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ABSTRACT

In yeast, four-stranded, biparental “joint molecules” containing a pair of Holliday junctions are demon-
strated intermediates in the repair of meiotic double-strand breaks (DSBs). Genetic and physical evidence
suggests that when joint molecules are resolved by the cutting of each of the two Holliday junctions,
crossover products result at least most of the time. The double-strand break repair (DSBR) model is
currently accepted as a paradigm for acts of DSB repair that lead to crossing over. In this study, a well-
defined mammalian gene-targeting assay was used to test predictions that the DSBR model makes about
the frequency and position of hDNA in recombinants generated by crossing over. The DSBR model
predicts that hDNA will frequently form on opposite sides of the DSB in the two homologous sequences
undergoing recombination [half conversion (HC); 5:3, 5:3 segregation]. By examining the segregation
patterns of poorly repairable small palindrome genetic markers, we show that this configuration of hDNA
is rare. Instead, in a large number of recombinants, full conversion (FC) events in the direction of the
unbroken chromosomal sequence (6:2 segregation) were observed on one side of the DSB. A conspicuous
fraction of the unidirectional FC events was associated with normal 4:4 marker segregation on the other
side of the DSB. In addition, a large number of recombinants displayed evidence of hDNA formation. In
several, hDNA was symmetrical on one side of the DSB, suggesting that the two homologous regions
undergoing recombination swapped single strands of the same polarity. These data are considered within
the context of modified versions of the DSBR model.

OMOLOGOUS recombination is the process by
which two identical or very similar DNA sequences
undergo an exchange of genetic information. Homolo-
gous recombination is of fundamental importance in
living organisms; in meiosis, it generates genetic diver-
sity that is important for enhancing species diversity,
and in mitosis, it aids in the repair of replication errors
and other forms of DNA damage, such as double-strand
breaks (DSBs). However, homologous recombination is
also potentially deleterious; it can generate chromo-
somal aberrations and lead to the homozygosis of reces-
sive oncogenes seen in some human cancers. There are
two major outcomes of homologous recombination: gene
conversion, a nonreciprocal form of recombination in
which genetic information on a recipient chromosome
is replaced with genetic information from a donor chro-
mosome, and crossing over, in which genetic exchange
between chromosomes results in the generation of re-
ciprocal products.
One mechanism for repairing a DSB by homologous
recombination is presented in Figure 1. The double-strand
break repair (DSBR) model was proposed to explain the
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repair of a DSB in a sequence insertion (“ends-in”

plasmid during gene targeting in Saccharomyces cerevisiae
(ORR-WEAVER et al. 1981; ORR-WEAVER and SZOSTAK
1983), and features of it are compatible with yeast mei-
otic recombination (RESNICK 1976; SZOSTAK et al. 1983;
ScHwWACHA and KLECKNER 1994, 1995; GILBERTSON and
STAHL 1996; Foss et al. 1999; ALLERS and LicHTEN 2001;
HuUNTER and KLECKNER 2001). The DSBR model is cur-
rently accepted as a paradigm for acts of DSB repair that
lead to crossing over (ALLERS and LicHTEN 2001; HUNTER
and KLECKNER 2001). Following the DSB, the DSBR
model proposes that 3’ single-strand tails will be gener-
ated by exonuclease activity. In yeast meiosis, 5'-3’ resec-
tion of the DNA ends yields 3’ tails that can exceed 1000
nucleotides (nt; CAo et al. 1990; SUN et al. 1991; BisHoP
et al. 1992). The processing of DSBs into 3" overhangs
isalso observed in phage N (HILL et al. 1997). In mamma-
lian cells, 5’3’ resection occurs at the ends of transfected
DNA (HeNDERSON and StMons 1997) and at meiotic DSBs
(ZENVIRTH el al. 2003). In the DSBR model, 3’ singlestrand
tails invade a homologous duplex, prime new DNA syn-
thesis, and ligate to the 5" ends creating the canonical
double Holliday junction intermediate. DNA forms con-
sistent with D-loops, and intermediates bearing single
and double Holliday junctions have been isolated from
meiotic yeast cells (BELL and Byers 1983; CoLLINS and



1540 E. C. Birmingham et al.

NEWLON 1994; ScHwAacHA and KLECKNER 1994, 1995;
ALLERS and LicHTEN 2001; HUNTER and KLECKNER 2001).
The initial strand invasion events are predicted to gener-
ate two regions of asymmetric heteroduplex DNA (hDNA),
one on each side of the DSB. DNA synthesis from the
invading strands generates a gene conversion tract to-
ward the chromosomal sequence on each side of the
DSB. Outward branch migration of each Holliday junc-
tion may generate symmetrical hDNA on both sides of
the DSB (CUNNINGHAM et al. 1980; WEST et al. 1983).
The double Holliday junction intermediate is resolved
by junction cutting. A crossover results from opposite-
sense cleavage of the Holliday junctions and can be of
two types. The product illustrated in Figure 1F (i) results
from cutting of the noncrossing strands at the junction
to the left of the DSB (vertical cutting) and the crossing
strands at the junction to the right of the DSB (hori-
zontal cutting), while the productin Figure 1F (ii) results
from horizontal-vertical cutting of the same junctions,
respectively. In the absence of cellular mismatch repair
(MMR), Figure 1F(i) and (ii) illustrate the predicted
configuration of hDNA and gene conversion tracts in
the two recombinant products (asymmetric hDNA, A;
symmetrical hDNA, S; gene conversion toward the chro-
mosomal sequence, GC). The canonical DSBR model
predicts random cleavage of the Holliday junctions, gen-
erating the crossover products illustrated in (i) and (ii)
with equal frequency. However, evidence suggests that
the mode of resolution is nonrandom, with the pre-
ferred mode involving the cutting of like strands in
one of which there is newly synthesized DNA near the
junction [Figure 1F(i); GILBERTSON and STAHL 1996;
Foss et al. 1999; BAKER and BIRMINGHAM 2001]. In yeast
meiosis, Holliday junction cleavage in the preferred sense
is observed in ~84-89% of crossover events (Foss et al.
1999; MERKER et al. 2003). The double Holliday junction
intermediate may also give rise to various noncrossover
products, depending on whether resolution involves the
cleavage of two, one, or no Holliday junctions as ex-
plained in GILBERTSON and STAHL (1996; not shown).

If the two recombining DNAs contain sequence differ-
ences, one or more mismatches in hDNA might be gen-
erated, and these can affect the recombination outcome
in several ways. As an aid to describing crossover recom-
binants that arise according to the gene-targeting scheme
in Figure 1, a variation of the nomenclature used to de-
scribe meiotic recombination events in eightspored
fungi was adopted (PETES et al. 1991). This is permissible
because products that would normally segregate to dif-
ferent chromosomes during meiotic recombination in
fungi are preserved in gene targeting with a sequence
insertion vector as 5" and 3" homologous repeats on the
same chromosome (Figure 1). Figure 2 illustrates a se-
quence insertion vector aligned with the corresponding
homologous region on the chromosome. The two se-
quences differ by a marker pair positioned arbitrarily to
the “right” of the DSB. One recombinant type (normal
4:4 segregation) displays the vector-borne (solid circle)

marker in one homology region and the chromosomal
(open circle) marker in the other. Any pattern that differs
from normal 4:4 segregation is referred to as aberrant
segregation. Aberrant segregation that results in vector-
borne or chromosomal markers in the 5" and 3" homol-
ogy regions is referred to as full conversion (denoted FC)
or as half-conversion (HC) if the recombinants contain
both vector-borne and chromosomal markers. In yeast
and fungi, HC is also referred to as postmeiotic segrega-
tion (EsposiTo 1971; PETES et al. 1991). Full conversions
fall into the 6:2 (open chromosomal marker in both
5" and 3’ homology regions) or 2:6 (solid vector-borne
marker in both 5" and 3’ homology regions) classes,
signifying the transfer of information from both strands
of a donor molecule to the recipient. Half-conversions
fall into the 5:3 or 3:5 classes, in which information
from asingle strand of the donor molecule is transferred
to the recipient. In HC, one position in the recombinant
has a sectored genotype, while the nonsectored site may
contain either a vector-borne or a chromosomal marker.
The aberrant 4:4 class (Ab 4:4) is sectored for both sites
in the 5’ and 3’ homology regions, with the vector-borne
and chromosomal markers in {rans configuration as a
result of crossing over.

In this study, we exploited a well-defined gene-targeting
assay to investigate crossing-over mechanisms in mamma-
lian cells in culture. The sequence insertion plasmid bears
~7 kb of homology to the target locus, namely, the hap-
loid, chromosomal immunoglobulin . gene constant (Cyv)
region. Within the vector-borne C region of homology,
there are three unique restriction enzyme sites for intro-
ducing the recombination-initiating DSB, and at regular
intervals the vector-borne Cu region is marked by small
palindrome insertions, which are semirefractory to MMR
(NAG et al. 1989; BOLLAG et al. 1992; DoNOHO et al. 1998; L1
and BAKER 2000). The palindrome insertions facilitated
the detection of hDNA in the recombinants and allowed
us to test several features of the crossing-over reaction
predicted by the DSBR model.

MATERIALS AND METHODS

Recipient hybridoma and gene-targeting vector: The gene-
targeting system exploits the wild-type murine hybridoma cell
line Sp6/HL, which bears a single copy of the trinitrophenyl
(TNP)-specific chromosomal immunoglobulin . heavy chain
gene (KOHLER and SHULMAN 1980; KOHLER et al. 1982) that
serves as the target for homologous recombination with the
12.4-kb sequence insertion vector pTCwEnN ;.. This vector was
constructed by inserting a 7016-bp HindIIl/EcoRI wild-type
Cp-region fragment into a derivative of pSV2neo (SOUTHERN
and BERG 1982) in which the 372-bp Nsil/Ndel fragment
encompassing the SV40 early region enhancer important in
neo expression had been deleted. As shown previously (BAu-
TISTA and SHULMAN 1993; NG and BAKER 1998), the enhancer-
trap feature enriches for gene-targeting events at the chromo-
somal immunoglobulin p-locus. To permit detection of
hDNA, the endogenous Mfel, AfII1, Kpnl, and Xhol sites within
the vector-borne Cp region were replaced by insertion of a
30-bp palindrome (5'-GTACTGTATGTGCGGCCGCACATA
CAGTAC-3"; Lt and BAKER 2000). The palindrome was engi-
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neered with a unique NotI restriction enzyme site for identifi-
cation (indicated by underlining). To permit ligation, each palin-
drome was synthesized with terminal nucleotides appropriate to
the endogenous site being replaced (indicated in lowercase ital-
ics in the following sequences) and then self-annealed; for palin-
drome insertion at the Mfel site, the sequence 5'-aattcGTAC
TGTATGTGCGGCCGCACATACAGTACg-3" was synthesized,
whereas, for insertion at the AfIII site, the sequence was 5'-
1taacGTACTGTATGTGCGGCCGCACATACAGTACg-3'. In the
case of the Kpnl site, the sequence was 5-GTACTGTATGTGC
GGCCGCACATACAGTACgtac-3', while for Xhol, it was 5'-
tegaGTACTGTATGTGCGGCCGCACATACAGTAC-3'. Inser-
tion of a single palindrome at each site was confirmed by
restriction enzyme mapping. Three unique restriction enzyme

sites within the vector-borne Cp region (Esp3l, Eco47I1I, and
Spel) are available for introduction of the recombination-initiat-
ing DSB. With the exception of the small palindrome inser-
tions, the vector-borne and chromosomal C regions are iso-
genic. Palindrome-containing plasmids were propagated as
reported earlier (L1 and BAker 2000).Vector construction and
plasmid recovery were performed according to standard proce-
dures (SAMBROOK et al. 1989).

Recovery and characterization of targeted recombinants:
Transfer of vector DNA into the hybridoma cells was per-
formed by electroporation under conditions described pre-
viously (BAKER et al. 1988). The limited dilution cloning proce-
dures used to recover independent G418-resistant (G418%)
recombinants representing the progeny of single G418* cells
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F1GURE 2.—Recombinant segregation patterns. Nomencla-
ture used to describe meiotic recombination events in eight-
spored fungi is adopted to characterize equivalent outcomes
for gene targeting with a sequence insertion vector. For each
segregation class, the double-strand product is represented in
amore simplified, single-strand form in parentheses, a scheme
adopted in Figures 4-6 and 8. Refer to text for details.

have been described (NG and BAKER 1999a; L1 and BAKER
2000). A combination of Southern and PCR analysis was used
in recombinant identification as described (NG and BAKER
1999a; L1 and BAKER 2000). Genomic DNA was prepared accord-
ing to the procedures of GROss-BELLARD et al. (1973). Restric-
tion enzymes were purchased from New England Biolabs (Bev-
erly, MA), Bethesda Research Laboratories (Gaithersburg,
MD), and Pharmacia (Piscataway, NJ) and were used in accor-
dance with the manufacturers’ specifications. Gel electrophoresis,
blotting, **P-probe preparation, and hybridization were all per-
formed by standard procedures (SAMBROOK et al. 1989).

The conditions used for PCR have been described (NG and
BAkER 1999a). For amplification of the 7459-bp endogenous
chromosomal Cp. region, forward and reverse primers 9931FCy,
5'-GCAAGAGTGAGTAGAGCTGGCTGG-3', and 17390RC,
5-GGTTCGGTTCTGTCTGCACTACTC-3', respectively, were
utilized. In targeted recombinants, PCR amplification of the
5" Cw region was performed with forward and reverse primers
9931FCp and AB9745, respectively, while for the 3" Cp. region,

the forward and reverse primers were AB15527 and 17390RCy,
respectively. The DNA sequence and binding site of primer
AB9745 were reported previously (L1 and BAKER 2000). The
forward primer AB15527 (5'-CCTTGTGGTCAGTGTTCATCT
GCT-3") binds to the coding strand of the vector-borne neo
gene, while the reverse primer 17390RC. binds to the noncod-
ing strand outside the 3’ border of the vector-borne region
of homology to the chromosome. DNA sequence analysis was
performed on an ABI Prism automated sequencer (model 3100)
according to standard procedures.

RESULTS

Experimental system: The experimental system has
been described previously (BAKER et al. 1988; NG and
BAKER 1999a; L1 and BAKER 2000). In brief, the haploid
chromosomal immunoglobulin p gene constant (Cp) re-
gion in a mouse hybridoma cell line serves as the target for
homologous recombination with a transfected pSV2neo-
based enhancer-trap sequence insertion vector linear-
ized within the Cp region of homology (Figure 3A).
The enrichment in crossover gene-targeting events pro-
vided by the enhancer-trap insertion vector, together with
recovery of recombinants by limited dilution cloning,
makes it highly likely that the product(s) of individual
crossover reactions are retained for molecular analysis
(NG and BAKER 1999a; L1 and BakEeRr 2000; BAKER and
BirMINGHAM 2001). Therefore, all segregation classes in
Figure 2 can, in principle, be represented among the
recombinants.

As shown in Figure 3A, the vector-borne Cp. region con-
tains four 30-bp palindrome insertions containing a di-
agnostic NotI site (Lt and BAKER 2000) that replace the
endogenous p gene Mfel, AfIIl, Kpnl, and Xhol sites. In
addition, three unique restriction enzyme sites (Esp3I,
Eco47111, and Spel) permit a recombination-initiating DSB
to be introduced at different positions within the Cp
region. Small palindromes are useful in recombination
studies because they form hairpin loops when encom-
passed in heteroduplexes with the wild-type sequence
(NAG et al. 1989). These structures are semirefractory
to MMR in yeast (NAG et al. 1989; DETLOFF et al. 1991,
1992; PORTER et al. 1993) and mammalian cells (BoLLAG
et al. 1992; DoNoHO et al. 1998; L1 and BAkERr 2000).
Thus, a colony derived from a single cell in which hDNA
has formed at a particular site during recombination
may have a mixed or “sectored” genotype, consisting of
two cell populations: one bearing the palindrome marker,
and the other, the corresponding endogenous restric-
tion enzyme site. In the vector, a Notl palindrome re-
sides at approximately the same distance to the left and
right of each DSB site. Thus, from recombinants derived
with each cut vector, information about the disposition
of hDNA during repair of the DSB can be obtained.

Two separate electroporations were performed with
each linearized vector, and independent G418" trans-
formants arising from the expansion of single G418F
cells were recovered by limited dilution cloning in 96-well
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plates as described previously (NG and BAKER 1999a; L1
and BAKER 2000). In total, the transfections yielded 3377
independent G418* transformants, of which the first
924 cell lines were analyzed to identify correctly targeted
recombinants. Initial screening by PCR eliminated 598
G418* transformants bearing an unmodified chromo-
somal p-locus as revealed by the specific 7459-bp frag-
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ment using primers 9931FCp and 17390RCp. [Figure
3B(i); data not shown]. The remaining 326 G418® trans-
formants were examined in Southern analysis of Bgll-
digested genomic DNA using chromosome and vector-
specific DNA probes to positively identify the 5" and 3’
Cperegion duplication characteristic of correctly targeted
recombinants bearing a single integrated vector copy
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FIGURE 4.—Genetic marker analysis. The genetic marker patterns are presented for the 5" and 3’ Cp-region duplication in
independent recombinants derived following transfection with the (A) Esp3I-cut, (B) Eco471II-cut, and (C) Spe-I-cut enhancer-
trap vectors. For simplicity, unnecessary details of the recombinant Cp-region duplication shown in Figure 3B are omitted. The
Cp-region positions that are sensitive to cleavage with one of the chromosomal restriction enzymes (Mfel, AfI1I, Kpnl, and Xhol)
are indicated by open circles, while those sites that are cleaved with Notl, diagnostic of the vector-borne palindrome sequence,
are denoted by solid circles. The Cp-region marker positions exhibiting a mixed cleavage pattern with NotI and the corresponding
chromosomal restriction enzyme are denoted by half-solid circles (sectored sites). In those instances in which sectored sites
resided in both members of the recombinant Cp-region duplication, the indicated “trans” marker configuration was established
through analysis of individual subclones (originating from a single cell) as detailed earlier (L1 and Baker 2000). Those Cp
positions devoid of either a chromosomal or a vector marker are indicated by shaded circles. The position corresponding to the
DSB site is presented at the bottom of each diagram relative to the genetic markers in the 5" and 3’ Cp regions. The segregation
class of each pair of allelic markers is based on the nomenclature in Figure 2.

[Figure 3B(ii); data not shown]. This second screening although they have not been analyzed in detail, might
revealed 65 targeted G418 recombinants. Of these, the represent a form of illegitimate integration of the targeting
diagnostic Cp. duplication [Figure 3B(ii)] was evident vector into the p-locus (BAKER and ReEAD 1993).

in 63 recombinants, which were subjected to genetic The mean frequency of targeted recombinants among
marker analysis as described below, while in the other the random G418* transformants was similar for trans-
two recombinants, the chromosomal p-locus contained a fections involving the Esp3I-, Eco47III-, and Spel-cut vec-
tandem Cp-region triplication indicative of the targeted tors, namely, ~6, ~9, and ~8%, respectively (data not
integration of two vector copies (NG and BAKER 1999b). shown), suggesting that the position of the vector-borne
The remaining 236 cell lines were random G418* trans- DSB site did not influence homologous recombination.
formants bearing an intact chromosomal p-locus [the This is not surprising, given that the length of the ho-
15.7-kb Bgll fragment as indicated in Figure 3B(i)], while mologous segments flanking each DSB site (Figure 3A)
in 25 G418* transformants, the chromosomal p-locus is above the ~1 kb reported previously as sufficient for
was absent according to Cp probe F binding. Cell lines promoting mammalian gene targeting (SHULMAN et al.

of the latter category have been observed previously, and 1990; HASTY et al. 1991; THOMAS et al. 1992).
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F1GURE 4.— Continued.

Assignment of Cp-region genetic markers: The deter-
mination of the Cu-region genetic markers in the 63
recombinants was performed according to PCR and gel
analysis methods described previously (NG and BAKER
1999a). As indicated in Figure 3B (ii), PCR amplification
using primer pair 9931FCp./AB9745 generates a specific
7552-bp product from the 5’ Cp region while primer
pair AB15527/17390RC. generates a specific 7592-bp
product from the 3’ Cp region. The 5" and 3’ Cp-region
PCR products were tested for their sensitivity to cleavage
with restriction enzymes diagnostic of each endogenous
Cup-region site (Mfel, AfIII, Kpnl, and Xhol) as well as
Notl, specific for the vector-borne palindrome (Figure
3A), and the fragment sizes resolved by standard gel
electrophoresis. The Cp-region marker patterns in the
individual recombinants as determined from these di-
gests (data not shown) are presented in Figure 4, A-C.
Recombinants recovered from the two separate electro-
porations are identified by the coding “-1” and “-2”.
Nomenclature for describing meiotic recombination in
eight-spored fungi was adopted for purposes of charac-
terizing the allele segregation patterns in the 5" and 3’
Cu regions in the recombinants. The half-solid circles

denoting positions of 5:3 segregation are presented with
the vector-borne palindrome sequence on the bottom
strand in the 5’ Cp region and on the top strand in the
3" Cw region. This format is consistent with the marker
pattern that is predicted from cleavage of the double
Holliday junction intermediate in the preferred sense
[i.e., resolution of the type shown in Figure 1F(i); GiL-
BERTSON and STAHL 1996; Foss el al. 1999; BAKER and
BirmiNGHAM 2001], although it is recognized that a
minority of resolutions may generate the product shown
in Figure 1F(ii) (Foss et al. 1999; MERKER et al. 2003).
Note that in seven recombinants [cell lines 5-1, 29-1,
and 10-2 generated with the Esp3Il-cut vector (Figure
4A) and cell lines 8-1, 9-1, 28-1, and 89-2 generated with
the Spel-cut vector (Figure 4C) ], a single position within
one of the Cp regions is devoid of a genetic marker
(denoted by a shaded circle). In six of these recombi-
nants, the missing marker made it difficult to categorize
segregation on one side of the DSB, and these positions
are denoted by a question mark.

Recombinants displaying normal 4:4 segregation on
both sides of the DSB: In 8 of the 63 recombinants,
specifically, 117-1, 51-2, and 59-2 generated with the
Esp3I-cutvector (Figure 4A), 74-2, 83-2, and 129-2 gener-
ated with the Eco47III-cut vector (Figure 4B), and 1-1
and 24-1 generated with the Spel-cut vector (Figure 4C),
the 5’ Cp region is characterized by a chromosomal mark-
er(s) (open circles) to the “left” of the DSB and a vector-
borne marker(s) (solid circles) to the “right” of the DSB,
while the reverse marker pattern is evident in the 3’ Cp
region. To a first approximation, these marker configu-
rations are consistent with the possibility of a crossing-
over event at or near the vector-borne DSB. The preser-
vation of vector-borne and chromosomal markers in the
5" and 3’ Cp repeats in the recombinants resembles
that observed when meiotic chromosomes segregate in
the absence of recombination, and therefore we refer to
this pattern as normal 4:4 marker segregation (Figure 2).
The remaining 55 recombinants bore marker patterns
that differed from normal 4:4 segregation. The main fea-
tures of these aberrant segregations are described in the
next sections.

Full conversion tracts are predominantly one-sided:
Our data reveal that FC events in the direction of the
unbroken chromosomal sequence (6:2 segregation) are
frequently observed on only one side of the DSB (i.e.,
they are predominantly one-sided). Although the inter-
pretation of recombinants is complicated somewhat by
the multiple markers, the following relations are sug-
gested from the information presented in Figure 4, A-C:
6:2 on one side of the DSB and 3:5 on the other were
observed 1/63 or 0.02% of the time; 6:2 on one side of
the DSB and 2:6 on the other were observed 2/63 or
0.03% of the time; 6:2 on one side of the DSB and 5:3
on the other were observed 7/63 or 0.11% of the time;
6:2 on the two sides of the DSB were observed 7/63 or
0.11% of the time; 6:2 on one side of the DSB and 4:4
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F1GURE b.—Marker patterns indicative of heter-
oduplex DNA formation. (A) Marker patterns ex-
pected in recombinants in the case in which single
mismatches reside in symmetrical hDNA. (B and
C) Recombination outcomes in cases in which
hDNA tracts contain more than a single mis-
match. Marker positions encompassed in hDNA
are denoted by enclosure in rectangles. The mis-
matches are positioned arbitrarily to the “right”
of the DSB.
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on the other were observed 20/63 or 0.32% of the time.
Thus, FC emanating from the DSB is suggested in ~59%
of the recombinants. However, only a small fraction of
FC events resulted in co-conversion of markers on the
two sides of the DSB as evidenced by the low frequency
(0.11/0.59 = 0.19) of the 6:2, 6:2 segregation class. In
the remaining ~81% of the convertants, FC tracts are
one-sided, and ~67% (0.32/0.48) display normal 4:4
marker segregation on the other side of the DSB. Of
the several recombinants displaying this particular asym-
metry, a dramatic example is illustrated by the group
of recombinants 168-1, 42, and 7-2 generated with the
Esp3I-cut vector (Figure 4A), in which FC occurs for all
markers to the “right” of the DSB (a distance spanning
~6 kb) without extending another 933 bp to the “left”
of the DSB to co-convert the vector-borne palindrome
marker. The FC events are not restricted to the “right of
the DSB, since recombinants generated with the Eco47I1I-
and Spel-cut vectors reveal 6:2 segregation events that
span markers to the “left” of the DSB.

Designation of hDNA tracts: Another notable feature
are the patterns of hDNA formation in the recombi-

nants. Before presenting these results, we list several simpli-
fying assumptions that were used in assigning hDNA tracts
in the recombinants: (1) recombination is initiated by
the vector-borne DSB at the unique Esp3I, Eco4 7111, or
Spel sites; (2) assimilation of single strands into the
unbroken recipient chromosome occurs on both sides
of the DSB and proceeds in a continuous fashion begin-
ning from the 3’ end as depicted in the DSBR model
(Figure 1); (3) mismatches involving the small palin-
drome are equally correctable; (4) palindrome markers
are sufficiently close to each DSB site to permit detec-
tion of hDNA on the two sides of the DSB; and (5)
Holliday junction resolution to yield the crossover prod-
uct is nonrandom. A sizable majority of resolutions dis-
play a bias in favor of cutting-like strands in one of which
there is newly synthesized DNA near the junction (GIL-
BERTSON and STAHL 1996; Foss ef al. 1999; BAKER and
BirMINGHAM 2001; MERKER et al. 2003).

The following additional criteria were used in defin-
ing the presence and position of hDNA in the recombi-
nants. As a visual aid to interpretation, Figure 5 presents
various possible outcomes of recombination in the case
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where markers are positioned arbitrarily to the “right”
of the DSB. As shown in Figure 5A, the failure to repair
mismatches in symmetrical hDNA results in Ab 4:4 marker
segregation in the 5" and 3’ homology regions. In the
event of repair, other outcomes are possible. A signature
of repair acting on symmetrical hDNA is the appearance
of 3:5 and 2:6 marker segregation, in which equivalent
positions in the two homology regions contain genetic
information from the vector. Another example, 5:3 seg-
regation, denotes formation of hDNA, but it need not
be symmetrical. The context of particular repair events
can also constitute evidence of hDNA formation. One
situation is the case in which a marker repaired in the
direction of the vector-borne palindrome resides be-
tween a sectored site and the DSB. This pattern suggests
that a hDNA tract has spanned the distance from the
DSB to the sectored site, as illustrated for the 5’ homol-
ogy region in the recombinant in Figure 5B. Marker
positions B and C in the 5" Cp region of recombinant
2-1 generated with the Esp3l-cut vector (Figure 4A) are
one example of this pattern; they provide support for
the formation of a continuous hDNA tract beginning
at or near the DSB and terminating between markers
Cand D. A second case is where a chromosomal marker
is separated from the DSB by a sectored site or a site that
has undergone repair in the direction of the vector-borne
palindrome. These patterns are suggestive of continuous
hDNA tracts spanning the markers (Figure 5C). An exam-
ple is recombinant 25-2 generated with the Esp3l-cut vec-
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FiGure 6.—Heteroduplex
DNA formation in the recom-
binants. A subset of recombi-
nants generated with the (A)
Esp3lcut, (B) Eco47lI-cut,
and (C) Spel-cut enhancer-
trap vectors in which the Cp-
region marker patterns are
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tor, where continuous hDNA tracts are likely to have
spanned marker positions C and D in the 5" Cp region
and marker positions B'-D’ in the 3’ Cw. region. A third
case suggested from the DNA sequencing results pre-
sented below can include a Cp-region position that is
devoid of a genetic marker (as denoted in Figure 4A by
the shaded circles in recombinants 5-1, 29-1, and 10-2
generated with the Esp3l-cut vector and in Figure 4C
in recombinants 81, 9-1, 28-1, and 89-2 generated with
the Spel-cut vector).

Disposition of hDNA tracts during homologous re-
combination: On the basis of the above criteria, a sum-
mary of the recombinants in Figure 4, A-C, whose gener-
ation is highly likely to have involved formation of a
hDNA intermediate is presented in Figure 6, A-C (hDNA
is denoted by enclosure of relevant Cp-region marker
positions in rectangles). The results suggest that hDNA
formation is frequent, occurring in 11/19 (~58%) of
the recombinants generated with the Esp3I-cut vector,
12/26 (~46%) of the recombinants generated with the
Eco471II-cut vector, and 10/18 (~56%) of the recombi-
nants generated with the Spel-cut vector.

The formation of hDNA about the DSB was also exten-
sive. In several recombinants generated with the Esp3I-
cut vector (recombinants 5-1, 6-1, 29-1, 10-2, 14-2, and
25-2), the terminal marker located ~6 kb to the “right”
of the DSB was encompassed within hDNA. Essentially
the reverse pattern was observed in recombinants gener-
ated following transfection with the Spel-linearized vec-
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TABLE 1
Symmetrical hDNA tracts
Minimum estimate of
symmetrical hDNA

Site of DSB Recombinant tract length (kb)
Esp3l 28-1, 17-2 0.9

5-1, 29-1, 25-24.9 4.9

10-2 5.8¢
Eco4 7111 8-2, 81-2, 125-2, 140-2 0.9

10-2 2.8
Spel 7-1 3.0

9-1, 94-2 4.9

“hDNA spans marker positions on both sides of the DSB
in the 5" and 3’ Cp regions of homology.

tor (recombinants, 9-1, 28-1, 89-2, and 94-2). When the
DSB was positioned in about the middle of the vector-
borne region of homology at the Eco47I1I site, so as to
provide ~3 and ~4 kb of homology to the “left” and
“right” of the DSB, respectively, hDNA tracts were ob-
served to encompass genetic markers at the boundaries
of these segments in some recombinants (11-1, 10-2,
222, 73-2, and 125-2).

In 14/63 (~22%) of the recombinants, hDNA tracts
are unidirectional in that they reside in one of the Cp
regions either to the “left” or to the “right” of the DSB
(recombinants are denoted by the coding “U” in Figure
6). Unidirectional hDNA formation was evident among
recombinants generated with each of the cut vectors.
The results hinted at the more frequent distribution of
unidirectional hDNA to the “right” and “left” of the
DSB in recombinants generated with the FEsp3l- and
Spel-cut vectors, respectively, which would be consistent
with the larger extent of homology available on those
sides of the cut vectors. Nevertheless, the expectation
that vector cutting at Eco471II, which yields approxi-
mately equivalent homology on the two sides of the
DSB, would yield equal proportions of events was not
fulfilled, although in all cases it is clear that the number
of events available for analysis is low.

Bidirectional events (denoted by the coding “B” in
Figure 6) are defined as those involving two tracts of
5:3 segregation, one affecting a marker(s) on one side
of the DSB in one Cp region and a second affecting a
marker(s) on the opposite side of the DSB in the other
Cp region (i.e., two HC events: 5:3, 5:3 segregation). A
notable feature of the present data is the low frequency
of this recombinant class. As is evident from Figure 6,
a clear 5:3, 5:3 segregation pattern is observed in only
3/63 or ~5% of the recombinants, namely, 22-2 and
73-2 generated with the Eco47III-cut vector and 85-2
generated with the Spel-cut vector. In one recombinant
(21-2 generated with the Esp3I-cut vector), formation

of bidirectional hDNA is also suggested by the particular
3" Cp-region marker pattern, namely, the sectored site
at position A’ and the site at position C’ that has been
repaired to the vector-borne palindrome. In the case of
the Esp3l- and Spel-cut vectors, it might be argued that
reduced homology to the “left” and “right” of the DSB,
respectively, lowers the efficiency with which the flank-
ing palindrome marker is incorporated into hDNA on
one side of the DSB. However, a low frequency of double
HC events even among recombinants generated by vec-
tor linearization in about the middle of the Cu region
at the unique Eco47II site argues against this possibility.

In a substantial subset of the recombinants (14/63 or
~22%), one or more pairs of allelic Cp-region markers
display evidence of symmetrical hDNA, suggesting that
the two Cp regions undergoing homologous recombi-
nation have swapped single strands of the same polarity.
In Figure 6, recombinants in which symmetrical hDNA
is suggested are denoted by the coding “S,” and the
relevant allelic marker positions are indicated by shad-
ing. Evidence for symmetrical hDNA is revealed in 6/19
(~32%) of the recombinants generated with the Esp3I-
cut vector (recombinants, 5-1, 28-1, 29-1, 10-2, 17-2, and
25-2),5/26 (~19%) of the recombinants generated with
the Eco471I-cut vector (recombinants, 8-2, 10-2, 81-2,
125-2, and 140-2), and 3/18 (17%) of the recombinants
generated with the Spel-cut vector (recombinants, 7-1,
9-1, and 94-2). Furthermore, in recombinant 10-2 gener-
ated with the Esp3I-cut vector and in recombinants 81-2
and 125-2 generated with the Eco47II-cut vector, the
marker patterns suggest that hDNA has formed on two
sides of the DSB in both Cu regions participating in
recombination.

Table 1 summarizes the minimum amount of symmet-
rical hDNA formation in the 14 recombinants indicated
above. In some cases, symmetrical hDNA appears to
span one pair of allelic markers producing short tracts
(~0.9 kb). In other recombinants, symmetrical hDNA
encompasses two adjacent allelic pairs spanning dis-
tances of as much as ~3 kb. In other instances, symmetri-
cal hDNA tracts span markers over a distance of ~5 kb
on one side of the DSB, and in the case of recombinant
10-2 generated with the Esp3l-cut vector, encompass
markers spanning a distance of ~6 kb on two sides of
the DSB.

Absence of genetic markers in some Cp-region posi-
tions: As indicated above, seven recombinants (cell lines
5-1, 29-1, and 10-2 generated with the Esp3I-cut vector
and cell lines 8-1, 9-1, 28-1, and 89-2 generated with the
Spel-cut vector) contain a single position within one of the
Cp regions that is devoid of a genetic marker suggesting a
mutation at that site (denoted by the shaded circles in
Figure 4, A and C). Although the frequency of site loss
is low (of the total of 504 Cp-region marker positions
analyzed in the 63 recombinants, only 7/504 or ~1%
were mutant), it was still of interest to investigate the
nature of the mutations. In cell lines 9-1 and 10-2, the
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Parental sequences

Wildtype sequence Mfel
5'CCTGAATTGTGCCAAACTGGGCTGGGATCAATTGGAAAT’
3'GGACTTAACACGGTTTGACCCGACCCTAGTTAACCTTTS

Vector sequence Notl

5CCTGAATTGTGCCAAACTGGGCTGGGATCAATTCGTACTGTATGTGCGGCCGCACATACAGTACGAATTGGAAAS
3'GGACTTAACACGGTTTGACCCGACCCTAGTTAAGCATGACATACACGCCGGCGTGTATGTCATGCTTAACCTTTS’

Recombinant sequences

Recombinant 10-2, Esp3l-cut, 5’ Cu Mfel site

5 CCTGAATTGTGCCAAACTGGGCCGCACATACAGTACGAATTGGAAAT
3GGACTTAACACGCGTTTGACCCGGCGTGTATGTCATGCTTAACCTTTS

Recombinant 9-1, Spe1-cut, 5" Cp Mfel site

5 CCTGAATTGTGCCAAACTGGGCTGAATTGTGCCAAACTGGGCTGGGCCGCACATACAGTACGAATTGGAAAS
3'GGACTTAACACGGTTTGACCCGACTTAACACGGTTTGACCCGACCCGGCGTGTATGTCATGCTTAACCTTTY

Recombinant 89-2, Spe1-cut, 3’ Cp Mfel site
5'CCTGAATTGTGCCAAACTGGGCTGGGATCAATTCGTACTGTATGTGCGGAAAT!

3'GGACTTAACACGGTTTGACCCGACCCTAGTTAAGCATGACATACACGCCTTTS
Recombinant 28-1, Spe1-cut, 3' Cu Mfel site

5 CCTGAATTGTGCCAAACTGGGCTGGGATCAATTCGTACTGTATGTGCGGAAAT
3'GGACTTAACACGGTTTGACCCGACCCTAGTTAAGCATGACATACACGCCTTTS

Deletion endpoints

Recombinant 9-1
Vector sequence mbinant 10- ' Notl
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F1GURE 7—DNA sequence
analysis of mutated Cp-region
positions. Parental DNA con-
sists of the wild-type chromo-
somal sequence containing
the Mfel site and of the cor-
responding vector-borne se-
quence in which the Mfel
site is replaced by the 30-bp
palindrome containing the
diagnostic NotI site. The ob-
served sequences spanning
the site corresponding to
the Mfel/NotI mismatch in
the 5" Cp region of recom-
binants 10-2 and 9-1 and the
3" Cw region of recombi-
nants 89-2 and 28-1 are indi-
cated. The deletion end-
points that correspond to
the observed sequences are
also presented.

5 CCTGAATTGTGCCAAACTGGGCTGGGATCAATTCGTACTGTATGTGCGGCCGCACATACAGTACGAATTGGAAAY

3'GGACTTAACACGGTTTGACCCGACCCTAG TTAAGCATGACATACACGCCGGCGTGTATGTCATGCTTAACC;I'TTS’
1

mutation is located at position 10422 in the 5" Cp re-
gion, while in cell lines 28-1 and 89-2, the mutation is
in the same position in the 3’ Cu region. Therefore,
these mutations were chosen for analysis. Two indepen-
dent PCR amplifications of genomic DNA spanning the
mutation in each recombinant were performed, and a
representative clone from each amplification was se-
quenced on both strands. The independent sequences
from each recombinant were equivalent. The results
reveal that approximately one-half of the palindrome
originally present in the vector-borne C region is de-
leted in each recombinant (Figure 7). The portion of
the palindrome sequence that remains is denoted in
boldface type in Figure 7, and the deletion endpoints
are summarized at the bottom of the figure. In recombi-
nant 9-1, the flanking sequence 5'-CTGAATTGTGCC
AAACTGGG-3' has been duplicated (illustrated by the
tandem, dashed arrows). A proposed mechanism to ac-
count for the palindrome deletions in the recombinants
is presented below.

DISCUSSION

In this study, we exploited a well-defined mammalian
gene-targeting assay using a sequence insertion (“ends-
in”) vector to test predictions that the DSBR model
makes about the frequency and position of hDNA in
recombinants generated by crossing over. This was ac-
complished by replacing endogenous restriction enzyme
sites in the vector-borne region of homology with small

Recombinants 89-2, 28-1

palindrome insertions, which are semirefractory to MMR
and thereby identify hDNA.

The DSBR model (Figure 1) predicts that invasion by
the two 3" ends of the cut vector will generate a crossover
recombinant in which asymmetrical hDNA resides on
opposite sides of the DSB in the two homology regions
(two HC events: 5:3, 5:3 segregation). However, our
data do not fully support the DSBR model with respect
to this particular prediction. That is, only 3/63 (~5%)
of the crossover recombinants clearly bear the signature
of such bidirectional hDNA, namely, recombinants 22-2
and 73-2 generated with the Eco47III-cut vector and recom-
binant 85-2 generated with the Spel-cut vector (Figure 4,
A-C). Previous studies (SCHULTES and SzosTAK 1990; POr-
TER et al. 1993; GILBERTSON and STAHL 1996) also noted
a lack of doubly unrepaired heteroduplexes among the
products of meiotic recombination in S. cerevisiae.

A second interesting feature of the data is that in a
large fraction of the recombinants the recombination
event appears to have occurred on only one side of
the DSB. This is suggested by recombinants displaying
unidirectional hDNA formation and by the large num-
ber of one-sided FC events (6:2 segregation). In fact, a
little over half of the recombinants display FC, and of
these, ~81% are one=ided. A conspicuously high frac-
tion of the one-sided FC events (~67%) are associated
with normal 4:4 segregation of the palindrome marker
on the other side of the DSB. The observed unidirec-
tional recombination would seem to be at odds with the
canonical DSBR model, which predicts the involvement
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of the two 3’ ends of the DSB in recombination (Fig-
ure 1). The observed “one-sidedness” in recombination
might reflect lopsided resection of the DSB ends (Por-
TER et al. 1993) such that one of the palindrome markers
is not included in the joint molecule. However, in S.
cerevisiae (ALANT et al. 1990; Cao et al. 1990; WHITE and
HABER 1990; SUN et al. 1991; BisHOP et al. 1992), phage N
(HILL et al. 1997), and mammalian cells (HENDERSON
and SimonNs 1997; ZENVIRTH e al. 2003), DNA ends are
subject to extensive resection of their 3’ termini (perhaps
exceeding 1000 nt). In this study, this argues for resec-
tion events on both sides of the DSB to normally include
the flanking palindrome markers in single-strand DNA.
Another possible explanation for one-sided FC events
is “lop-sided” double-strand gap formation. However,
unless one side of the DSB is somehow protected from
degradation, it is difficult to explain how gaps approach-
ing ~6 kb that would need to form to explain some
recombinants (for example, cell lines 168-1, 4-2, and
7-2 generated with the Esp3I-cut vector, and others) could
be confined to one side of the DSB. Unidirectionality
in homologous recombination has also been observed
previously in S. cerevisiae. Using poorly repairable palin-
drome markers positioned on both sides of a meiotic
DSB site at the ARG4 locus, GILBERTSON and STAHL
(1996) noted a paucity of doubly unrepaired hetero-
duplexes among the crossover products and a conspicu-
ous excess of one-sided FC events, which were also asso-
ciated with normal 4:4 segregation on the other side of
the DSB. Similarly, PORTER et al. (1993) and MERKER et
al. (2003) observed frequent unidirectional recombina-
tion events at the S. cerevisiae HIS4 meiotic recombina-
tion hotspot. In considering mechanisms, these authors
also did not favor explanations based on “lop-sided” DSB
processing.

A third notable feature of our data is that in a large
fraction of the recombinants (14/63 or 22%) there was
evidence for symmetrical hDNA formation on one side
of the DSB. While previous studies have suggested that
symmetrical hDNA can form in this system (L1 and BAKER
2000; BAKER and BirmINGHAM 2001), estimates of the
extent of its formation have been limited by the re-
stricted distance separating the flanking palindrome
markers from the DSB. This information is important
because symmetrical hDNA tract length provides a mea-
sure of the capacity for Holliday junction branch migra-
tion away from the DSB (Figure 1). Our data reveal that
symmetrical hDNA tracts span distances ranging from
~0.9 to ~6.0 kb (Table 1), suggesting that Holliday
junctions form early in the recombination process and
are free to branch migrate, converting initial asymmetri-
cal hDNA into symmetrical hDNA (Figure 1E).

We consider the unique features of the crossover re-
combinants in this study within the context of three varia-
tions of the canonical DSBR model (Figure 1). In the
first variation (Figure 8A), the length of heteroduplex
formed during recombination is not related to the ex-

tent of 5'=3’" DSB resection (MERKER et al. 2003). Thus,
it is proposed that the initial strand invasion event pro-
duces a very short region of heteroduplex on one side
of the DSB (usually <200 bp), following which primed
DNA synthesis generates a much more extensive length
of heteroduplex involving the noninvading strand on
the other side of the DSB. In this model, the nature of
the constraint imposing a restricted amount of hDNA
on the one side of the DSB is not clear. In a second
variation (Figure 8B), branch migration in the direction
of the newly synthesized DNA generates an intermediate
in which the two Holliday junctions and the intervening
hDNA are located on the same side of the DSB (GiL-
BERTSON and STAHL 1996; ALLERS and LicHTEN 2001).
The recombinant generated in this event is similar to
that depicted in Figure 8A. A third mechanism was pro-
posed by GILBERTSON and STAHL (1996) and Foss et al.
(1999) to explain one-sided events and their association
with normal 4:4 segregation during meiotic recombina-
tion at the ARG+ locus in S. cerevisiae. It recognizes that
the validity of the DSBR model’s prediction of two HC
events on opposite sides of the DSB (5:3, 5:3 segrega-
tion) holds only in the case in which MMR fails. Thus,
in this model, one-sidedness in homologous recombina-
tion can be explained through MMR activity. Figure 8C
presents this model as it applies to the generation of
crossover recombinants of gene targeting in this study.
Two proposals that are inherent in the model are:

1. Each Holliday junction bears a structural asymmetry
that biases cleavage of the pair of like strands, one
of which contains newly synthesized DNA at thatjunc-
tion. Thus, according to the gene-targeting scheme
in Figure 1, resolutions of the type shown in Figure
1F (i) are expected more frequently (GILBERTSON and
STAHL 1996; Foss et al. 1999; BAKER and BIRMINGHAM
2001).

2. MMR is directed not just by discontinuities at the
DSB site (referred to as “early” MMR), but also, and
perhaps more frequently, by the DNA ends gener-
ated through Holliday junction cleavage (referred
to as “late” MMR; ALANI et al. 1994).

As shown in Figure 8C, an implicit relationship between
crossing over and MMR is predicted when both junc-
tions are cut. Depending on the cut junction and the
location of the mismatch with respect to the DSB, MMR
will result in conversion toward the vector-borne palin-
drome as shown in pathway 1 for events directed by cut
junction A (in yeast, this would be defined as restoration-
type repair, yielding normal 4:4 segregation to the
“right” of the DSB); conversion toward the chromo-
somal sequence as shown in pathway 2 for events di-
rected by cut junction B (in yeast, this would be defined
as FC, yielding 6:2 segregation to the “left” of the DSB);
or both conversion- and restoration-type repair directed
by cut junctions A and B yielding 6:2 and 4:4 marker
segregation to the “left” and “right” of the DSB, respec-
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FIGURE 8.—Variations of the canonical DSBR
model. (A) The initial strand invasion event pro-
duces avery shortregion of heteroduplex on one side
of the DSB, following which primed DNA synthesis
generates a much more extensive length of hetero-
duplex involving the noninvading strand on the
other side of the DSB. (B) The initial strand invasion
event proceeds according to the canonical DSBR
model. However, branch migration in the direction
of the newly synthesized DNA generates an interme-
diate in which the two Holliday junctions and the
intervening hDNA are located on the same side of
the DSB. In both A and B, alternate sense cleavage
generates the crossover product. Initially, the marker
segregation pattern is 4:4, 5:3 on the two sides of
the DSB. However, the 5:3 marker may be altered
through repair to yield a 4:4 or a 6:2 segregation.
(C) Asin the canonical DSBR model, heteroduplexes
form on each side of the DSB, producing an interme-
diate with two HC events (5:3; 5:3 segregation). Re-
pair activity directed by cutting of the two Holliday
junctions in the favored sense (GILBERTSON and
StAaHL 1996; Foss et al. 1999; BAKER and BiIr-
MINGHAM 2001) can resultin restoration and/or con-
version events. A repair event issuing from cut junc-
tion Aresults in restoration of normal 4:4 segregation
(pathway 1), conversion toward the chromosomal
sequence as shown for repair events directed by cut
junction B (pathway 2), or both restoration and con-
version as shown for repair events directed by cut
junctions A and B (pathway 3). Restoration-conver-
sion products also result from repair events directed
by junction cuts at Cand/or D, and for those involv-
ing various combinations of junction cuts at A, B, C,
or D, other outcomes are possible (not illustrated).
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(i) Recombinant 10-2: Esp3l-cut, 5’ Cu Mfel site
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(iii) Recombinant 89-2: Spe1-cut, 3’ C. Mfel site

(i) Recombinant 9-1: Spel cut, 5’ Cp. Mfel site
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WT  3GGACTTAACACGGTTTGACCCGACCCTAGTTAACCTTTS
Mfel 44

(iv) Recombinant 28-1: Spe1-cut, 3’ C. Mfel site

FIGURE 9.—One-sided deletion of palindrome sequences. (A) The proposed hDNA intermediates for the Mfel/ NotI mismatch
in (i) the 5" Cw region in recombinant 10-2, (ii) the 5" C region in recombinant 9-1, (iii) the 3" Cp region in recombinant
89-2, and (iv) the 3’ Cp region in recombinant 28-1. (B) Hairpin rectification through nicking at the symmetry center followed

by repair synthesis. Refer to text for details.

tively (pathway 3). Repair events issuing from cut junc-
tions C and/or D would generate similar segregation
classes, and other outcomes are possible for combina-
tions of early and late repair events (not illustrated).
Junction-directed, restoration-type repair has been sug-
gested as an explanation for the conversion (polarity)
gradient observed during meiotic recombination in S.
cerevisiae (PETES et al. 1991; DETLOFF et al. 1992; GILBERT-
SON and STAHL 1996; Foss et al. 1999), although it is
recognized that other factors including (1) the length
of 3’-end resection (SUN et al. 1991), (2) heteroduplex
DNA rejection (ALANI et al. 1994; HILLERS and STAHL
1999), and (3) differential contributions of hetero-
duplexes initiated at multiple DSB sites (MERKER et al.
2003) may also contribute.

In their simplest forms, the models in Figure 8, A
and B, generate recombinants with a HC on one side
of the DSB and normal 4:4 marker segregation on the
other. In the event of repair, the marker displaying HC
may be altered to yield either 4:4 or 6:2 segregation.
Thus, in both models, one-sidedness in recombination
results from the confinement of hDNA to one side of the
DSB, while the marker on the other side of the DSB
segregates 4:4. In contrast, the model in Figure 8C pro-
vides for a similar efficiency of hDNA formation on the
two sides of the DSB, and in the event of early and/or
late MMR repair, several segregation patterns are possi-
ble. In this regard, our data show that hDNA tracts can
be extensive on the two sides of the DSB and that the
marker segregation patterns in the recombinants do
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FIGURE 9.— Continued.

not always conform to the simple predictions of Figure
8, A and B. We cannot rule out the possibility that all
of the above mechanisms participate in the generation
of recombinants in this study. However, we suggest that
the model in Figure 8C is less constraining, and al-
though not conclusive, would appear to provide an ade-
quate explanation for the recombinants in Figure 4,
A-C, including those in which one-sided recombination
is associated with normal 4:4 segregation on the other
side of the DSB.

In addition, outward branch migration of Holliday junc-
tions positioned on the two sides of the DSB (Figure 1)
would provide a suitable explanation for the formation
of symmetrical hDNA in our system. In this respect, it
of interest to compare and contrast our data with that
obtained from studies performed in yeast and fungi.
Symmetrical hDNA is detected during meiotic recombi-
nation in some fungi, notably Ascobolus (ROSSIGNOL et
al. 1984) and Sordaria (KITANI et al. 1962). In contrast,
symmetrical hDNA would appear to be infrequent, even
nonexistent in S. cerevisiae (reviewed in PETES el al. 1991).
In fact, in meiotic recombination in S. cerevisiae, consid-
erable gene conversion as well as crossing over are ob-
served within ~1 kb of the DSB (ORR-WEAVER et al.
1988; ScHULTES and SZoOSTAK 1990; DETLOFF et al. 1992;
SmiTH 2001; MERKER et al. 2003). Interestingly, the inter-
val in which recombination appears most frequent coin-
cides with the approximate length of 3'-end resection
(Cao et al. 1990; SUN et al. 1991; BisHoP et al. 1992).
At first glance, this suggests that symmetrical hDNA
formation may be disfavored in yeast because Holliday
junctions do not usually migrate much farther past their
point of formation at the ends of the 3’ single-strand
tails. However, locus and/or strain differences may influ-
ence hDNA formation (MERKER et al. 2003). Also, STAHL
and HiLLErs (2000) suggest that the incidence of sym-

metrical hDNA may be underestimated in yeast meiosis
both as a consequence of it being obscured through
junction-directed, restoration-type repair acting on cross-
over products (Figure 8C) and because the evidence for
it is erased through the particular mode that is required
to resolve the double Holliday junction intermediate to
yield the major noncrossover tetrad class. Although a high
frequency of symmetrical hDNA formation is suggested
by the data in this study (Figure 6, A-C), in the context
of the model in Figure 8C, we also consider it a possibility
that more might have been detected had junction-directed
repair activities not obscured the evidence.

The recombinant analysis revealed a low (~1%) fre-
quency of Cu-region sites that were devoid of either the
Notl-containing palindrome or the corresponding en-
dogenous marker. Sequence analysis of genomic DNA
spanning the missing site in cell line 10-2, generated
with the Esp3l-cut vector, and cell lines 9-1, 28-1, and
89-2, generated with the Spel-cut vector, revealed dele-
tion of approximately one-half of the palindrome in each
case. Palindromic sequences in double-strand DNA are
known to form hairpin structures via cruciform extru-
sion, which might render the sequence more labile to
degradation. However, cruciform formation and/or its
persistence is considered poor in the case of palindromes
that are <150-220 bp in size (LEacH 1994) and would
appear to be an unlikely mechanism in the case of the
15-bp palindrome stem loop in this study. Further, in
contrast to the one-sided deletion of the palindrome
observed here, a spectrum of repair products might be
expected in the case of an extruded cruciform, includ-
ing complete excision of the palindrome or, perhaps,
reconstitution of a near-perfect palindrome (Leach 1994).
Therefore, we consider it more likely that the deletions
arise as the result of improper repair of a mismatch involv-
ing the palindrome and the corresponding wild-type se-
quence in hDNA. If this assumption is correct, the muta-
tion at position 10422 in the 5’ Cj region in recombinants
9-1 and 10-2 corresponds to a mismatch that would have
been created by alignment of the endogenous Mfel site
with the vector-borne NotI palindrome, while the muta-
tion in recombinants 28-1 and 89-2 involves the same
mismatch at this position in the 3" Cp. region. As a conse-
quence of crossing over, the vector-borne sequence con-
taining the hairpin would reside on the bottom strand
in the 5" Cp region of recombinants 10-2 and 9-1 and
on the top strand in the 3’ Cp region of recombinants
28-1 and 89-2 [Figure 9A(i-iv)]. A proposed model to
account for the one-sided deletion of the palindrome
in each of the recombinants is that of hairpin nicking
in the G/Crich symmetry center and formation of an
invasive 3’ end that displaces the nicked strand and
undergoes base pairing with complementary microho-
mology (indicated by the open triangles), followed by
DNA synthesis to restore the remaining half of the palin-
drome stem (Figure 9B). In recombinant 9-1, the copy-
ing associated with DNA repair has apparently dupli-
cated a small flanking segment of DNA [indicated by
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the dashed arrow in Figure 9A(ii)], possibly through
replication slippage. We are uncertain as to whether
marker loss at these sites results from a localized mis-
match repair process that is occasionally aberrant or
from an unrelated process altogether. However, hairpin
nicking in the symmetry center has been proposed pre-
viously as the basis for one-sided deletion in kilobase-
sized palindromes in mammalian cells (COLLICK el al.
1996; AKGUN et al. 1997; LEwis 1999; CUNNINGHAM et
al. 2003) and is consistent with the activity of the SbcCD
nuclease in Escherichia coli (LEACH 1994).
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