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ABSTRACT

Pairs of closely linked defective herpes simplex virus (HSV) thymidine kinase (tk) gene sequences
exhibiting various nucleotide heterologies were introduced into the genome of mouse Ltk ™ cells. Recombi-
nation events were recovered by selecting for the correction of a 16-bp insertion mutation in one of the
tk sequences. We had previously shown that when two tk sequences shared a region of 232 bp of homology,
interruption of the homology by two single nucleotide heterologies placed 19 bp apart reduced recombina-
tion nearly 20-fold. We now report that either one of the nucleotide heterologies alone reduces recombina-
tion only about 2.5-fold, indicating that the original pair of single nucleotide heterologies acted synergisti-
cally to inhibit recombination. We tested a variety of pairs of single nucleotide heterologies and determined
that they reduced recombination from 7- to 175-fold. Substrates potentially leading to G-G or C-C mispairsin
presumptive heteroduplex DNA (hDNA) intermediates displayed a particularly low rate of recombination.
Additional experiments suggested that increased sequence divergence causes a shortening of gene conver-
sion tracts. Collectively, our results suggest that suppression of recombination between diverged sequences

is mediated via processing of a mispaired hDNA intermediate.

WO approaches have been used to study the homol-

ogy requirements of recombination in mammalian
cells. One approach involves measuring the rate of re-
combination as a function of the length of homology
shared by two sequences. In mammalian cells, the rate of
intrachromosomal recombination between two closely
linked sequences drops off sharply when the amount
of homology is reduced from 295 to 200 bp (Liskay et
al. 1987). Efficient extrachromosomal recombination
in mammalian cells was also shown to require ~200 bp
of homology (Rubnitz and Subramani 1984). A second
approach is to measure the effect of nucleotide mis-
matches on the rate of recombination. We have shown
that intrachromosomal recombination in mammalian
cells between two linked sequences sharing 81% homol-
ogy was reduced over 1000-fold relative to recombina-
tion between sequences displaying near-perfect homol-
ogy (Waldman and Liskay 1987). Further studies
suggested that efficient intrachromosomal recombina-
tion in mammals requires a minimum target of between
134 and 232 bp of continuous homology (Waldman and
Liskay 1988). In studies of recombination in bacteria,
Shen and Huang (1986, 1989) coined the phrase “mini-
mal efficient processing segment” (MEPS) to describe
the minimal length of perfect homology needed for
efficient recombination. A model was developed for
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bacteria (Shen and Huang 1986) in which the recombi-
nation rate is essentially proportional to the total num-
ber of MEPS units shared by two sequences. The MEPS
value for the RecBCD-mediated pathway of Escherichia
coli acting in phage-plasmid recombination was deter-
mined to be ~30 bp (Shen and Huang 1986, 1989).
Using similar terminology, we estimated the MEPS value
for intrachromosomal homologous recombination in
mammalian cells to be between 134 and 232 bp (Wald-
man and Liskay 1988).

Intrinsic to the original concept of MEPS as developed
for recombination in bacteria is the notion that the
minimal target required for recombination initiation
consists of a segment of perfect, uninterrupted homol-
ogy and can be perturbed by a single nucleotide heterol-
ogy. In our earlier estimation of the value of MEPS in
mouse fibroblasts (Waldman and Liskay 1988), in-
trachromosomal recombination was reduced 20-fold
when a 232-bp homology interval was interrupted by
two single nucleotide heterologies separated by 19 bp.
It thus became clear that intrachromosomal recombina-
tion in mammalian cells can be exquisitely sensitive to
very small degrees of sequence divergence. However,
the question of whether a single nucleotide heterology
represents sufficient sequence divergence to disrupt re-
combination was not formally tested.

In the current work, we refined our evaluation of
the minimal homology requirements for intrachromo-
somal recombination in mammalian cells. We examined
whether or not mammalian recombination machinery is
sensitive to a single nucleotide heterology and whether
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or not different specific nucleotide heterologies exert
differential effects on intrachromosomal recombina-
tion. In this report we show that a single nucleotide
heterology placed within MEPS is sufficient to reduce
recombination by about 2.5-fold, whereas a pair of single
nucleotide heterologies can act together to significantly
reduce recombination from 7- to 175-fold. Different
combinations of nucleotide heterologies inhibit recom-
bination to different extents, with heterologies leading
to the formation of G-G or C-C mispairs in presumptive
heteroduplex DNA (hDNA) intermediates being partic-
ularly inhibitory. Our data suggest that recombination
between diverged sequences in mammalian cells is sup-
pressed at the level of cellular processing of a mis-
matched hDNA intermediate. Other consequences of
sequence divergence on recombination are also dis-
cussed.

MATERIALS AND METHODS

Cell culture and derivation of experimental cell lines: Mouse
L cells deficient in thymidine kinase (Ltk™ cells) were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum, 0.1 mm minimal essential
amino acids (GIBCO, Gaithersburg, MD), and 50 n.g/ml gen-
tamicin sulfate. To select for tk™ cells, growth medium was
supplemented with hypoxanthine/aminopterin/thymidine
(HAT; GIBCO). Cells were maintained at 37° in a humidified
atmosphere of 5% CO,.

Plasmid DNA was linearized by cleavage with Clal and intro-
duced into mouse Ltk cells by nuclear microinjection (Capec-
chi 1980) or electroporation (Lukacsovich et al. 1994). Sta-
ble transformants were isolated following selection in G418
(200 pg/ml active drug) as previously described (Waldman
and Liskay 1987).

Plasmid descriptions: All plasmids are based on the vector
pJS-1, which is a derivative of pSV2neo (Southern and Berg
1982) with restriction site modifications as previously de-
scribed (Liskay et al. 1984). The #28 mutant herpes simplex
virus type 1 (HSV-1) thymidine kinase (tk) gene contains an
8-bp Xhol linker inserted at nucleotide 1036 [numbering ac-
cording to Wagner et al. (1981)] of the tk gene from HSV-1
strain F. Plasmid pTK28 (Waldman and Liskay 1987) con-
tains the #28 mutant tk gene on a 2.5-kb BamHI fragment
inserted into the unique BamHI site of the vector. A 360-bp
fragment (nucleotide positions 808-1168) of the tk gene from
HSV-1 strain 101 was inserted into the unique Hindlll site of
vector sequences on pTK28 to produce pAG-CT, previously
referred to as pF-101 (Waldman and Liskay 1988). Plasmid
PAA-CC, previously referred to as pF-F (Waldman and Liskay
1988), is identical to pAG-CT except that the 360-bp fragment
inserted into the Hindlll site originated from the tk gene from
HSV-1 strain F. To simplify nomenclature, the names assigned
to the plasmids described in this work contain the specific
nucleotide differences displayed by the pair of tk sequences
contained on the plasmid. For example, “pAG-CT” contains
tk sequences displaying an A/G heterology at position 942
and a C/T heterology at position 962 of the tk coding region
(in addition to the Xhol linker insertion heterology at position
1036). The tk genes on pAA-CC display no heterologies other
than the Xhol linker insertion. Nucleotide heterologies de-
scribed refer to sequence differences on the tk coding strand,
which we define as the DNA strand equivalent to the mRNA
sequence, and are hereafter to be understood to exist in addi-

tion to the Xhol linker insertion mutation. The nucleotide
heterologies contained on pAG-CT and other plasmids de-
scribed below are indicated in the schematic presented in
Figure 1c.

Site-directed mutagenesis, using the Transformer site-
directed mutagenesis kit (Clonetech, Palo Alto, CA), was used
in conjunction with other standard molecular biological tech-
niques to construct six additional plasmid substrates (Figure
1c). Plasmid pAA-TC contains a pair of tk sequences displaying
a T/C heterology at position 962, while pAG-TT contains tk
sequences with an A/G heterology at position 942 of the tk
coding region. In addition to an A/G heterology at position
942, the pairs of tk sequences on pAG-TG, pAG-CG, pAG-AG,
and pAG-AT additionally display, respectively, a T/G, C/G,
A/G, and an A/T mismatch at position 959.

Determination of intrachromosomal recombination fre-
guencies: Starting with 10 single cells, 10 independent sub-
clones were generated from each cell line. The subclones
were propagated to 25-40 X 10° cells each and then plated
separately into HAT medium to select for tk™ segregants. Re-
combination frequency for each cell line was calculated by
dividing the total number of HAT® colonies (for all 10 sub-
clones combined) by the total number of copies of integrated
DNA substrate plated. The mean recombination frequency
for all cell lines containing a particular substrate was calculated
by dividing the total number of HAT® colonies by the total
number of copies of integrated DNA substrate plated for all
pertinent cell lines combined. The 95% confidence limits for
mean recombination frequency were estimated by making
the approximation that numbers of HATR colonies recovered
from a series of independent subcultures can be described by
a Poisson distribution. This approximation is particularly apt
for populations yielding small numbers of colonies (Luria
and Delbrick 1943). The total number of colonies obtained
for cell lines containing a particular DNA substrate can be
taken as the mean, which equals the variance, of a Poisson
distribution. The square root of variance gives standard devia-
tion, and doubling the standard deviation gives an approxima-
tion to the 95% confidence limits for colony number. Dividing
this value by the total number of copies of integrated DNA
substrate plated gives an estimate for the 95% confidence
limits for recombination frequency, as reported in Table 1.

Genomic DNA isolation and Southern blotting: Genomic
DNA was prepared from cultured cells and analyzed by South-
ern hybridization using a *P-labeled probe specific for the
HSV-1 tk sequence as previously described (Letsou and
Liskay 1987).

PCR amplification and DNA sequence determination: HSV-1
tk sequences were PCR amplified from genomic DNA isolated
from HATR colonies using the following set of primers: 5'-
TCTACACCACACAACACCGC-3" and 5'-ACAAACGACCCAA
CACCCGT-3'. The first primer is the sequence of the coding
strand of the HSV-1 tk gene (strain 101 or F) from nucleotide
814 to 833, while the second primer is the noncoding sequence
from nucleotide position 1734 to 1715. PCR was carried out
in a 100-p.l reaction cocktail containing 333 ng genomic DNA,
1.5 pm of each primer, 10 mm Tris-HCL, pH 8.3, 0.5% gelatin,
50 nm KCI, 1.1 mm MgCl,, 200 um of each of the four dNTPs,
2.5 units of AmpliTag™ DNA polymerase (Perkin EImer Cetus,
Norwalk, CT). Each reaction cycle consisted of 1 min at 95°,
1 minat62°, 3 minat72°. PCR amplification was accomplished
by 35 reaction cycles.

PCR products (920 bp in length) were purified by phenol
extraction and ethanol precipitation, cleaved with Sphl and
Mscl, cloned into M13mp18, and sequenced from single-
stranded DNA templates using a Sequenase Version 2.0 DNA
sequencing kit (Amersham Life Science, Inc., Cleveland).
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RESULTS

Recombination is modestly reduced by the introduc-
tion of a single nucleotide heterology into the minimal
recombination target in mammalian cells: Our previous
studies indicated that the value for MEPS for intrachro-
mosomal recombination in mouse cells is between 134
and 232 bp and can be disrupted by two single nucleo-
tide heterologies separated by 19 bp (Waldman and
Liskay 1988). We observed that two nucleotide mis-
matches within MEPS reduced recombination 20-fold.
To explore the question of whether recombination in
a mammalian cell can be disrupted by a single nucleotide
heterology, the recombination substrates pAA-TC and
pPAG-TT (Figure 1c) were produced and stably intro-
duced into the genome of mouse Ltk~ cells. Two cell
lines containing a single integrated copy of each con-
struct were isolated, and the frequencies of intrachro-
mosomal recombination between the pairs of tk se-
guences on the integrated constructs were determined
(Table 1). For all the experiments discussed in this
work, only gene conversions, but not crossovers, were
recoverable. A crossover would produce a nonfunc-
tional tk gene with a 5’ or 3’ truncation because the
360-bp tk fragment on each construct (Figure 1a) had
5" and 3’ deletions of coding sequence. It is also to be
understood that, in addition to the specified nucleotide
mismatch heterologies, the pairs of tk sequences on all
constructs displayed an 8-bp insertion heterology due
to the Xhol linker insertion mutation in one tk sequence
(Figure 1a). We selected for correction of the linker
insertion mutation in our experiments.

As indicated in Table 1, the frequencies of tk-positive
segregants for cell lines containing pAA-TC (mean fre-
qguency equal to 7.5 X 1078 or pAG-TT (mean fre-
quency equal to 6.7 X 10%) were comparable to one
another. When corrected for the nonrecombinants
among the recovered colonies (see below) these fre-
quencies (5.5 X 1078 for pAA-TC and 5.7 X 10~® for
pPAG-TT) are 2.5-fold lower than the frequency of 1.4 X
1077 for cell lines containing pAA-CC (Waldman and
Liskay 1988; Table 1), which contains tk sequences dis-
playing no mismatches (Figure 1c). The recombination
frequencies for lines containing pAA-TC and pAG-TT
were greater than the frequency of 9 X 107° for cell
lines containing pAG-CT (Waldman and Liskay 1988;
Table 1), which contains a pair of tk sequences with
two nucleotide heterologies (Figure 1c). The results
obtained for lines containing pAG-TT were particularly
interesting because the placement of the single A/G
heterology in pAG-TT retained the longest stretch of
homology of 134 bp, which was also present in the pAG-
CT substrate containing two nucleotide heterologies
(Figure 1b), and yet the recombination frequency was
increased by about 7-fold in pAG-TT cell lines relative to
the pAG-CT cell lines. These results suggest that although

the introduction of a single nucleotide heterology into
MEPS can reduce intrachromosomal homologous re-
combination by about 2.5-fold, a pair of nucleotide het-
erologies is more effective at reducing recombination.

Southern blotting analysis of HATR segregants arising
from recombination between two # sequences dis-
playing a single nucleotide heterology: DNA samples
were isolated from 19 HATR segregants from cell lines
containing pAA-TC and 42 HATR segregants arising
from cell lines containing pAG-TT. Southern blotting
analysis was performed using a probe specific for herpes
simplex virus (HSV) tk sequences; a representative anal-
ysis is presented in Figure 2. In all, 36 out of 42 HAT®
clones examined from lines containing pAG-TT dis-
played a 2.5-kb BamHI fragment that was resistant to
cleavage by Xhol (Figure 2,lanes 1, 2, 3, 5, 6), as expected
for a gene conversion event that corrected the Xhol
linker insertion mutation (see Figure la). The re-
maining six HATR clones unexpectedly displayed a 2.5-
kb BamHI fragment that was cleavable by Xhol into 1.3-
kb and 1.2-kb fragments (Figure 2, lane 4). For HATR
clones derived from cell lines containing pAA-TC, 14
out of 19 displayed a 2.5-kb BamHI fragment resistant
to Xhol (Figure 2, lanes 7-11), while the remaining 5
clones displayed a 2.5-kb BamHI fragment cleavable by
Xhol (Figure 2, lane 12). HATR clones that retained the
Xhol linker insertion mutation presumably arose from
the introduction of a second, compensating mutation
in the tk gene. Results from Southern blotting analyses
are summarized in Table 2. These data were used to
calculate the corrected recombination frequencies of
5.5 X 10~%and 5.7 X 1078 for pAA-TC and pAG-TT cell
lines (Table 1) by multiplying the measured frequency
of HATR segregants for each substrate by the fraction
of segregants that had actually undergone a gene con-
version.

A pair of single nucleotide heterologies can further
disrupt efficient recombination in mammalian cells:
The above experiments indicated that a single nucleo-
tide heterology introduced into a MEPS interval of ho-
mology reduced intrachromosomal recombination by
about 2.5-fold, whereas previous studies (Waldman and
Liskay 1988) indicated that a pair of nucleotide heterol-
ogies reduced recombination by nearly 20-fold. We
wanted to determine if recombination is equally sensi-
tive to various combinations of nucleotide heterologies.
To this end, we constructed cell lines from mouse Ltk™
cells containing plasmids pAG-TG, pAG-CG, pAG-AG, or
PAG-AT (Figure 1c) stably integrated into the genome.
These DNA constructs each contain a pair of tk se-
quences displaying an A/G heterology plus one addi-
tional single nucleotide heterology. Frequencies of tk*
segregants were determined for at least two cell lines for
each recombination substrate (Table 1). As indicated in
Table 1, frequencies for cell lines containing pAG-TG,
PAG-CG, pAG-AG, or pAG-AT were reduced relative
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quence of the insertion mutant tk gene and the bottom line representing the sequence of the 360-bp tk fragment. The positions
of heterologies in all constructs are similar to those indicated for pAG-CT in b, except that one heterology in constructs pAG-
TG, pAG-CG, pAG-AG, and pAG-AT is located at position 959 rather than 962, as indicated at the bottom of the schematic. (d)
Nucleotide sequence of the coding strand of the wild-type (strain F) tk gene from position 959-964. The sequence shown, 5'-
GAGCTC-3', is a recognition site for Sacl, which is disrupted by base substitutions at position 959 or 962 in several tk sequences

in the DNA constructs.

to recombination frequencies for cell lines containing
PAA-TC or pAG-TT. Three cell lines containing pAG-
CG produced no HATR segregants (for an average re-
combination frequency of less than 8 X 107%°), while
the cell lines harboring each of the other constructs
containing two nucleotide heterologies displayed aver-
age recombination frequencies ranging from 1.2 X 108
to 2.0 X 1078, once corrected for nonrecombinant tk*
revertants (see below). These latter frequencies were
roughly 3- to 5-fold lower than the average recombina-
tion frequency of 5.6 X 1078 for lines containing pAA-
TC or pAG-TT (Table 1) and similar to the recombina-
tion frequency of 9 X 1079 previously determined for

cell lines containing pAG-CT (Waldman and Liskay
1988; Table 1). These results indicated that a pair of
single nucleotide heterologies exerted an additive or
modestly synergistic negative effect on recombination
because, relative to a substrate with no heterologies,
recombination frequency was reduced about 2.5-fold
by a single nucleotide heterology and was reduced an
additional 3- to 5-fold (or more) by the introduction of
a second nucleotide heterology. Two nucleotide heter-
ologies had a combined effect of reducing recombina-
tion about 7- to 175-fold (Table 1).

Analysis of HATR segregants arising from recombina-
tion between a pair of t sequences displaying a pair of
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TABLE 1

Frequencies of intrachromosomal recombination between mismatched sequences

DNA Cell Copy No. of cells No. of HATR Recombination
substrate? line no.b tested (X10°%)° colonies frequency (<10°%)¢
pAA-CC 1 1 226 52 23
2 2 250 (500) 53 10
3 2 270 (540) 73 13
Mean = 14 £ 2.1
pAG-CT 1 1 280 0 <0.4
2 1 280 1 0.4
3 2 260 (520) 9 1.7
Mean = 0.9 = 0.6
pAA-TC 1 1 342 10 29
2 1 349 42 10.0
Mean =75 £ 2.1
Corrected = 5.5
pAG-TT 1 1 337 25 7.4
1 1 522 34 6.5
2 1 441 28 6.3
Mean = 6.7 £ 1.4
Corrected = 5.7
pPAG-TG 1 1 358 10 2.8
2 1 356 4 11
Mean = 2.0 £ 1.0
pAG-CG 1 1 356 0 —
2 1 430 0 —
3 1 430 0 —
Mean < 0.08
pAG-AG 1 1 288 4 1.4
2 1 349 8 2.3
Mean =19 £ 1.1
Corrected = 1.6
pAG-AT 1 1 337 5 15
2 1 354 5 1.4

Mean = 1.5 + 0.9
Corrected = 1.2

2 Substrates are as described in materials and methods and depicted schematically in Figure 1. Raw data
for cell lines containing pAA-CC and pAG-CT were previously reported (Waldman and Liskay 1988).

® Number of copies of relevant DNA substrate in the particular cell line.

¢ The total number of copies of integrated substrate plated is given in parentheses.

4 Number of HAT® colonies divided by total number of copies of integrated DNA substrate plated for each
cell line. The mean recombination frequencey is the total number of HAT® colonies divided by total number
of copies of integrated substrate plated for all cell lines containing a particular DNA substrate combined; 95%
confidence limits are shown. The corrected reconbination frequency is the mean recombination frequency
multiplied by the fraction of analyzed HATR colonies that had actually undergone a gene conversion (see
Table 2). Corrected frequencies are presented only for substrates from which one or more nonrecombinant
HATR segregants were recovered.
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single nucleotide heterologies: DNA samples isolated
from 20 independent HATR® segregants from various cell
lines containing either pAG-TG, pAG-AG, or pAG-AT
were analyzed by Southern blotting using an HSV-1 tk-
specific probe (Figure 3). In total, 14 out of the 20 clones
analyzed displayed a 2.5-kb BamHI fragment resistant to
Xhol cleavage (Figure 3, lanes 1, 3, 5-8), the pattern
expected for correction of the insertion mutation via
simple gene conversion (see Figure 1a). One HATR se-
gregant from a cell line containing pAG-TG and three
HATR segregants from a cell line containing pAG-AT

displayed both a 2.5-kb BamHI fragment that resisted
Xhol cleavage as well as a 2.5-kb BamHI fragment that
cleaved with Xhol (for example, Figure 3, lanes 2 and
10). These exceptional recombinants had undergone
an increase in tk gene copy number and may have arisen
from nondisjunction (see discussion). One HATR
clone arising from a cell line containing pAG-AG and
one clone arising from a cell line containing pAG-AT
displayed a single 2.5-kb BamHI fragment that retained
the Xhol site (Figure 3, lanes 4 and 9). The sequence
in the vicinity of the Xhol linker was determined for
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Figure 2.—Southern blotting analysis of HAT® segregants
arising from recombination between tk sequences displaying
a single nucleotide heterology. Genomic DNA isolated from
HATR segregants from cell lines containing pAG-TT (lanes
1-6) or pAA-TC (lanes 7-12) were subjected to Southern
blotting analysis using an HSV-1 tk-specific probe. Shown are 6
representative samples out of a total of 61 segregants analyzed.
DNA (8 wg) from each HAT® segregant was digested with
BamHI alone (odd lanes) or BamHI plus Xhol (even lanes)
and displayed in a pair of adjacent lanes. The origins of the
2.5-,1.3-, and 1.2-kb bands are illustrated at the top of Figure
1. The additional band in all lanes is a junction fragment that
is detected due to the homology between the probe used and
the 360-bp tk fragment on pAG-TT and pAA-TC. See text for
further discussion.

the exceptional HATR clone isolated from the cell line
containing pAG-AG. This clone had an 8-bp deletion
mapping immediately downstream from the Xhol recog-
nition site in the linker insertion, restoring the reading
frame of the tk gene (data not shown). A summary of
the data obtained from Southern blotting analysis is
presented in Table 2.

The observation of a mutated tk gene in a HATR
segregant raised the possibility that the tk sequence was
not wild type even in the majority of the HAT® recombi-
nants that displayed a 2.5-kb BamHI fragment that was
resistant to Xhol cleavage. To address this issue, we took
advantage of the fact that the Xhol linker insertion muta-
tion disrupted an Eagl restriction site in the tk gene.
Reconstruction of a wild-type tk sequence would there-
fore have restored a functional Eagl site. A 920-bp DNA
sequence encompassing the original position of the Xhol
linker insertion mutation was PCR amplified from geno-
mic DNA from six independent HAT® recombinants
from pAG-TG cell lines and from four independent
HATR recombinants from pAG-AG cell lines, and the
PCR products were digested with Eagl. All 10 PCR prod-
ucts cleaved with Eagl at the site where the Xhol linker
had been positioned (data not shown). These results
demonstrated that the wild-type tk sequence had been
restored. In addition, the nucleotide sequences were
determined for tk genes isolated from two recombinants
from pAG-TG lines and two recombinants from pAG-
AG lines, and in each case the sequence was wild type
(data not shown).

Shortening of conversion tracts with increasing de-
gree of sequence divergence: We made an assessment
of the length of conversion tracts for recombinants iso-
lated from cell lines containing pAG-TG or pAG-AG. As
mentioned above, we determined the nucleotide se-
guences for four such recombinants. This analysis re-
vealed that neither the single nucleotide heterology at
position 942 nor the heterology at position 959 had
been coconverted along with the corrected Xhol linker
insertion. Additionally, we PCR amplified a 920-bp se-
guence of the functional tk sequence surrounding the
original position of the Xhol linker insertion from six
independent recombinants from pAG-TG lines and
from four independent recombinants from pAG-AG
lines and digested these 920-bp PCR products with Sacl.

TABLE 2

Summary of results from Southern blotting analyses of recombinants

DNA No. of recombinants No. of gene No. of No. of Fraction
substrate analyzed conversions? mutants® duplications® coconverted®
PAA-TC 19 14 5 0 5/10
pAG-TT 42 36 6 0 ND
pPAG-TG 8 7 0 1 0/8
pAG-AG 7 6 1 0 0/6
pAG-AT 5 1 1 3 ND

@ Number of HATR segregants that had the expected pattern for a simple gene conversion.
® Number of HAT® segregants that did not lose the Xhol linker insertion and presumably acquired a second

compensating mutation.

¢ Number of HATR segregants that, in addition to having undergone a gene conversion, displayed an increase
in copy number of the recombination substrate possibly resulting from nondisjunction or amplification.

dFirst number (before the slash) is the number of clones that showed coconversion of the Sacl site along
with correction of the Xhol linker insertion mutation. The second number is the number of clones tested.

ND, not done.
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Figure 3.—Southern blotting analysis of HATR® segregants
arising from recombination between tk sequences displaying
two heterologous nucleotides. Genomic DNA isolated from
HATR segregants from cell lines containing pAG-TG (lanes
1-3), pAG-AG (lanes 4-7), and pAG-AT (lanes 8-10) were
digested with BamHI plus Xhol and subjected to Southern
blotting analysis using an HSV-1 tk-specific probe. Shown are
10 representative samples out of 20 segregants analyzed. The
origins of the 2.5-, 1.3-, and 1.2-kb bands are illustrated at the
top of Figure 1. Additional higher molecular weight bands
are junction fragments. See text for further discussion.

Had the heterology at position 959 (the mismatch clos-
est to and 76 bp upstream from the Xhol linker insertion
at position 1036) been coconverted along with the cor-
rected Xhol linker insertion, then a Sacl site would have
been restored to the recipient tk sequence because the
360-bp donor sequence contained a Sacl site at this
position (see Figure 1d). None of the 10 PCR fragments
were cleavable with Sacl (Table 2), indicating that the
closer of the nucleotide heterologies had not been co-
converted with the selected marker in any of the recom-
binants analyzed. We also analyzed recipient tk genes
from 10 independent recombinants recovered from cell
lines containing pAA-TC, and containing a single nucle-
otide heterology at position 962 (Figure 1c and d), and
determined that 5 of the 10 recombinants displayed a
coconversion of the heterologous nucleotide along with
the corrected Xhol linker insertion mutation (Table 2).
These latter results were consistent with previously pub-
lished work (Liskay and Stachelek 1986) indicating
that a silent genetic marker was coconverted with a
selected marker 85 bp away in ~50% of intrachromoso-
mal gene conversions in mouse Ltk~ cells. The differ-
ence we observed between the coconversion frequencies
for substrates containing two heterologous nucleotides
vs. substrates containing a single heterologous nucleo-
tide is statistically significant (P < 0.0011 by a g-test;
Sokal and Rohlf 1981). Our coconversion analysis sug-
gests a shortening of gene conversion tracts as the num-
ber of heterologous nucleotides increased from one (in
pPAA-TC) to two (in pAG-TG or pAG-AG).

DISCUSSION

Homologous recombination in mammalian cells is
sensitive to both the length and degree of homology
shared by two sequences (Rubnitz and Subramani
1984; Liskay et al. 1987; Waldman and Liskay 1987,
1988; Yang and Waldman 1997). We had previously
determined (Waldman and Liskay 1988) that the
MEPS value for intrachromosomal recombination in
mouse fibroblasts is between 134 and 232 bp and that
a pair of single nucleotide heterologies embedded
within a 232-bp stretch of homology was sufficient to
disrupt MEPS and bring about nearly a 20-fold reduc-
tion in recombination rate. In those earlier studies, we
conjectured that a single nucleotide heterology would
likely be sufficient to disrupt MEPS, consistent with stud-
ies of bacterial recombination (Shen and Huang 1986,
1989) indicating a requirement for uninterrupted homol-
ogy. In the current work we observed that a single nucle-
otide heterology is indeed sufficient to reduce recombi-
nation, but only by about 2.5-fold, while a pair of
nucleotide heterologies can act to suppress recombina-
tion from 7-fold to as much as 175-fold. We have subse-
quently been forced to partially rethink our concept of
MEPS as it applies to intrachromosomal recombination
in mammalian cells. We previously speculated (Wald-
man and Liskay 1988) that scattered single nucleotide
heterologies would affect the recombination rate sig-
nificantly if they were distributed so that the greatest
distance between consecutive heterologies were below
the critical value of MEPS. Our current work demon-
strates that recombination rate is not simply a function
of the length of the longest stretch of perfect homology
along a given DNA interval since recombination was
seen to be more sensitive to a pair of single nucleotide
heterologies than to asingle nucleotide heterology, irre-
spective of the length of the longest stretch of homology
in a defined DNA interval.

All tested pairs of nucleotide heterologies reduced
recombination significantly, but not all mismatched
bases exerted equal effects on recombination levels (Ta-
ble 1). Implicit in the very observation that different
combinations of nucleotide heterologies have different
effects on recombination is the inference that heterolo-
gous nucleotides impact recombination at a step after
the formation of a mismatched hDNA intermediate and
that differential inhibitory effects likely are related to
differential processing, or repair, of specific base-base
mispairs. Related to this point is the report (de Wind
et al. 1995) that inactivation of the Msh2 DNA mismatch
repair gene in mice alleviates the sensitivity of targeted
homologous recombination to very small degrees of
sequence divergence. Other studies in yeast (Negritto
et al. 1997) also indicated that mismatches can interfere
with targeted gene replacement only if they are included
in hDNA formed between the recombining molecules.
Our cell lines containing the substrate pAG-CG dis-
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played an undetectably low frequency of recombination
(see Table 1). During recombination leading to gene
conversion, hDNA can theoretically be formed between
either the coding strand of the recipient tk gene and
the noncoding strand of the donor tk sequence, or vice
versa. Depending on which type(s) of heteroduplex
forms, either a G-G or a C-C mispair (or both) would be
generated during recombination in cell lines containing
pPAG-CG. It has been demonstrated that all eight possi-
ble base-base mispairs are repaired in monkey kidney
cells (Brown and lJiricny 1988) and Chinese hamster
ovary cells (Bill et al. 1998). A preferential retention
of the bases G and C over A and T during mismatch
repair was observed (Bill et al. 1998; Brown and
Jiricny 1988). It is intriguing to speculate that G-G or
C-C mispairs (generated in hDNA in pAG-CG cell lines)
are subject to particularly efficient mismatch recogni-
tion and/or processing that has the effect of efficiently
blocking the successful execution of recombination.
In addition to exhibiting a reduced recombination
rate, substrates with tk sequences possessing two heterol-
ogous nucleotides also appeared to generate gene con-
version tracts that were shorter than tracts generated
with substrates possessing only a single heterologous
nucleotide. This finding is consistent with work done
in yeast (Harris et al. 1993) indicating a shortening of
conversion tracts as sequence divergence increases.
Such an observation is consistent with the notion of
“heteroduplex rejection” (Alani et al. 1994). In such a
paradigm, hDNA formation between sequences dis-
playing low levels of divergence is disallowed. Theoreti-
cally, heteroduplex rejection may be accomplished by
an inability of branch migration to proceed through
mismatched bases (Worthetal. 1994), by destruction of
“highly” mispaired heteroduplex DNA recombination
intermediates (possibly by overlapping mismatch repair
tracts; Rayssiguier et al. 1989), or by a reversal of
branch migration so as to undo highly mispaired hetero-
duplex (Alani et al. 1994; Stambuk and Radman 1998).
We cannot definitively distinguish between these three
possibilities, which are not mutually exclusive. However,
for several reasons we consider it unlikely that branch
migration during propagation of a recombination event
in mouse cells is blocked by one or two nucleotide
heterologies. First, as discussed above, the differential
effect of different nucleotide heterologies would appear
to be most readily explained by differential processing
of specific base-base mispairs, which necessitates that
branch migration proceed through heterologies to es-
tablish mismatched hDNA. Second, because a single nu-
cleotide heterology often does not block branch migra-
tion and is frequently included in conversion tracts (see
coconversion data for pAA-TC cell lines, Table 2), it is
not apparent how the addition of a second heterologous
nucleotide would be able to block branch migration
through either of the two mismatches. Third, in our
previous work (Waldman and Liskay 1988; Yang and

Waldman 1997) we recovered products of recombina-
tion events in which branch migration apparently pro-
ceeded through hundreds of base pairs of sequences
displaying only 80% sequence identity, when initiation
was allowed to occur within an adjacent interval of 360
bp of perfect homology.

We consider a plausible explanation for our current
work to be that the various pairs of heterologous nucleo-
tides tested acted at the very initial steps of recombina-
tion during which formation of some critical amount
of hDNA (via branch migration) may be required to
stabilize joint molecules following strand invasion
(Kitts and Nash 1987; Stambuk and Radman 1998).
We infer that, relative to a lone mispair, the presence
of a pair of base-base mispairs in hDNA generated in
our substrates was more effective at triggering efficient
heteroduplex rejection by destruction or reversal of the
hDNA, destabilizing the joint molecule and impeding
recombination. Another possibility is that, as found in
yeast (Borts and Haber 1987; Borts et al. 1990), the
presence of multiple base-base mispairs in hDNA may
provoke the formation of recombinagenic lesions (by
mismatch repair) that may stimulate secondary events
and reduce the recovery of viable recombinants. If some
or all of these inferences are accurate, then the recombi-
nation products that we did recover in the presence of
two heterologies may have been generated by a pathway
for recombination initiation that circumvented the for-
mation of a significant length of hDNA.

We do not know what influence, if any, the presence
of the Xhol insertion mutation had on the effect of the
point heterologies, but it is not unreasonable to assume
that the insertion mutation is recognized differently by
cellular repair machinery (Dohet et al. 1987; Parker
and Marinus 1992; Harris et al. 1993; Modrich and
Lahue 1996; Tran et al. 1996; Sia et al. 1997; Taghian
et al. 1998) and thus its influence on recombination
may be independent of the other heterologies. We pres-
ently do not know what effect varying the distance be-
tween a pair of single nucleotide heterologies would
have on recombination nor what effect two consecutive
heterologous nucleotides would have on recombina-
tion.

We noticed that a surprising percentage of HATR
segregants retained the original Xhol linker insertion
mutation (Table 2) and therefore presumably acquired
a second compensating mutation. One such mutation
was determined by nucleotide sequencing to be a dele-
tion immediately adjacent to the Xhol site. Although we
cannot conclusively determine whether such mutagenic
events were associated with recombinational interac-
tions between tk sequences, in earlier work involving
cell lines harboring insertion mutant tk genes in the
absence of a linked homologous tk donor sequence we
failed to recover any HATR segregants from >10° cells
tested (Waldman and Liskay 1987; D. Yang and A. S.
Waldman, unpublished results). Additionally, in this
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work we did not recover any HATR segregants from
three different cell lines containing pAG-CG (Table 1)
that also failed to yield any wild-type recombinants. We
thus speculate that the mutated HAT® segregants recov-
ered in this study are byproducts of recombination at-
tempts between tk sequences. We were also surprised
to find that a high percentage of recombinants analyzed
from cell lines with substrates harboring two nucleotide
heterologies seemed to have undergone an apparent
duplication of the recombination substrate (see Table
2). Such a change in copy number can result from
nondisjunction. It is possible that if recombination oc-
curring between two divergent sequences on sister chro-
matids generates an intermediate that is slow to resolve,
the chromatids may get “stuck together” and fail to
segregate properly. It is also possible that the increase
in copy number is due to amplification of chromosomal
sequences encompassing the integrated construct. We
cannot rule out the possibility that the apparent increase
in copy number is unrelated to recombination, but we
have not observed such copy number change in unse-
lected clones from our cell lines (data not shown). If
the increased number of copies of tk sequences in some
segregants was indeed a byproduct of cellular processing
of mismatched hDNA recombination intermediates, the
ability of a mammalian cell to suppress recombination
between divergent sequences on occasion may come at
the cost of provoking additional genetic alterations. It
is clear that further elucidation of the molecular players
and mechanisms for heteroduplex rejection is needed
to develop a more complete understanding of how ge-
nomic integrity is maintained in mammalian cells.
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