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We have transferred a pSV2neo vector containing the wild-type constant region of the immunoglobulin FL
gene (C,u) into the mutant hybridoma igm482, which bears a 2-bp deletion in the third constant-region exon
of its haploid chromosomal FL gene (Ct3). Independent igm482 transformants contain the wild-type
immunoglobulin C,u region stably integrated in ectopic chromosomal positions. We report here that the
wild-type immunoglobulin C,u region can function as the donor sequence in a gene conversion event which
corrects the 2-bp deletion in the mutant igm482 chromosomal C;i3 exon. The homologous recombination event
restores normal immunoglobulin M production in the mutant cell.

Recombination is the process by which genetic informa-
tion is exchanged between DNA duplexes. In mammalian
cells, the nature and frequency of recombination events
within DNA sequences have important consequences for
genome stability and evolution. Recombination can occur by
either gene replacement (gene conversion or double recipro-
cal crossover) or single reciprocal recombination. Gene
conversion has the property of transferring information in a
nonreciprocal fashion and is therefore an important mecha-
nism in maintaining the sequence homogeneity within re-
peated sequences and members of multigene families and in
generating genetic diversity (5, 16, 64, 66). Conversely,
reciprocal crossovers can generate chromosomal rearrange-
ments such as translocations, deletions, amplifications, and
inversions, which are important for the assembly and
expression of genes but can also be deleterious to the cell
(11). There is a need to learn more about the nature of
recombinations occurring within mammalian cells in view of
their importance in shaping the mammalian genome.
We have reported previously that homologous recombina-

tion occurs with high frequency within a single pair of
immunoglobulin ,u gene constant regions (C,) located 10 kb
apart 3' of the endogenous rearranged heavy-chain variable
region in a mouse hybridoma cell line (3). The homologous
recombination events consist of both gene conversion and
single reciprocal crossover. In the present study, we have
investigated whether homologous recombination also occurs
within the same immunoglobulin C,u duplicates when they
are not closely linked in the hybridoma genome. To study
this, we have used the mutant hybridoma igm482, which
bears a 2-bp deletion in the third constant-region exon of its
haploid chromosomal , gene (C,u3) (6). We have generated
independent transformants of igm482 in which the wild-type
C, region is stably integrated in an ectopic chromosomal
position not closely linked to the mutant igm482 chromo-
somal ,u gene. Our results show that the integrated wild-type
C, region can act as the donor sequence in a gene conver-
sion event which corrects the igm482 mutant C,u region,
restoring normal immunoglobulin M (IgM) production in the
mutant cells.

* Corresponding author.

MATERIALS AND METHODS

Cell lines and plasmids. The origin of the hybridoma cell
lines Sp6/HL, igm482, and igmlO and the methods used for
cell culture have been described previously (4, 6, 30, 31).
The construction of the 10-kb plasmid pTC,u (Fig. 1A) has
also been reported (4). In brief, the 4.3-kb XbaI fragment
containing the wild-type C,u region from the hybridoma
Sp6IHL was converted to a Sall fragment and cloned into
the SalI site of a modified pSV2neo vector. The SalI site also
contains the recognition sequence for the enzyme HincII.
There are no XbaI sites in the pTC, vector. The plasmid
vector pRC,u482 bears the same C, region as pTC,u except
for the introduction of the 2-bp igm482 mutation in the C,u3
exon by oligonucleotide-directed mutagenesis (4, 68).

Isolation of igm482 transformants. The pTC, vector (50
,ug) was linearized by digestion with HpaI (Fig. 1A), ex-
tracted with phenol and chloroform, precipitated with etha-
nol, resuspended in phosphate-buffered saline, and trans-
ferred into 2 x 107 igm482 cells by electroporation with
successive 700-V, 25-,F pulses at approximately 0°C with a
Bio-Rad Laboratories Gene Pulser. The cells were resus-
pended in complete Dulbecco's modified Eagle's medium
(DMEM) containing 13% bovine calf serum and 0.0035%
2-mercaptoethanol in a tissue culture flask at a density of 105
cells per ml. The flask was placed at 37°C for 12 h, and cell
survival was determined by trypan blue dye exclusion. After
growth for an additional 2 days, one portion of cells was
distributed into microtiter plates at a limiting dilution in
complete DMEM containing 600 ,g of G418 per ml to
measure the frequency of G418-resistant (G418') transfor-
mants. The frequency of G418' transformants was calculated
from the Poisson distribution. The remaining culture was
resuspended in complete DMEM containing G418 for 10 to
14 days to select stable G418' igm482 transformants. Inde-
pendent G418r igm482 transformants were isolated by clon-
ing in microtiter plates.

Isolation of recombinant PFCs. Plaque-forming cells
(PFCs) were detected in cultures of the G418' igm482
transformants by a trinitrophenyl (TNP)-specific plaque as-
say (4, 27). To facilitate the recovery of the PFCs, the plaque
assay was modified so that cells were plated in a top layer of
0.4% low-melting-point agarose (Sea-Plaque; FMC BioProd-
ucts). In each plaque assay, we routinely plated 2 x 107
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FIG. 1. Structure of the pTC,u transfer vector and the igm482 chromosomal immunoglobulin ,u gene. (A) The 10-kb pTCii transfer vector
was constructed as described previously (4). Briefly, the 4.3-kb XbaI fragment containing the four exons (solid boxes) for the four domains
of the Cii region was converted to a SalI fragment and then cloned into the SalI site of a derivative of pSV2neo (circle) which lacks theBamHI
site and which has the EcoRI site converted to a SalI site. The SalI site also contains the recognition sequence for the enzyme HincII. The
arrows designate the tandem orientation of the C,u region and the neo gene (hatched box) of pSV2neo (52). The 10-kb vector pRCp482 (4)
bears the same CiL region as pTC,u except for the introduction of the 2-bp igm482 mutation in the Ci3 exon by oligonucleotide-directed
mutagenesis (68). In pRCp482, the orientation of the C,u region is opposite that of neo. (B) The sizes of fragments that the indicated restriction
enzymes should generate are shown for the mutant igm482 chromosomal immunoglobulin p gene. The mutant igm482 C,u3 exon is indicated
(A). With the exception of the 2-bp deletion, which destroys the XmnI site in the igm482 C,u3 exon, the chromosomal p, genes of the mutant
igm482 and the wild-type Sp6/HL hybridomas are expected to be identical (4, 6, 30). In Sp6/HL, the Cii3 and Cp4 XmnI sites are separated
by 224 bp (23). Therefore, in the wild-type Sp6/HL, theXbaI-XmnI andXmnI fragments detected with probe F are 1.6 and 7.1 kb, respectively
(4; our unpublished results). Probe E is a 1,983-bp BamHI-EcoRI fragment derived from the EcoRI site in the major Ci intron and the BamHI
site 5' of the unrearranged immunoglobulin JH3 segment: probe F is an 870-bp XbaI-BamHI fragment; probe N consists of adjacent 475-bp
and 495-bp NheI fragments. Abbreviations: Ba, BamHI; Bg, BglI; E, EcoRI; Hn, HincII; Hp, HpaI; Sa, Sail; Sc, Scal; Xb, XbaI; Xm, XmnI;
C>, , gene constant region; neo, neomycin phosphotransferase gene of pSV2neo (52); SiL, the gene switch region (cross-hatched box);
VHTNP, TNP-specific heavy-chain variable region.

igm482 transformant cells. The PFCs within each igm482
transformant culture were recovered by picking the hybrid-
oma cells within each plaque with a sterile microcapillary
pipette. The recovered cells were transferred to complete
DMEM containing G418 in microtiter wells. Following cell
growth, the PFCs were subjected to an additional round of
purification by this method and then isolated by cloning at a

limiting dilution.
DNA and IgM analysis. High-molecular-weight DNA was

prepared from the various cell lines by the method of
Gross-Bellard et al. (24). Restriction enzymes were pur-
chased from New England Biolabs, Inc., Boehringer Mann-
heim Biochemicals, and Bethesda Research Laboratories,
Inc., and were used in accordance with the specifications of
the manufacturers. DNA electrophoresis was conducted at 2
V/cm through agarose gels of the consistency indicated in
the figure legends. DNA blotting onto nitrocellulose was
performed by the method of Southern (51). 32P-labeled DNA
probe fragments were prepared with the Multiprime DNA-
labeling system (Amersham). Hybridizations were con-

ducted as described previously (60). IgM was biosyntheti-
cally labeled with [35S]methionine and purified by binding to
dinitrophenyl-Sepharose beads. The and K chains were
visualized after sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis (PAGE) and autoradiography as
described before (31, 48).

RESULTS

Detection of homologous recombination. We have previ-
ously described the system for detecting homologous recom-
bination within immunoglobulin C,u regions (3, 4). In brief, it
is based on the wild-type hybridoma Sp6, which bears a

single copy of the p, gene and makes IgM(K) specific for the
hapten TNP (30, 31). The mutant hybridoma igm482 was
derived from Sp6 (subclone Sp6/HL [6]) and bears a 2-bp
deletion in the exon encoding the third domain of C,u (C,u3),
resulting in the production of a truncated ,u chain lacking the
Cp4 domain (6). The IgM bearing this mutant p, chain is
monomeric and does not activate complement (noncy-
tolytic). Homologous recombination is assayed by the ability
of the wild-type Sp6/HL C,u region to restore the wild-type p.

gene in the mutant igm482 (4). Wild-type cells are conve-
niently detected as PFCs because they synthesize IgM
containing a full-length p. chain that is able to bind TNP-
coupled sheep erythrocytes, activate the complement cas-
cade to lyse the erythrocytes, and form a plaque (4, 27).
Wild-type cells make plaques on TNP-coupled sheep eryth-
rocytes with an efficiency of approximately 0.5 to 0.8,
whereas for igm482 hybridoma cells, the efficiency is <i10-
(4).

Structure of igm482 transformants. The restriction enzyme
sites and corresponding fragment sizes for the haploid chro-
mosomal igm482 p, gene as well as the origins of the probe
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fragments are presented in Fig. 1B. Probe fragments E and N
contain sequences present in the chromosomal gene but
not in the pTCp. vector. Probe F contains sequences present
in both chromosomal and vector-borne C,u regions. The
probe fragment G (not shown) is the 762-bp fragment from
the neo gene of pSV2neo (52).
To generate igm482 transformants bearing the integrated

wild-type Cp. region, the vector pTC,u (Fig. 1A) was linear-
ized with HpaI and transferred to igm482 cells by electro-
poration. The igm482 cells surviving the electroporation
were selected for resistance to the drug G418 (52). Following
drug selection, the G418-resistant (G418') population was
cloned at a limiting dilution, and 12 representative G418r
igm482 transformants were isolated. The G418r igm482
transformants are designated by the prefix R/TC,uH. From
the number of igm482 cells surviving the electroporation and
the frequency of G418r transformants, we calculate that the
12 transformants are derived from a G418r population con-
sisting of approximately 2,900 independent G418' cells.
The enzyme ScaI cuts once within the pTCp. vector (Fig.

1A). We analyzed an ScaI digest of the R/TC,uH transform-
ant DNAs with the neo probe fragment G (data not shown)
and found that each G418r transformant contains a different
pTCp, vector integration pattern, indicating that each is an
independent cell line. The IgM made by the mutant igm482
bears a truncated chain lacking the C,u4 domain (6) and can
be distinguished from the normal IgM of the Sp6 wild-type
hybridoma by a TNP-specific hemagglutination assay (31).
We used this test to verify that each of the 12 independent
G418r igm482 transformants continues to make the mutant,
monomeric IgM characteristic of igm482 (4, 6). This suggests
that in each transformant, the transferred pTC,u vector has
integrated in an ectopic chromosomal position(s) not closely
linked to the igm482 chromosomal gene. Moreover, since
the igm482 hybridoma contains on average 68 chromosomes
(49), it might be expected that in most, if not all, of the
independent R/TC,uH transformants, the wild-type Cp. re-
gion is integrated in a chromosome different from murine
chromosome 12, the location of the immunoglobulin
heavy-chain gene.
As shown in Fig. 1A, digestion of the pTCp. transfer

vector with HincII will release the 4.3-kb wild-type Cp.
region. In addition, a 10-kb chromosomal gene fragment
would also be generated following HincII digestion of
igm482 DNA analyzed with probe fragment F (Fig. 1B).
Thus, for a random integration of the pTCp. transfer vector,
analysis of a HincII digest of the RITCpH transformant
DNAs with probe fragment F should reveal the presence of
both fragments, that is, the 10-kb igm482 chromosomal
gene fragment and the 4.3-kb fragment(s) encompassing the
pTCp. vector-borne wild-type Cp. region. The results of this
experiment (Fig. 2) show that all transformants contain one
or more copies of the full-length 4.3-kb HincII wild-type
vector-borne Cp. region clearly resolved from the 10-kb
HincIl haploid igm482 chromosomal gene fragment.
We used densitometry to compare the intensity of the

vector-borne 4.3-kb wild-type Cp. region with that of the
single-copy 10-kb igm482 gene fragment to estimate the
number of copies per cell of the intact integrated wild-type
Cp. region. This analysis reveals that the R/TCp.H transfor-
mants contain variable numbers of the integrated wild-type
Cp. region, ranging from 1 to approximately 40 copies per
cell (Table 1).
As shown in Fig. 2, the igm482 chromosomal HincIl

gene fragment in the R/TCp.H-4 transformant is reduced to
approximately 9.5 kb. One interpretation for this result is
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FIG. 2. Copy number of the integrated pTC,u transfer vector in
the R/TCp.H transformants. DNA from the indicated cell lines was
digested with HincII, electrophoresed through a 0.7% agarose gel,
blotted to nitrocellulose, and hybridized with radioactive probe
fragment F. The sizes (in kilobases) of each band of interest are
shown to the left of the blot. The sizes (in kilobases) of relevant
marker bands are indicated to the right of the blot and consist of
both HindIII-digested X DNA and a 1-kb ladder (GIBCO BRL).

that the pTCp. vector has integrated into the igm482 chro-
mosomal p. gene HincII fragment (Fig. 1B). However, this is
unlikely, because the R/TCp,H-4 transformant continues to
synthesize the TNP-specific mutant igm482 p. chain. Also, if
a copy of the 10-kb pTC,u vector (which does not contain an
EcoRI recognition site) has integrated into the igm482 chro-
mosomal p. gene, it should convert the EcoRI fragment
(which contains the 10-kb chromosomal HincII fragment)
from its normal size of 12.5 kb (Fig. 1B) to a fragment of

TABLE 1. Ectopic homologous recombination within
immunoglobulin C,u regions

RITCLH Cp copy Frequency (10-') range
transformant no./celi' of PFCs"

1 5 1-5
2 3 2-13
3 12 14-25
4 40 4-21
5 11 23-28
6 11 1-4
7 13 1-5
8 11 6-15
9 10 <0.5
10 6 1-2
11 2 <0.5
12 1 <0.5

a Derived from the ratio of the intensities of the 4.3-kb HincII vector-borne
wild-type immunoglobulin Cii region and the single-copy 10.0-kb HincII
igm482 chromosomal immunoglobulin 1 gene fragment shown in Fig. 2.

b PFCs were detected by a TNP-specific plaque assay as described in
Materials and Methods. We have presented the range of PFC frequencies for
each of the RTCpiH transformants. These data are based on at least two
independent platings for each transformant cell line. <0.5, no PFCs detected.
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222.5 kb when EcoRI-digested R/TCp,H-4 DNA is analyzed
with probe fragment N. The result of this experiment again
reveals the deletion in the RITC,uH-4 chromosomal p. gene;
that is, the EcoRI p. gene fragment was approximately 0.5 kb
smaller than the normal 12.5-kb fragment (data not shown).
Thus, the deletion does not result from the integration of the
pTC,u transfer vector into the chromosomal ,u gene of
R/TC,uH-4.
Homologous recombination within immunoglobulin C, re-

gions. We have previously shown that homologous recom-
bination within the Sp6 wild-type CIL region and the mutant
igm482 chromosomal p. gene corrects the 2-bp igm482 mu-
tation, generating recombinant cells that produce cytolytic
IgM that are detected as PFCs in the TNP-specific plaque
assay (4). We have therefore tested for homologous recom-
bination of this type in the R/TC,uH transformants bearing
the stably integrated wild-type Cp. region. As shown in Table
1, G418' PFCs are generated within cultures of 9 of the 12
independent R/TCp.H transformants. PFCs were not repro-
ducibly detected in three of the R/TCp,H transformants
(frequency, <0.5 x 10-'). Among the plaque-forming
R/TC,uH transformants, the frequency of PFCs is not mark-
edly different and does not appear to correlate with the
number of copies of the intact 4.3-kb wild-type Cp. region per
cell. For these cell lines, we estimate the rate of recombina-
tion to be approximately 10-7 per cell generation (14). In
control experiments, we did not detect PFCs among six
independent subclones of the igm482 hybridoma (frequency,
<0.5 X 10-7), indicating that reversion of the igm482 muta-
tion does not account for the PFC frequencies shown in
Table 1. We have also generated independent G418r trans-
formants of igm482 derived from the transfer of the HpaI-
linearized vector pRC,u482 (Fig. 1A), which bears the same
2-bp deletion found in the C,u3 exon of the igm482 chromo-
somal p. gene (4) (Fig. 1B). The frequency of G418r PFCs
among 16 independent pRC,u482 transformants tested was
<0.5 x 10-7. These data suggest that PFCs are generated by
homologous recombination with the wild-type but not the
mutant igm482 C,u region.

Analysis of the igm482 chromosomal ,u gene locus and
pTC,I vector integration sites in the RFTC;iH transformants.
To study homologous recombination within the integrated
wild-type Cp. region and the mutant C,u region of the igm482
chromosomal p. gene, we first characterized the transfor-
mants with respect to the structure of the igm482 haploid
chromosomal p. gene locus and the number of pTC,u vector
integration sites. As discussed above, the R/TC,uH transfor-
mants vary in pTC,u vector integration sites and copy
number. To facilitate the interpretation of Southern blotting
experiments and also to minimize the likelihood that the
integrated wild-type Cp. region would be closely linked to the
igm482 mutant chromosomal p. gene, we have concentrated
our studies on the G418r igm482 transformants R/TCpH-1,
-2, and -8. In these (plaque-forming) transformants, the
integrated Sp6 wild-type Cp. region is present in low copy
number and in an arrangement which appears to be relatively
less complicated than that of the others (Table 1 and Fig. 2).
We first characterized the structure of the igm482 chro-

mosomal Cp. region in the R/TC,uH transformants. As shown
in Fig. 1B, using probe fragment N to analyze igm482 DNA
digested separately with the enzymes HpaI and Scal should
generate chromosomal p gene fragments of 20.1 and 19.0 kb,
respectively. The pTCp. transfer vector (Fig. 1A) contains a
single ScaI site and was linearized prior to electroporation
with HpaI; thus, its integration within this region of the
igm482 p. gene in the R/TCpH transformants would be
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FIG. 3. Analysis of the chromosomal immunoglobulin C,u region
in the R/TC,uH transformants. DNA from the indicated cell lines
was digested with (A) HpaI or (B) Scal, electrophoresed through
0.7% agarose gels, blotted to nitrocellulose, and hybridized with
probe fragment N. The sizes (in kilobases) of each band of interest
are shown to the left of each blot. The sizes (in kilobases) of relevant
marker bands are indicated to right of each blot and consist of both
HindIII-digested A DNA and a 1-kb ladder (GIBCO BRL).

expected to yield novel HpaI and ScaI fragments of unpre-
dictable sizes. However, our analysis of this chromosomal p.
gene region in the R/TC,uH transformants clearly reveals the
presence of the 20.1-kb HpaI (Fig. 3A) and 19.0-kb ScaI
(Fig. 3B) igm482 p. gene fragments. The 10-kb pTC,u transfer
vector does not contain the recognition site for EcoRI.
Therefore, its integration into the 12.5-kb EcoRI fragment of
the igm482 chromosomal p. gene (Fig. 1B) is expected to
increase the size of this fragment to .22.5 kb in the R/TC,uH
transformants when analyzed with probe fragment N. How-
ever, the results of this experiment reveal that the R/TC,uH
transformants contain the 12.5-kb EcoRI p. gene fragment
expected for igm482 (data not shown).
We have also examined the region surrounding the igm482

TNP-specific heavy-chain variable region (VHTNP). As
shown in Fig. 1B, using probe E on igm482 DNA digested
separately with BglI and EcoRI is expected to yield VHTNP
fragments of 9.5 and 5.7 kb, respectively. The integration of
the pTC,u vector into this region in the R/TC,uH transfor-
mants would be expected to change the sizes of these
fragments. Since the pTCp. vector contains one BglI site
(Fig. 1A), its integration into the 9.5-kb Bgll VHTNP frag-
ment would generate a novel BgII fragment of an unpredict-
able size. On the other hand, integration of the 10-kb pTC,u
vector (which lacks an EcoRI site) into the 5.7-kb EcoRI
VHTNP fragment would increase its size to 215.7 kb. As
shown in Fig. 4A and B, all R/TCp,H transformants contain
the 9.5-kb BglI and 5.7-kb EcoRI igm482 VHTNP fragments,
respectively.

Irrelevant joining-region and cross-hybridizing fragments
are detected with probe N (Fig. 3A and B) and with probe E
(Fig. 4A and B). To indicate these irrelevant fragments, we
have included the cell line igmlO, an Sp6-derived mutant
which lacks the TNP-specific p. gene (6, 31). In summary, we
have analyzed an approximately 30-kb region in the RFTCpH
transformants which includes the expressed TNP-specific
igm482 chromosomal p. gene. Our results clearly show that
the structure of the R/TCp.H chromosomal DNA in this
region is identical to that found in igm482 (Fig. 1B), thus
confirming and extending our previous conclusion that the
vector-borne wild-type immunoglobulin Cp. region in the
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mutant Cp region of the igm482 chromosomal ,u gene. The
PFCs 1/1 and 1/2 were derived from R/T`C,H-1; PFCs 2/1,
2/2, and 2/3 were isolated from R/TCp,H-2; and PFCs 8/1,
8/2, and 8/3 were derived from RFTClH-8. We analyzed the
- L chains produced by the R/TCjLH PFCs by SDS-PAGE.

The p, chains of the wild-type and igm482 cell lines differ in
molecular mass by approximately 15 kDa and are readily
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romosomal p, gene. digested with the enzyme combinationXbaI andXmnI yields
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ion are integrated in pTCp, vector lacks a recognition site for XbaI. Therefore,
the R/TCp,H-1, -2, probe F also detects the repeated 7.0-kb XmnI fragment

i of the 19.0-kb ScaI from the head-to-tail integration of the pTCp, vector (Fig.
ne fragments (Fig. 7B).
vely, the additional We have compared, by densitometry, the intensities of the
)resent the junction single-copy 1.8-kb mutant and 1.6-kb wild-type XbaI-XmnI
ion. An analysis of chromosomal p. gene fragments with the 7.0-kb XmnI re-
cted in Fig. 5E, that peated pTCp, vector-borne fragments in each RJTCp,H trans-
ype immunoglobulin formant and its corresponding PFCs and found them to be
chromosomal posi- comparable. In addition to these fragments, probe F also
on of the five copies detects an approximately 9.5-kb fragment in the RlTC,uH-2
iromosomal position transformant and PFCs which likely represents a junction
sible in the BamHI fragment of the vector integration event. A junction frag-
iC) and fragment G ment should also be visible in the R/TCp,H-1 transformant
a has likely removed and PFCs. Perhaps this fragment comigrates with the 7.0-kb
from the left end of pTCp, vector band. As shown in Fig. 7A, PFC 2/3, isolated
,o that chromosomal from the R/TCp,H-2 transformant, is unusual in that it retains
ithin the plasmid. In the 1.8-kb XbaI-XmnI mutant p gene fragment yet produces
f the 7.0-kb BamHI a normal-length p, chain (Fig. 6). The presence of the 1.8-kb
) and probe G (Fig. igm482 mutant ,u gene fragment suggests that in this PFC,
wild-type Cp region the 2-bp deletion in the igm482 Cp,3 exon has not been
omal site. corrected by homologous recombination with an integrated
for the remaining wild-type Cp, region. The 2/3 cell line could therefore repre-
s shown in Fig. SA, sent a rare case of spontaneous reversion. Alternatively, the
wild-type Cp, region reversion to the plaque-forming phenotype could possibly be
-h is joined in the induced by some part(s) of the process of DNA transfer.
ster, as depicted in Such a process may also account for the approximately
t R/TCp,H-8, only a 0.5-kb deletion in the transformant R/TCpH-4, discussed
visible in Fig. SA above.
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FIG. 5. Structure of integrated pTCpL transfer vector in R/TCILH transformants. DNA from the indicated cell lines was subjected to
Southern blot analysis with the following restriction enzymes and probe fragments: (A) ScaI, probe F; (B) ScaI, probe G; (C) BamHI, probe
F; (D) BamHI, probe G. The sizes (in kilobases) of the fragments of interest and the relevant marker bands are indicated to the left and right
of each blot, respectively. Marker bands consist of both HindIII-digested DNA and a 1-kb ladder (GIBCO BRL). (E) Tandem integration
of the pTC, transfer vectors at a single chromosomal position in the R/TC,uH transformants. The positions of the ScaI (Sc) and BamHI (Ba)
restriction enzyme sites and the sizes of the junction fragments detected with probe fragments F and G in panels A through D are indicated.
In each integrated pTCip vector, the four wild-type exons of the immunoglobulin Cp, region are represented by the single black box, while
the neo gene is indicated by the hatched box. As presented in Table 1, the RTCpIH-1, -2, and -8 transformants contain 5, 3, and 11 copies,
respectively, of the integrated wild-type immunoglobulin Cp region. The distance between the BamHI and ScaI sites in the pTCp. vector
repeats is 10 kb (data not shown). The orientation of the pTC, vectors within each R[TCpH transformant cluster is indicated by the arrows.

Several mechanisms could account for the generation of
PFCs by homologous recombination. A gene replacement
event (gene conversion or double reciprocal recombination)
occurring within an integrated wild-type C, region and the
mutant igm482 chromosomal Cp, region would be expected
to correct the 2-bp igm482 mutation without changing the
flanking , gene structure. A single reciprocal recombination
event would also be expected to correct the igm482 mutation
but, in so doing, would generate a rearrangement in the DNA
structure 3' to the C, region. The enzyme EcoRI can be
used to distinguish between these mechanisms. That is,
using probe N on DNA digested with EcoRI should generate
a fragment of 12.5 kb for PFCs generated by gene replace-
ment (Fig. 1B). On the other hand, since the pTC, vector
does not contain an EcoRI site, a single reciprocal recombi-

nation event occurring within chromosomal and vector-
borne Cp regions is expected to generate an EcoRI fragment
of an unpredictable size. As shown in Fig. 8A, all PFCs
contain the 12.5-kb EcoRI fragment, suggesting that they
were formed by gene replacement.
We next determined the mechanism of gene replacement

in the PFCs, that is, whether it occurred by gene conversion
or double reciprocal recombination. As shown in Fig. 8B, a
double reciprocal crossover occurring within the donor
vector-borne wild-type C,u region and the recipient mutant
igm482 chromosomal C, region is expected to generate a
1.8-kb HincII-XmnI vector-borne C,u region fragment and a
1.6-kb XbaI-XmnI chromosomal , gene fragment. In the
case of gene conversion, both the donor vector-borne wild-
type HincII-XmnI fragment and the recipient chromosomal
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FIG. 6. Analysis of immunoglobulin chains produced in PFCs.
The indicated cell lines were incubated in medium containing
[35S]methionine to label protein biosynthetically. The IgM(K) was

purified by binding to 2,4-dinitrophenyl-Sepharose. TNP-specific
IgM was eluted with 0.5% SDS, and the p and K chains were

analyzed by SDS-PAGE after reduction of disulfide bonds (40, 48).
The p. chains made by igm482 in the presence of tunicamycin
migrate as a single band (data not shown), suggesting that alternative
modes of glycosylation are responsible for the multiple-size p. chains
seen here. wt, Wild type.

XbaI-XmnI p gene fragment would be expected to be 1.6 kb.
We have analyzed a HincII-XmnI digest of the PFCs with
probe fragment F and found that all contain the 1.6-kb
HincII-XmnI vector-borne wild-type gene fragment (Fig.
8C). As shown in Fig. 7A, all PFCs generated by homolo-
gous recombination also contain the 1.6-kb XbaI-XmnI
chromosomal gene fragment. Therefore, the results of
these combined experiments suggest that gene conversion is
the mechanism responsible for generating the PFCs. Figure
8C reveals that in addition to these fragments, the 7.1-kb
XmnI wild-type Sp6/HL chromosomal gene fragment is
also detected in the PFCs (Fig. 1B legend).

DISCUSSION

In the present study, we used the igm482 hybridoma,
which bears a 2-bp deletion in the Cp,3 exon of its haploid
chromosomal immunoglobulin p gene (6), as the recipient for
the transfer of the wild-type immunoglobulin Cp region
contained on a pSV2neo transfer vector (52). In independent
igm482 transformants (designated by the prefix R/TCp,H),
copies of the transferred wild-type immunoglobulin Cp.
region are integrated in an ectopic chromosomal position(s)
in the hybridoma genome. We report here that the wild-type
immunoglobulin Cp. region can act as the donor sequence in
an ectopic homologous recombination event with the recip-
ient mutant Cp region of the igm482 chromosomal p gene.
The homologous recombination event restores normal, cy-
tolytic IgM production in the mutant cells, allowing them to
be detected as PFCs. The frequency of homologous recom-
bination among independent R/TCpH transformants is ap-
proximately 10'.
We have analyzed in detail the mechanism of homologous

recombination in the R/TCpH-1, -2, and -8 transformants, in
which 5, 3, and 11 copies, respectively, of the wild-type
immunoglobulin Cp. region are integrated in tandem at a
single ectopic chromosomal position not closely linked to the
mutant igm482 haploid chromosomal immunoglobulin
heavy-chain gene. Given the fact that the igm482 hybridoma
contains on average 68 chromosomes (49), it seems reason-
able to suppose that in each R/TCp.H transformant, the

B Probe F

Xm Xm
Xm Xm

H 1 2 3 4 TH 1 2 3 4 T
Cp neo neo

7.0 kb Xmnn1

FIG. 7. Analysis of DNA structure in PFCs. (A) DNA from the
indicated cell lines was digested with the enzymes XbaI and XmnI,
electrophoresed through a 1.0% agarose gel, transferred to nitrocel-
lulose, and hybridized with radioactive probe fragment F. The sizes
of the fragments of interest (in kilobases) and the positions of
relevant marker bands are shown to the left and right of the blot,
respectively. The marker bands consist of the 1-kb ladder (GIBCO
BRL). (B) Size of the Xmnnl restriction fragment expected for a
tandem (head-to-tail) configuration of the integrated pTCp. vector
(heavy line) with probe fragment F. For simplicity, only two
tandemly joined pTCp. vectors are shown here. Arrows indicate the
orientation of the four Cp exons (solid boxes) and the neo gene
(hatched box). Abbreviations: Xm, XmnI; CpL, gene constant
region; neo, neomycin phosphotransferase gene of pSV2neo (52).

tandem vector cluster is integrated in a chromosome differ-
ent from murine chromosome 12, the location of the igm482
chromosomal gene. Our results reveal that in PFCs
derived by homologous recombination, the normal gene
structure has been restored by an apparent gene conversion.
We have determined that the vector copy number within
each RFTCpLH transformant and its corresponding PFCs is
comparable, indicating that the tandem vector cluster is
stably integrated in these cell lines. The absence of a
detectable deletion in the integrated vector sequences in the
PFCs argues against the possibility that an extrachromo-
somal wild-type Cp region(s) excised by intrachromosomal
homologous recombination (3) from the tandem vector clus-
ter participated in the gene conversion event. This suggests
that the main gene conversion donor is a stably integrated
wild-type immunoglobulin Cp region. However, we would
not expect to detect the deletion of the integrated vector
sequences in PFCs in the possible scenario in which an
extrachromosomal wild-type Cp. region(s) is generated by
vector excision from a sister chromatid if the sister chroma-
tid harboring the deletion did not accompany the gene
conversion product following cell division. While it is pos-
sible that this scheme may explain the generation of some
PFCs, it seems unlikely to be a major mechanism because
the gene conversion product and the sister chromatid deleted
for the integrated vector sequences would not be expected to
be consistently absent from all PFCs.
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FIG. 8. Analysis of the mechanism of homologous recombination in PFCs. (A) DNA from the indicated cell lines was digested with EcoRI,
electrophoresed through a 0.7% agarose gel, transferred to nitrocellulose, and hybridized with radioactive probe fragment N. (B) Restriction
enzyme sites and DNA fragment sizes expected with probe fragment F for recombinations occurring within donor and recipient
immunoglobulin Cl regions by either gene conversion or double reciprocal crossover. The integrated pTCPi vector containing the four Cp
exons (solid boxes) and the neo gene (hatched box) is indicated by the heavy line. The mutant igm482 Cp3 exon is indicated (A). (C) DNA
from the indicated cell lines was digested with the enzymes HincII and XmnI, electrophoresed through a 1.0% agarose gel, blotted to
nitrocellulose, and hybridized with probe fragment F. The sizes (in kilobases) of each band of interest are shown to the left of the blot. The
1.6-kb and 1.8-kb Sp6/HL and igm482 chromosomal p gene fragments, respectively, were generated by digestion with the enzyme
combination XbaI and XmnI. Although not presented in the blot in panel C, probe F also detects the 1.6-kb HincII-XmnI fragment from the
integrated wild-type immunoglobulin CM. region in the transformants R/TCpH-1, -2, and -8. The positions of the relevant marker bands are

indicated to the right of the blots. The marker bands consist of HindIII-digested DNA and a 1-kb ladder (GIBCO BRL). Abbreviations: Hn,
HincII; Xb, XbaI; Xm, XmnI; C>, the ,u gene constant region; VHTNP, TNP-specific heavy-chain variable region; neo, neomycin
phosphotransferase gene of pSV2neo (52).

The finding that gene conversion appears to predominate
over single (and double) reciprocal recombination is in
accordance with our previous experiments (3) and those of
others (10, 35, 45). The predominance of gene conversion is

not surprising because single reciprocal recombination, es-

pecially between ectopic homologous DNA sequences,
would generate genomic rearrangements which might be
deleterious to the cell. On the other hand, gene conversion

A cM PFCs

'.=_ -
N N N

c 0 CD

*2.3 - w -

B Probe F

Integrated
vecor

V.H

VHTNP

Integrated
vector

VOL. 12, 1992



4430 BAKER AND READ

has the property of transferring genetic information in a
nonreciprocal fashion, thus modifying the DNA sequence in
a particular chromosomal position without changing the
linkage relationship between the participating genes (or
groups of genes). Studies of the sequences of members of
multigene families suggest that gene conversion occurs in
mammalian chromosomes (21, 38, 40, 43, 56). Repeated gene
conversion events could result in the maintenance of se-
quence homogeneity for a family of repeated genes or within
members of multigene families (5, 16, 64) and generate new
base sequence combinations in repeats differing by more
than one nucleotide pair (17). Gene conversion is an impor-
tant process in the somatic diversification of the chicken
immunoglobulin repertoire (37), and studies also suggest a
role for gene conversion in the somatic diversification and
evolution of mammalian immunoglobulin variable- and con-
stant-region gene sequences (5, 36, 37, 66). The system we
describe in both this and our previous study (3) may prove
useful in studying the extent to which gene conversion can
modify immunoglobulin gene sequences.
The finding of ectopic gene conversion within the immu-

noglobulin Cp, regions is also of interest because it concerns
the way in which homologous sequences find each other and
recombine in the mammalian genome. Haber et al. (25)
consider two models which might explain the interaction of
recombining sequences in Saccharomyces cerevisiae. In one
model, the rate-limiting step in homologous recombination is
the "activation" of a particular donor or recipient sequence
to initiate recombination. Once activated, the search for a
homologous partner and the subsequent steps in the recom-
bination process are not rate limiting. In this model, the
homologous sequence always finds its partner, and thus the
frequency of recombination is expected to be largely inde-
pendent of the number of donor or recipient loci. In a second
model, the rate-limiting step is the search for a homologous
partner. Therefore, according to this proposal, the likelihood
of an activated sequence locating and recombining with an
ectopic partner is low. Therefore, the frequency with which
homologous recombination occurs with a given sequence
that has been activated to become a recipient would be
expected to increase proportionally to the number of possi-
ble homologous donors. The evidence suggests that in yeast
cells, ectopic and allelic homologous recombination occur
according to the first model (25). That is, if a particular
segment of DNA has been activated to become a recipient
during homologous recombination, it efficiently finds a ho-
mologous partner independent of the donor's copy number
or chromosomal position.

In the present study, each independent R/TC,uH trans-
formant bears the normal-length (4.3 kb) Sp6 wild-type C,u
region integrated in a different copy number and ectopic
chromosomal position. Thus, according to the models
above, in order for homologous recombination to occur, an
integrated donor immunoglobulin wild-type C, region (or
the chromosomal igm482 mutant C, region) must first be-
come activated and then search the genome for a homolo-
gous C,u region partner with which to recombine. The failure
to detect PFCs in 3 of the 12 RTCp,H transformants may
indicate that in these cell lines, the 4.3-kb wild-type immu-
noglobulin C,u region is integrated in a chromosomal position
which is not conducive to homologous recombination. Not-
withstanding the result with these three cell lines, the
generation of PFCs in the remaining 9 of the 12 independent
R/TCpH transformants suggests that there may be many
additional ectopic sites in the mammalian genome where the
wild-type immunoglobulin C,u region may act as the donor

sequence in a homologous recombination event with the
recipient mutant igm482 chromosomal C,u region.

In marked contrast to the low frequency of homologous
recombination in the present study, we have shown previ-
ously that intrachromosomal homologous recombination oc-
curs with the very high frequency of approximately 10-2
within the same mutant igm482 and wild-type Sp6 immuno-
globulin C,u regions when they are closely linked in single
copy 10 kb apart, 3' of the Sp6 TNP-specific ,L heavy-chain
variable region on murine chromosome 12 (3). To a first
approximation, the results suggest both that a recipient
immunoglobulin Ci region is more likely to undergo fre-
quent ectopic homologous recombination with a closely
linked donor Cp region than it is with one that is distant and
that the frequency of ectopic homologous recombination
does not increase in proportion to the donor wild-type Cp,
region copy number. However, these interpretations are
complicated by the fact that we do not yet understand the
possible effect of chromosomal position (including the pos-
sible influence of the chromosomal immunoglobulin locus
itself) on homologous recombination. It will be of future
importance to use the duplicate immunoglobulin C,u regions
(or possibly other recombination substrates, i.e., duplicate
mutant neo genes [50]) to address the following questions. (i)
What is the effect on ectopic recombination of increasing the
copy number of potential donor loci integrated at a single
chromosomal position? (ii) What effect does increasing the
distance between a pair of homologous substrates on the
same chromosome have on recombination? (iii) Is the high-
frequency intrachromosomal homologous recombination be-
tween the immunoglobulin Cp duplicates (3) a peculiarity of
these particular sequences, or are other closely linked re-
combination substrates also prone to more frequent rec-
ombinations when stably integrated in the chromosomal
immunoglobulin heavy-chain locus? The ability to target
recombination substrates to specific chromosomal positions
by homologous recombination (13) or by the site-specific
integration system described by O'Gorman et al. (42) should
be invaluable in these studies.
The frequencies of homologous recombination between

the immunoglobulin C,u regions in our studies differ from
those reported by other investigators using different recom-
bination substrates. That is, in contrast to our experiments
showing ectopic homologous recombination within the un-
linked immunoglobulin Cp, regions, Liskay et al. (35) did not
detect homologous recombination between unlinked mutant
tk genes when each was present on a different plasmid vector
stably integrated in the genome of Ltk- cells (frequency,
<10-7). Also, the frequency of intrachromosomal homolo-
gous recombination between the duplicate immunoglobulin
C,u regions present 10 kb apart at the chromosomal immu-
noglobulin p, gene locus that we found is approximately
1,000-fold higher than the frequency of intrachromosomal
homologous recombination found between duplicate, mutant
neo (50, 55) or tk (35) gene substrates closely linked on
plasmid vector sequences stably integrated in the mamma-
lian genome. Differences in the length of homology and the
intrachromosomal distance between the recombining regions
influence homologous recombination (33-35, 55) and thus
may account for some of the differences in recombination
frequencies between the neo and tk genes and the immuno-
globulin C,u regions. However, immunoglobulin genes un-
dergo various recombinations during B-cell ontogeny, and
thus, as mentioned above, another factor may be the re-
combinogenic nature of the immunoglobulin C,u region or
the immunoglobulin locus itself.
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Several features of the immunoglobulin locus may render
it particularly prone to recombination reactions. The V(D)J
recombinations occurring within the chromosomal immuno-
globulin genes appear to be correlated with immunoglobulin
gene transcription (1, 8, 32, 46). A role for transcription in
promoting recombination has also been implicated in other
systems (28, 29, 53, 57, 62). It is possible that transcription
promotes recombination by making the chromatin more
accessible to the recombination machinery. Alternatively,
chromatin accessibility may be controlled by other factors
(such as histones [19]), and when chromatin is in an "open"
configuration, it may facilitate transcription and/or recombi-
nation.

Particular DNA sequences within the immunoglobulin
locus may also stimulate recombination either directly or
indirectly, through effects on transcription and/or chromatin
environment. The immunoglobulin switch region contains
repeated sequences and is also transcriptionally active (18),
features which may be important in rendering it accessible to
the switch recombination machinery. Moreover, lymphomas
and leukemias are often characterized by translocations
between proto-oncogenes and immunoglobulin (and T-cell
receptor) genes (7, 26), which may be mediated by the
enzymatic machinery that normally rearranges these genes
(20, 22, 26, 61). Alternating purine-pyrimidine tracts, which
have the potential to form left-handed Z-DNA (9), are
present within the immunoglobulin locus (15, 41, 44). Se-
quences capable of adopting a left-handed Z-DNA confor-
mation have been shown to promote homologous recombi-
nation in mammalian cells (9, 12, 54, 63). Wittig et al. (65)
have shown that transcription is also associated with Z-DNA
formation in mammalian nuclei. One sequence in particular,
a (CA)32 tract, is located between the C,u secreted (p,s) and
C, membrane (pm) exons, in the immunoglobulin Cp re-
combination substrates (44). (CA),, tracts have the potential
to form Z-DNA (9) and have been reported to induce a
transient shift in the pairing of bases in the major groove of
B-DNA (58). The involvement of (CA),, tracts in gene
conversion, insertion events, and the enhancement of re-
combination has been reported elsewhere (59). Thus, these
data suggest possible relationships between transcriptional
activity, DNA sequence or accessibility, and immunoglobu-
lin gene recombinations. It is also interesting that in both
human and murine myeloma tumors as well as mouse
myelomas and hybridomas in tissue culture, the rate of
mutation in the chromosomal immunoglobulin heavy-chain
locus is at least 100- to 1,000-fold higher than the rate of
mutations in unlinked chromosomal loci (31, 39, 67). It is
possible that both recombination and the high frequency of
mutation reflect a common feature of the immunoglobulin
genes.
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