recovered, digested
with HindIll, and size fractionated a second time. DNA of
the desired size range was recovered and ligated with
HindllI-digested pBR322. Transformants were screened
with ¥2IVS 3.6 (Fig. 1). Two independent positive colonies,
NJ25 and NJ41, were isolated; restriction maps of the
plasmid they carried were consistent with the map of the
USCE joint determined by genomic Southern blot analysis.

The sequence of the USCE joint, present on the 700-
base-pair (bp) HindIII-EcoRI fragment (Fig. 1a), was deter-
mined by the chemical modification method (9). Both strands
were read from the HindIIl site of y2a-3' to the Nsil site
present in y2b-3' sequences; the sequences of NJ25 and
NJ41 were identical (Fig. 1b). As expected, the sequence
was identical to y2a-3’ for a maximum of 49 bases at its 5’
end and identical to y2b-3’ for a maximum of 106 bp 5’ to the
Niil site. Between the two germ line sequences lay at least
64 bp with the general structure (TC),; Ng (TC)s Ng (TC),.
The N segments were not present within either y2a-3' or
v2b-3’. In y2a-3’, the USCE site lay either at the 3’ edge of
or somewhere within the TC tract. Similarly, the break in
y2b-3’ was either at the 5’ edge of or anywhere within the TC
dinucleotide repeat.

The potentially Z-DNA-forming TG-rich region of y2a-3’
was eliminated from the USCE joint, whereas that of y2b-3’
lay at least 16 bases distal to the USCE site. Studies on the
Ustilago Recl protein (5-7) have shown that Z-DNA seg-
ments are important in the pairing step of the recombination
catalyzed by this enzyme, while other studies (14) identified
a role for TG sequences in yeast meiotic recombination. In
the MPC 11 USCE, the potential Z-DNA may serve as a
recognition site for recombinases involved in the pairing of
the sister chromatids with the actual nicks introduced some
distance away.

The mechanism of the USCE appears to be complex. In
both clones which were sequenced (NJ25 and NJ41), there
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FIG. 1. (a) Map of USCE in MPC 11. Top line shows the region
3’ to Cy2a involved in the USCE, while the second line depicts the
region 3’ to Cy2b involved in the exchange. Previous studies (15)
localized the crossover site in y2b-3' between the Xbal and Nsil
sites. A restriction map for one product of the USCE, carrying two
Cy2a genes, is shown on the bottom line. Sequences derived from
v2a-3 are shaded, and those originating in y2b-3’ are not. Restriction
sites are indicated as follows: Bg, Bglll; H, HindIII; N, Nsil; S,
Sphl; Nc, Ncol; E, EcoRI. *, TC repeats; O, TG repeats. (b) DNA
sequence of the USCE joint (NJ-25) is shown in capital letters. The
sequences of the germ line regions are depicted by dashes (if
identical) or in lowercase letters. The site has been located to
maintain the entire TC tract from both germ line sequences; it could
actually be located further 5’ in y2a-3' or further 3’ in y2b-3',
resulting in the insertion of additional TC dinucleotides within the
intervening DNA. Brackets demarcate the joining sequence itself,
depicted in bold letters and having the general structure
(TC),;N((TC)sNg(TC),. The N sequences are overlined. Attempts to
determine the sequence of the USCE joint by the dideoxy-chain
termination method (12) were unsuccessful since termination in all
sequencing reactions occurred at the start of the TC tract.

was an identical insertion of 64 bp at the USCE site with the
entire tract, including N sequences, either derived from a
donor sequence elsewhere or genérated de novo. The USCE
is, therefore, not a simple, single crossover event. If the
64-bp joint fragment is present on a donor sequence, the
entire insertion could have occurred during a single ex-
change. An insertion of similarly sized (51-bp) but dissimilar
sequence was found to cause a truncated p chain in the BW
leukemic cell line (1). Alternatively, the USCE joint could
have been generated by a multistep mechanism. For exam-
ple, TC tracts could have been expanded through several
rounds of crossing over or from slippage of DNA polymerase
during replication. Furthermore, enzymes capable of adding
additional residues to the ends of DNA have been found.
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Among these are telomerase (4), which adds tracts of simple
sequence telomeric repeats to telomere sequences, and
terminal deoxynucleotidyl transferase, whose expression in
the pre-B-cell stage of differentiation is correlated with the
addition of novel nucleotides to V-D and D-J junctions in the
immunoglobulin heavy-chain variable region gene (2, 8).
Novel nucleotides in the USCE joint are comparable in size
and sequence properties with those added during VDJ
joining.

In MPC 11 variants, such as ICR 16, from which the
USCE joint was isolated, USCE accounted for both the
initial duplication of the Cy2a genes and subsequent ampli-
fication-deletion (13). With 5 to 10 tandemly arrayed -y2a
genes in ICR 16, 4 to 9 USCE joints were present. Should
NJ25 and NJ41 represent different USCE joints, it seems
plausible that the identical 64-bp insertion that each contains
occurred during the initial y2a gene duplication. As genomic
Southern blot mapping indicated (13), further USCE would
then take place either within the 13 kilobases of sequence
identity shared by regions flanking the duplicated y2a genes,
or if within the original USCE joint, through precisely equal
exchanges.

This report presents the first molecular characterization of
a USCE. Regions of TC dinucleotide repeats, which are
capable of assuming a unique triple helix structure with one
AG strand unpaired (10), were the site of exchange in this
recombination event. Either the single-strand or the
*“‘triplex’’ structure could serve to initiate complex recombi-
nation events such as those described here. Furthermore,
two segments of 6 and 8 nucleotides were inserted de novo at
the USCE site. Additional USCE sites must be identified and
sequenced to determine whether our findings, both TC
dinucleotide repeat expansion and N sequence insertion, are
a general feature of USCE.
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