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ABSTRACT

Mismatch repair of palindromic loops in the presence or absence of single-base mismatches was investi-
gated in wild-type and mismatch-binding defective mutant Chinese hamster ovary cells. Recombination
intermediates with a maximum heteroduplex DNA (hDNA) region of 697 bp contained a centrally located,
phenotypically silent 12-base palindromic loop mismatch, and/or five single-base mismatches. In wild-
type cells, both loops and single-base mismatches were efficiently repaired (80-100%). When no other
mismatches were present in hDNA, loops were retained with a 1.6-1.9:1 bias. However, this bias was
eliminated when single-base mismatches were present, perhaps because single-base mismatches signal
nick-directed repair. In the multiple marker crosses, most repair tracts were long and continuous, with
preferential loss of markers in cis to proximal nicks, consistent with nicks directing most repair in this
situation. However, ~25% of repair tracts were discontinuous as a result of loop-specific repair, or from
segregation or short tract repair of single-base mismatches. In mutant cells, single-base mismatches were
repaired less frequently, but the loop was still repaired efficiently and with bias toward loop retention,
indicating that the defect in these cells does not affect loop-specific repair. Repair tracts in products from
mutant cells showed a wide variety of mosaic patterns reflecting short regions of repair and segregation
consistent with reduced nick-directed repair. In mutant cells, single-base mismatches were repaired more
efficiently in the presence of the loop than in its absence, a likely consequence of corepair initiated at

the loop.

ISMATCHED bases in DNA may arise from errors
during DNA replication, from chemical modi-
fication of DNA, and during homologous recombina-
tion between nonidentical sequences. During replica-
tion, base misincorporation creates single-base mispairs,
while DNA polymerase slippage on repeated sequences
(e.g., microsatellite sequences) may create mismatched
loop structures. During recombination, heterologous
point mutations, insertions and deletions can produce
heteroduplex DNA (hDNA) with mismatched bases and
loops. Mismatch repair deficient bacteria (Levinson
and Gutman 1987) and yeast (Strand et al. 1993) dis-
play genome-wide microsatellite instability and mutator
phenotypes, characterized by 100-1000-fold increases
in spontaneous mutation rates. Microsatellite instability
is also characteristic of some cancers (Boyer etal. 1995),
and a similar mutator phenotype was observed at the
microsatellite sequences in cells from patients with
hereditary nonpolyposis colon cancer (HNPCC) (Aal-
tonen et al. 1993). Mutant mismatch repair genes co-
segregate with HNPCC-associated loci (reviewed in
Kolodner 1995), and mutations in these genes were
also found in other tumor types (Boyer et al. 1995).
Both general and specific mismatch repair pathways
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exist in Escherichia coli (for review see Modrich 1991).
The general pathway involves mutHLS and is well suited
for correction of replication errors as it recognizes and
repairs mismatches in newly synthesized, unmethylated
DNA strands. In this system, MutS protein recognizes
and binds to a mismatch and then forms a complex
with MutL. Subsequently, MutH endonuclease nicks the
unmethylated DNA strand, initiating excision/resynthe-
sistracts hundreds to thousands of bases long. Very short
patch mismatch repair systems are mismatch specific.
These involve mutT or mutY, function independently of
the methylation state of the DNA, and are specific for
G-T — G-C and G-A — G-C repair, respectively. E. coli
correct most single-base mismatches and small loops
(<4 bases) efficiently, but C-C and larger loop mis-
matches are corrected only as part of a tract initiated
by another mismatch (Carraway and Marinus 1993).

In Saccharomyces cerevisiae and mammalian cells, analo-
gous processes and protein homologs to the mutHLS
system have been identified. Two yeast proteins, Msh2p
and Msh6p recognize and form a complex on mis-
matched bases. Pmslp and Mlhlp then bind to this
complex, creating a substrate suitable for excision and
resynthesis by other enzymes. Similar reactions are seen
in human cells with GT binding protein (GTBP, an
Msh6p homolog), and hPms2 (a Pmslp homolog) (Ko-
lodner 1995). Mismatch-specific repair is less well char-
acterized in eukaryotes, although G-T mismatches have
been shown to be preferentially repaired to G-C (Wie-
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bauer and Jiricny 1989), and the identification of short
patch repair tracts suggests that mismatch-specific re-
pair pathways exist in yeast (Weng etal. 1996) and mam-
malian cells (Heywood and Burke 1990b; Steeq et al.
1990; Carroll et al. 1994).

The invitroand in vivo correction of all possible single-
base mismatches has been reported (Bishop and Kolod-
ner 1986; Brown and Jiricny 1988; Holmes et al. 1990;
Varlet et al. 1990; Thomas et al. 1991; Fang and
Modrich 1993), and many studies have found differen-
tial repair efficiencies and biased repair in favor of par-
ticular bases. In yeast and mammalian cells, single-
stranded loops are efficiently bound by mismatch repair
proteins and/or repaired (Ayares et al. 1987; Weiss
and Wilson 1989; Umar et al. 1994; Alani et al. 1995).
Palindromic loops longer than 12 bases (thought to
form stem-loop structures) are poorly repaired in yeast
(Naget al. 1989; Nag and Petes 1991), but mammalian
studies have suggested that palindromic loops of 14 bp
(Deng and Nickoloff 1994) and 34 bp (Bollag et al.
1992) are repaired efficiently.

In E. coli, repair bias can be strand dependent
(mutHLS pathway) or mismatch dependent (mutT and
mutY pathways). In mammalian cells, nicks and DNA
methylation status were examined as possible factors
influencing repair bias. In one study, methylation status
and nicks were found to influence strand discrimination
in African green monkey kidney CV-1 cells (Hare and
Taylor 1985), and other studies indicated that nicks
are strong signals for strand-specific mismatch repair in
human cell extracts (Holmes et al. 1990; Fang and
Modrich 1993; Umar etal. 1994). However, conflicting
results were obtained by Heywood and Burke (1990b),
who found that nicks did not control strand targeting
in COS-7 cells. Weiss and Wilson (1989) proposed that
large nonpalindromic loop mismatches are a stronger
signal than a nick for strand targeting. In that study,
the non-loop DNA strand was used as template twice as
often as the loop strand, leading to preferential loss of
single-stranded loops 25-247 bp in length.

A study with an extrachromosomal recombination
system that creates hDNA in recombination intermedi-
ates flanked by nicks on opposite strands suggested that
nicks direct repair of single-base mismatches, and analy-
ses of recombination frequencies suggested that a 14-
base palindromic loop may be recognized and repaired
independently of nicks, with repair biased toward loop
retention (Deng and Nickoloff 1994). In the present
study, analysis of recombination products provided ad-
ditional evidence for biased retention of palindromic
loops; this bias is opposite of that seen for single-
stranded loops (Weiss and Wilson 1987). When loops
were flanked by single-base mismatches, no bias was ob-
served, a result consistent with single-base mismatches
signaling general repair directed from nicks. The nick-
directed repair pathway was found to be reduced in
cells with a defect in mismatch binding (likely due to

mutation in the CHO homolog of hMSH2), but these
mutant cells are proficient in biased loop- and A-G mis-
match-specific repair.

MATERIALS AND METHODS

Plasmid DNA: Plasmids were constructed by standard proce-
dures (Sambrook et al. 1989). A single-base change creating
a unique Clal site was introduced into pSV2neo (Southern
and Berg 1982), producing pSV2neoC, then three single-base
changes creating an EcoRV site were introduced immediately
upstream of the neo coding region, producing pSV2neoE. A
10-bp Spel linker was inserted into a filled-in BssHII site in neo
of pSV2neoE, creating pSV2neoS(B)E; the S(B) frameshift
mutation inactivates neo. Eleven phenotypically silent single-
base mutations, creating new restriction fragment length poly-
morphisms (RFLPs), were introduced into pneo (Nickoloff
and Reynolds 1990) by four rounds of unique site elimination
mutagenesis (Deng and Nickoloff 1992), producing pneoll
(Milleretal. 1997). All 11 RFLPs were transferred to pneoAn
(Deng and Nickoloff 1994) by using a domain replacement
procedure (Ray et al. 1994), creating pneoAn1l, and EcoRV
sites were introduced into pneoAn and pneoAnll as above,
creating pneocAnE and pneoAnE1l. The Hindlll site at the
neo/pUC19 border of pneoAnE and pneoAnE11 was filled in
to create unique Nhel sites, producing pneoAnN and pneo-
AnN11, respectively. Twelve-bp Xhol linkers were inserted into
the EcoRYV sites of pSV2neoE, pSV2neoS(B)E, and pneoAnN11,
creating plasmids pSV2neoX, pSV2neoS(B)X, and pneoAn-
N11X. Plasmids used in recombination assays are shown in
Figure 1A. To reduce effects from nonspecific nicks, plasmid
DNAs used in recombination assays were prepared using an
acidic phenol extraction procedure that produces >90% su-
percoiled DNA (Wang and Rossman 1994).

Cell culture and recombination assays: CHO cells were cul-
tured as described previously (Nickoloff and Reynolds
1990; Taghian and Nickoloff 1995). Plasmid DNAs linear-
ized with appropriate restriction enzymes were purified by
spin column chromatography (Nickoloff 1994), and 0.1-0.2
g of each DNA were electroporated into 4 X 10° cells in a
volume of 0.8 ml using a pulse of 300 V, 960 wF, and a 0.4-
cm electrode gap. Cells were then transferred to 300 ml of
prewarmed growth medium. Cell viability was determined by
plating appropriate dilutions in nonselective medium, and
the remaining cells were inoculated into six 24-well dishes for
selection 24 hr later with G418 (1250 mg/ml, 50% active;
GIBCO, Grand Island, NY). Cell viability was reduced by about
50% by electroporation. After 10-12 days of growth in selective
medium, G418resistant (G418") colonies were dispersed within
the wells, expanded to confluence, and genomic DNA was
prepared. Control plates used to calculate recombination fre-
guencies (or transfection frequencies when only one plasmid
was introduced) were stained with 1% crystal violet in 70%
ethanol.

Analysis of recombinant products: Ten pg of genomic DNA
were digested with EcoRI, which excises integrated recom-
binant plasmids (Figure 1D), and religated at low concentra-
tion (50 wg/ml) to favor recircularization of the excised plas-
mid over ligation to other DNA fragments. DNAs were pre-
cipitated, electroporated into recombination-defective E. coli
strain HB101 cells (Miller and Nickoloff 1995) and trans-
formants resistant to both ampicillin and kanamycin (amp"”
kan") were identified. Typically, 75% of amp" kan" products
had expected recombinant structures, and the RFLP mark-
ers inthese were analyzed by using agarose gel electrophoresis.
Other structures in rescued plasmids may have resulted from
integration within the EcoRI fragment used in plasmid rescue,
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Figure 1.—System features. (A) Structures of recombination substrates. neo in pSV2neo derivatives is driven by the SV40
promoter and contains a frameshift mutation, S(B), indicated by the black bar. neo in pneoAn derivatives lacks a promoter, and
some derivatives contain 11 silent single-base mutations (shading). Some substrates carry a 12-bp Xhol linker insertion (hatched
bar), located at an engineered EcoRV site. This insertion is silent since it is upstream of the neo translation start site. Clal and
Nhel are engineered sites used to linearize substrates for recombination assays, and are equidistant from the Xhol insertion
(loop). EcoRl sites are used in plasmid rescue; heavy lines indicate regions isolated in rescued recombinants (see part D). (B)
Predicted stem-loop structure for Xhol linker insertion. (C) RFLP mutations and corresponding mismatches formed in hDNA.
Top bases listed are donated by pSV2neo derivatives; markers in hDNA are boxed. Numbers in marker names correspond to
positions in neo, numbered from the Hindlll site in pSV2neo. These mutations create the following restriction sites: H251 =
Hindlll, B349 = BamHI, A430 = Apal, A523 = ApaLl, P685 = Pstl, B733 = BamHI, N871 = Nrul, N928 = Nsil, P1030 = Pmll,
X1135 = Xbal, H1239 = Hindlll. (D) Extrachromosomal recombination as predicted by the SSA model, and rescue strategy.
Single-stranded regions are degraded from Clal and Nhel DSBs, exposing complementary strands which anneal to produce a
nonconservative crossover product with hDNA flanked by single-strand breaks in opposite strands (triangles) corresponding to
DSB sites. In the example shown, hDNA contains RFLP markers (hatching) and a stem-loop mismatch. Recombinant molecules
are rescued from genomic DNA by digesting with EcoRI, recircularizing with DNA ligase, and transforming into E. coli.
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integration of pneoAn derivatives upstream of endogenous
promoters, or from insertion of other genomic DNA frag-
ments during the ligation step.

Segregation analysis: To measure repair efficiency, identical
experiments to those described above were performed, except
that at least six plasmid DNAs were rescued and analyzed from
each transfectant. When all rescued plasmids had identical
patterns it was taken as evidence for repair (0.03 confidence
level). Mixed patterns were expected when one or more mis-
matches escape repair and segregate at the first round of
replication following integration, producing a sectored col-
ony. Segregation was sometimes scored using a PCR assay.
Genomic DNA was amplified with primers complementary to
the SV40 promoter (5'-GGCCTCTGAGCTATTCC AGA-3)
and to the 3’ end of neo (5'-CGAAATCTCGTGATGGCAGG-3"),
yielding a 1.2-kbp product. Products with a single pattern for
an RFLP were scored as having undergone repair, and mixed
patterns were scored as segregation events. Because mixed
patterns could also result if genomic DNA was prepared from
independent transfectants, electroporated cells were distrib-
uted at low density (resulting in <3 colonies/24 wells). Under
these conditions, a single well was unlikely to contain multiple
transfectants (P < 0.05; Poisson distribution), thus ensuring
that each colony arose from a single transfected cell. False
sectors could also arise if a transfectant contained multiple
copies of recombinant molecules. Thus, segregation analysis
was performed only with transfectants containing one copy
of an integrated recombinant molecule (about 50% of
transfectants), as identified by Southern hybridization using
a®P-labeled neo probe. Digestions with Stul (one site in recom-
binants) and BstXI (nosite in recombinants) are diagnostic for
tandem and non-tandem integrated molecules, respectively.
Statistical analyses were performed using Fisher’s exact tests.

RESULTS

Experimental design: Mismatch repair was studied
using a two-plasmid extrachromosomal recombination
assay that creates hDNA intermediates in vivo (Deng
and Nickoloff 1994). Pairs of recombination substrates
carried inactive neo heteroalleles. In pSV2neo deriva-
tives, neo is driven by the SV40 promoter and inactivated
by the S(B) linker frameshift mutation. pneoAn deriva-
tives have functionally wild-type neo coding sequences,
but lack a promoter. Some substrates carried phenotypi-
cally silent mutations, including a 12-bp palindromic
Xhol linker insertion mutation upstream of the neo cod-
ing region, and/or eleven single-base changes at ~~100-
bp intervals that create RFLPs (Figure 1, A-C).

Recombination assays were performed by cotransfect-
ing pairs of linearized plasmids into CHO cells and
selecting for integrated neo* recombinants with G418.
pSV2neo derivatives were linearized at a Clal site located
upstream of the S(B) frameshift, and pneoAn deriva-
tives were linearized at an Nhel site at the extreme 5’
end of the neo fragment. We and others (Lin et al.
1984; Wake et al. 1985; Anderson and Eliason 1986;
Chakrabarti and Seidman 1986; Seidman 1987; Lin
et al. 1990a; Deng and Nickoloff 1994; Miller et al.
1997 ) have shown that extrachromosomal recombina-
tion between heteroalleles linearized at appropriate
sites yields products likely formed by single-strand an-

nealing (SSA). This can produce intermediates with a
hybrid DNA region flanked by nicks on opposite strands,
corresponding to the original double-strand break
(DSB) sites (Figure 1D). Conceivably, SSA can involve
annealing between single strands exposed by either a
5’ to 3’ exonuclease or a 3’ to 5’ exonuclease. Although
there was early evidence for 3’ to 5’ exonuclease activity
in mouse L cells (Lin et al. 1987), several lines of evi-
dence indicate that ends are processed by a 5’ to 3’
exonuclease. Studies in mouse ES cells and yeast pro-
vided clear evidence for 5’ to 3’ exonuclease acting at
DNA ends (Henderson and Simons 1997; Huang and
Symington 1993; Sun et al. 1991). In a study related to
that reported here, evidence for 5’ to 3’ exonuclease
activity mediating SSA in CHO cells was obtained in
crosses predicted to yield individual single-base mis-
matches. Most single-base mismatches were repaired
without bias, but crosses predicted to yield G-T mis-
matchesvia SSA mediated by 5’ to 3’ exonuclease activity
showed a clear, strand-independent G-T — G-C repair
bias (C. A. Bill, W. A. Duran, and J. A. Nickoloff,
unpublished results). This bias is consistent with the
well-known G-T — G-C repair systems in bacteria (Lieb
1991; Sohail et al. 1990) and mammalian cells (Brown
and lJiricny 1988; Wiebauer and lJiricny 1989; Wie-
bauer and Jiricny 1990). Different mismatches are pre-
dicted for different exonuclease polarities, so a cross
predicted to yield a G-T mismatch with a 5’ to 3’ exo-
nuclease would yield a C-A mismatch if a 3’ to 5’ exo-
nuclease was involved. There is no known system for
biased repair of C-A mismatches, and we did not find
a strand-independent bias for the two crosses predicted
to produce C-A mismatches with a 5’ to 3’ exonuclease
(or G-T mismatches with a 3’ to 5’ exonuclease).

In the present crosses, the two initiating DSBs flank
a 697-bp region containing five markers predicted to
produce single-base mismatches and/or a 12-base palin-
dromic loop mismatch. Depending on the extent of
exonuclease digestion, SSA intermediates may include
more or less hDNA in the region between the DSBs,
with maximum hDNA (697 bp) formed if exonuclease
digestion extends from broken ends to (or past) DSB
positions in recombining partners. Lesser digestion
would produce lesshDNA and annealed plasmids would
contain flaps with 3’ ends; such flaps could be removed
by homologs of yeast Rad1p/10p endonuclease (Ivanov
and Haber 1995). Greater digestion would produce
maximum hDNA flanked by single-stranded gaps that
could be filled by extension of 3’ ends. Because a marker
will occur in hDNA only if exposed in both duplexes,
markers near one DSB are less likely to be included in
hDNA because these are most distant from the other
DSB. For simplicity, intermediates are shown with maxi-
mum hDNA flanked by single-strand nicks in Figures
1D and 2. Data presented below suggest that four of
five markers occur in hDNA at similar rates (=50%),
requiring 349-523 bases to be removed from either end.
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Figure 2.—Predicted recombination intermediates for five
crosses. Symbols are as described in Figure 1D.

The fifth marker (P685) may occur in hDNA less often,
which is not surprising since this requires the removal
of at least 685 bases from the 5" DSB. The loop mismatch
is equidistant from the two DSBs and is therefore ex-
pected to occur in hDNA at maximum rates.

Mismatches are subject to repair either before or after
integration. Mismatches in integrated recombinant
molecules that escape repair will segregate during the
next cell division and produce sectored colonies. As all
markers are silent, there is no selective pressure for or
against them. Recombinant products were rescued into
recA~ E. coli, or were PCR amplified, and all heteroallelic
markers were scored to determine mismatch repair di-
rection. Segregation analysis was performed on a subset
of products to determine the efficiency of repair for
each mismatch (see materials and methods). Crosses
were performed in CHO Kilc cells (wild-type), a mis-
match-binding defective CHO line called clone B, and
its wild-type parent, called MTCHO™* (Branch et al.
1993).

Characterization of recombination substrates: Re-
combination substrates were electroporated into cells
individually to determine background transfection fre-
guencies (Table 1). pSV2neoS(B) yielded no G418’ col-
onies, indicating thatthe S(B) frameshift does not revert
at detectable levels. Also, pSV2neoS(B) does not confer
kan' to E. coli transformants. Control CHO transfections
with pSV2neo and pSV2neoX yielded G418 colonies at
similar levels, confirming the phenotypic silence of the
Xhol linker insertion; the eleven single-base changes are
also silent (Miller etal. 1997). pneoAn (with or without
RFLPs) confers kan' to E. coli. pneoAn plasmids intro-
duced individually into CHO cells produced G418r colo-
nies at frequencies 20-50-fold lower than in recombina-

TABLE 1

Transfection frequencies with individual
recombination substrates

Expt.? Plasmid Enzyme Frequency = (X 10°)°
1 pSV2neo EcoRlI 1180 + 160

2 pSV2neoX EcoRI 1260 = 170

3 pSV2neoS(B)X EcoRlI <0.03

4 pSV2neoS(B)X Clal <0.03

5 pneocAnNX Nhel 04 =01

6 pneocAnN11X Nhel 0.5+ 0.3

2 All transfections performed in wild-type (K1c) cells.

® Transfection frequencies were calculated as the ratio of
G418" colonies per cell electroporated. Values are averages =
SD for three determinations. From 0.1 to 0.5 pg of each DNA
were used in transfections; all frequencies are normalized to
0.1 pg of DNA.

tion experiments (Table 2). These rare G418" colonies
likely reflect integration of neo downstream of endoge-
nous CHO promoters. Such products did not interfere
with analysis of recombinants as they do not yield a
rescued plasmid with the appropriate structure and are
refractory to PCR amplification. Recombination fre-
quencies were similar for all crosses in all three cell
types (Table 2).

Mismatch repair favors retention of palindromic
loops: Previous analysis of recombination frequencies
suggested that a 14-base palindromic loop mismatch
was repaired with bias toward loop retention in CHO
K1c cells (Deng and Nickoloff 1994). To obtain physi-
cal evidence for biased retention of palindromic loops,
we performed crosses with a silent 12-base palindrome.
In crosses 1A and 1B, the loop was present on opposite
strands and was centrally located between the two DSBs
(Figure 2). We reasoned that if nicks alone were direct-
ing the repair of the loop, an equal ratio of loop reten-
tion:loss would be observed. Instead we found similar
1.6-1.9:1 biases in favor of loop retention for both wild-
type CHO lines (Table 3; P = 0.025 for combined data
for crosses 1A and 1B). Thus, loop repair bias is both
nick- and strand-independent.

Single-base mismatches eliminate loop repair bias: To
determine whether nearby mismatches influence the
direction of loop repair, we performed two crosses in
which hDNA included up to five single-base mismatches
in addition to the loop (crosses 2A and 2B, Figure 2).
In contrast to crosses with only the loop mismatch, equal
loop retention and loss were observed in the presence
of single-base mismatches, regardless of which strand
contained the loop (Table 3). These results are consis-
tent with the loop being repaired by a nick-directed
mechanism signaled by single-base mismatches (see dis-
cussion).

Mismatch repair tracts are predominantly long and
nick directed: Three crosses with multiple single-base
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TABLE 2

Recombination frequencies in wild-type and mutant CHO cells

Expt. Cross? Cell type® Plasmid 1/Clal Plasmid 2/Nhel Frequency (X 10°)¢ n
1 1A Klc pSV2neoS(B)X pneocAnN 9.8 1
2 1B Klc pSV2neoS(B)C pneocAnNX 26 = 11 2
3 2A Klc pSV2neoS(B)X pneocAnN11 16 = 3 2
4 2B Klc pSV2neoS(B)C pnecAnN11X 27 1
5 3 Klc pSV2neoS(B)C pneocAnN11 19 1
6 2B MTCHO™ pSV2neoS(B)C pneocAnN11X 10 1
7 2B clone B pSV2neoS(B)C pneocAnN11X 16 1
8 3 MTCHO™ pSV2neoS(B)C pneocAnN11 75 1
9 3 clone B pSV2neoS(B)C pneoAnN11 19 1

a Crosses are diagrammed in Figure 2; pSV2neo and pneoAn derivatives were linearized at Clal and Nhel

sites, respectively.

® Klc and MTCHOT cells are mismatch repair proficient, clone B cells are mismatch repair deficient.

¢ Recombination frequencies were calculated as the ratio of G418 colonies per cell electroporated. Values
are averages =+ range for experiments repeated twice. From 0.1 to 0.2 p.g of each DNA were used in transfections;
all frequencies are normalized to 0.1 pg of pSV2neo derivative.

¢ Number of repetitions.

mismatches in CHO Kl1c cells (crosses 2A, 2B, and 3)
allowed an examination of mismatch repair tract lengths
and structures. The SSA model predicts that markers
downstream of the Clal site (B733, N871, N928, P1030,
X1135, and H1239) will not be included in hDNA. Con-
sistent with this prediction and previous results (Miller
etal. 1997), all products contained the pneoAn markers
in this region. Continuous tracts were found in 75% of
products (Figure 3, types 1-7). Among all products,
marker patterns displayed gradients (Figure 4) consis-
tent with mismatch conversion occurring as a function
of distance along neo, with markers converting more
often when proximal to a nick in cis. Although such
gradients could also reflect frequencies of marker inclu-
sion in hDNA as a function of distance along neo, data
presented below suggest a significant component of mis-
match repair. Most repair appeared to involve long
tracts initiated from nicks since 60% of the continuous
tracts were of maximal length (types 1 and 7). Tract

TABLE 3

Biased repair of palindromic loop mismatches

Percent palindrome retention (n)®

Loop alone Loop + SBMMs
Strain® Cross 1A Cross 1B Cross 2A Cross 2B
Klc 65 (51) 63 (27) 50 (38) 53 (32)
MTCHO™* — 62 (34) — 52 (29)
Clone B — 56 (32) — 55 (29)

aKlc and MTCHO™ are mismatch repair proficient; clone
B is mismatch repair deficient.

® Percentage of products that retained palindrome; number
of products tested given in parentheses; SBMMs, single-base
mismatches.

spectra for crosses 2A and 2B were similar to that of
cross 3 (Figure 3). Thus, single-base mismatches influ-
ence loop repair (Table 3), but the loop in crosses 2A
and 2B had little influence on the repair of single-base
mismatches in wild-type cells.

Evidence for short tract repair: Although most prod-
ucts had continuous marker patterns consistent with
long repair tracts, discontinuous patterns were found
in 29% of products from crosses 2A and 2B in CHO
K1c cells. Discontinuous patterns are best explained as
resulting from hDNA repair. Although such tracts could
result from short tract and/or partial repair, segregation
analysis (described below) indicates that most result
from short tract repair. Most of these products had a
single discontinuity, but four (Figure 3, types 10, 17-19)
had two discontinuities. Among cross 2A and 2B prod-
ucts with discontinuous tracts, the loop repaired inde-
pendently of the two flanking markers 45% of the time
(i.e., its repair was not directed from a nick). Interest-
ingly, there was a twofold bias toward loop retention
among this subset of products, which is similar to the
bias observed in the absence of single-base mismatches.
Thus, biased, loop-specific repair contributed signifi-
cantly to the production of discontinuous tracts in crosses
2A and 2B (Figure 3), suggesting a degree of loop repair
independent of nicks even in the presence of single-
base mismatches. Surprisingly, the loop and B349,
though only 10 bp apart, were repaired independently
in 17% of all products, indicating that palindromic loop
repair tracts can be relatively short.

Differential loop and single-base mismatch repair ef-
ficiencies in mismatch-binding defective cells: Segrega-
tion analysis was performed for crosses 1B, 2B, and 3 in
wild-type and mutant cells to determine rates of marker
involvement in hDNA and repair efficiencies for the
loop and single-base mismatches. The loop segregated
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Type L339 B349 Cross: 2A 2B 3
1 .- 7 1 3
2 - 5 4 8
3 - - 3 3
44— - - -- 3
5 ——* I - 1 1 3
6 — I - 2 4 NA
7 I - - - 14 8 12
8 _— - 2 3 3
9 — IS B - NA
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11 I - - 1
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13— - - - - NA
14 S S - 2 - 1
15 B m--- - 2 NA
16 .- - - 1 NA
17 — -+ - - 1 NA
18 I - - 1 -
19 m— . . -- 1 NA
20 — —  mmm « I - 1 NA
21 IR - ¢ - 1 NA
22 — - .- . 1
23 NN W - - 1
24 — - T —— 1
25 — NN - - -- 1

Figure 3.—Repair tract structures in products of crosses
2A, 2B and 3 in CHO Klc cells. A partial map of neo drawn
to scale (top) shows the location of markersincluded in hDNA.
Nicks in intermediates occur at Nhel and Clal sites at positions
0 and 697, as diagrammed in Figure 2. L339 (loop) and B349
are only 10 bp apart; this region is enlarged for clarity. Black
bars indicate regions repaired toward sequence donated by
pneoAn derivatives, thin lines indicate opposite repair; aster-
isks indicate products of crosses 2A and 2B in which L339 and
B349 repaired independently. Tract types 1-7 are continuous
repair tracts, likely originating from one or both nicks; types
8-25 are discontinuous. All products carry markers from
pneoAn downstream of the Clal site (three dots) as these are
not included in hDNA. (--) indicates no products recovered;
NA, not applicable as loop is not present.

at low rates in both wild-type and mismatch defective
cells, and in the presence or absence of single-base mis-
matches (Table 4 and Figure 5). In crosses 2B and 3,
single-base mismatches also segregated at low rates in
wild-type cells (0-15% of products had one or more
segregating markers), but at high rates in mutant cells
(35-53%; P < 0.0002 for combined cross 2B and 3 data).
Thus, the defect in the mutant cells has no effect on
loop repair, but markedly reduces repair of single-base
mismatches.

Tract structures were determined for 69 products of
crosses 2B and 3 in mutant cells. Thirty-eight had no
segregating markers and the tract distributions for these
products (not shown) were similar to those of wild-type
cells (Figure 3). The remaining 31 products had one
or more segregating markers, and were distributed
among 29 different tract types (Figure 5). This wide
variety of structures displayed striking mosaic patterns,
reflecting frequent independent repair/segregation of

70 5
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® 3 A
2 50
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_ 40 4
©
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©
= 30
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@
0 20
©
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0 10 20 30 40 50 60 70
Percent of Total hDNA

Figure 4.—Mismatch repair gradient. Percent marker con-
version is plotted as a function of distance from the 3’ nick
(converted to a percentage of total hDNA) for data shown in
Figure 3. Dashed line indicates theoretical values if repair
correlated perfectly to marker distances from nicks.

adjacent markers. Together these results suggest that
long-tract, nick-directed repair is reduced, but not elimi-
nated in the mutant cells. Segregation was seen at all
markers predicted to be in hDNA by the SSA model,
providing evidence for hDNA formation via strand an-
nealing in the region between the initiating DSBs.

As mentioned above, nick-directed repair would tend
to reduce biases that arise from mismatch-specific re-
pair. Thus, a clearer picture of loop repair bias can be
gained by examining products in which the loop was
repaired independently of repair tracts initiating at ei-
ther nick. For cross 2B in mutant cells, there were nine
such products (types 1-7 in Figure 5, plus two others
that are not shown in which complete repair occurred)
and seven of these nine products retained the loop

TABLE 4

Repair efficiencies of loops and single-base mismatches
in wild-type and mutant cells

Percent segregation (n)®

Cross 1B Cross 2B Cross 3
Strains® Loop only Loop + SBMM SBMM only
Klc + MTCHO™ 6 (47) 15 (26) 0 (12)
Clone B 10 (39) 35 (29) 53 (40)

aK1c and MTCHO™ are mismatch repair proficient; clone
B is mismatch repair deficient.

® Percentage of products that had one or more segregating
markers; n, number of products tested; SBMM, single-base
mismatches.
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Cross 3 neo

-

Nhel H251 B349 A430 A523 P685{C/al
| | |
Y I— T T

Type
2 TN - - - -
3 B - - -
5 BT -
6 FEr I = -
7 EEFrrr— I -
8 [ A - - -
O R
10 T T
11 N S - - 2
12 . -
13 — — T
14 ————F"1 TR ---
15— T - -
16— - -
17 — T - -
18 T - -
19 T -

Figure 5.—Tract structures for products from clone B cells. Symbols are as described for Figure 3, with shaded bars indicating
unrepaired mismatches. All product types shown were recovered once except types 8 and 11 from cross 3, which were recovered

twice (indicated on right).

(3.5:1 bias). Thus, these mutant cells are competent in
biased loop repair.

Minimum rates of hDNA formation: All markers ex-
cept P685 showed significantly increased rates of segre-
gation in mutant vs. wild-type cells (Figure 6; P values
ranged from 0.0004 to 0.05), a clear indication of a
mismatch repair defect in the mutant cells. As discussed
above, the paucity of P685 segregations likely reflects a
low rate of hDNA formation at this marker. For nonseg-
regating markers, continuous marker patterns could
arise from nick-directed repair of hDNA or from inter-
mediates with limited or no hDNA. Despite this uncer-
tainty, hDNA (and hence repair) can be inferred for
many nonsegregating markers in products with discon-
tinuous patterns. This is true specifically when a marker
is flanked by segregating markers and/or by markers
repaired in opposite directions. Examples of such “non-
nick-directed repair” for cross 3 include B349 in product
types 2, 5, 6, 7, 11, and 12, and A430 in product types
3-7,9, 10, 12, 14, and 16 (Figure 5). We can calculate
minimum rates of hDNA formation for each marker
from the sum of segregation events plus non-nick-
directed repair events. Cross 3 in clone B cells displayed
the highest segregation rate and hence provides the
best estimate of the rate of hDNA formation at each
marker. As shown in Figure 6, all markers except P685
were included in hDNA at minimum rates of ~50%.

Corepair of single-base and loop mismatches: In wild-
type cells, all single-base mismatches showed similar seg-
regation rates in the presence or absence of the loop
(crosses 2B and 3; data not shown). In mutant cells,
each of the four markers >88 bp from the loop also

60
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B Mutant Seg:
Minimum hDNA: Il
c 50r
]
5. |
c
[]
;',’g 401
wnf |
59
2 30f
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[T e]
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()
% 1of

A430 A523 P685 Total

Marker

H251 B349

Figure 6.—Rates of segregation and hDNA involvement
for individual single-base markers. Percent segregation in wild-
type and mutant cells are shown with white and gray bars,
respectively. Wild-type segregation values are for combined
CHO Kic (crosses 2A, 2B and 3) and MTCHO™ (crosses 2B
and 3) products. Mutant segregation values are for clone B
products (crosses 2B and 3). Minimum rates of hDNA involve-
ment are shown as black bars; values are from cross 3 in clone
B cells.
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showed similar segregation rates in the presence or ab-
sence of the loop. The remaining marker, B349, located
only 10 bp from the loop, segregated in mutant cells at
a high rate in the absence of the loop (25%), but at a
low rate in its presence (3.4%; P = 0.013). Thus, loop-
specific repair in the mutant cells correlates with in-
creased repair of B349, a likely consequence of corepair.
Although dramatic effects were seen only at the close
B349 marker, the presence of the loop also partially
offset the difference in repair of single-base mismatches
between wild-type and mutant cell lines (Table 4), sug-
gesting that loop-specific repair sometimes leads to core-
pair of more distant markers.

DISCUSSION

Two prior studies indicated that the extrachromo-
somal recombination system used in the present study
creates mismatches via SSA in a region defined by the
positions of DSBs in recombination substrates, and that
the resulting recombination intermediates are pro-
cessed by an efficient, nick-directed repair mechanism
(Deng and Nickoloff 1994; Miller et al. 1997). The
observed segregation events at markers predicted to
form mismatches (and only at these markers) provide
clear evidence for the formation of hDNA intermedi-
ates. We exploited this system to examine the repair
of a 12-base palindromic loop and/or five single-base
mismatches. The plasmids used do not freely replicate
and recombined DNAs integrate into the host cell ge-
nome either before or after mismatch repair of hDNA.

SSA is reduced in yeast msh2 and msh3 mismatch re-
pair mutants. This effect is inversely proportional to
lengths of shared homology, displaying a twofold reduc-
tion with 700 bp of shared homology (Sugawara et al.
1997), which is the maximum length of the annealed
region in the present study. In contrast, recombination
levels in the mismatch repair-deficient clone B cells were
similar to levels in the wild-type CHO Kicand MTCHO™*
cells (Table 2). Any of a number of differences in the
two studies could explain these contrasting results. For
example, SSA in mammalian cells may proceed inde-
pendently of mismatch repair functions, the effect may
be influenced by allele linkage, or the two cell types
may have different homology length thresholds.

Long tract repair: The present study and other (Des-
autels et al. 1990; Folger et al. 1985; Lehman et al.
1994; Miller et al. 1997) indicate that multiple markers
in hDNA are usually repaired in continuous blocks.
Biochemical evidence suggests that mammalian nick-
directed mismatch repair is functionally similar to the
excision-based E. coli mutHLS pathway (Fang and
Modrich 1993). The conversion gradients we observed
(Figure 4) are therefore consistent with long-tract mis-
match repair initiating at nicks. With two nicks flanking
hDNA, we can ask: how often (if ever) is repair initiated
from both nicks of a single hDNA intermediate? Repair

initiating from only one nick could produce continuous
tracts in which all markers are repaired ina single direc-
tion. In the present study, and in a previous study
(Miller et al. 1997), we found that a slight majority of
products were of this type, suggesting that nick-directed
repair tracts can extend the entire length of the hDNA
region. In the vertebrate Xenopus laevis, a much greater
fraction of products were of this type (Lehman et al.
1994), suggesting a greater repair processivity in X. laevis
than in CHO cells.

Biased repair of palindromic loop mismatches: Inser-
tion mutations produce loop mismatchesin hDNA, and
loops are also produced by DNA polymerase slippage.
Nonpalindromic insertions produce single-stranded
loops, whereas palindromic insertions of sufficient
length produce stem-loop structures. The 12-bp palin-
dromic insertion used in this study, despite being rela-
tively short, would produce a stem with only G-C base
pairs (Figure 1B) and is predicted to form astable stem-
loop structure (AG = —5.3 kcal/mol; Oligo 5.0, Na-
tional Biosciences, Plymouth, MN).

To study repair of loops without bias from nicks, we
engineered substrates such that nicks on opposite DNA
strands were equidistant from the loop. Several lines of
evidence from thisand earlier studies indicate that loops
are repaired efficiently and independently of nicks. Pre-
vious measurements of recombination frequencies sug-
gested biased retention of a frameshift mutation pre-
dicted to produce a 14-base palindromic loop mismatch
(Deng and Nickoloff 1994). The present study of re-
pair by physical analysis of markers in recombination
products provides additional evidence for a significant
bias toward loop retention when the loop is the only
mismatch present in hDNA. However, because nicks are
likely to direct some loop repair, and this would tend
to produce equal loop retention and loss, a stronger
bias may be found in the absence of nicks. Loop repair
bias was eliminated when loops were flanked by single-
base mismatches. Analogous corepair is seen in E. coli
and yeast (Carraway and Marinus 1993; Petes et al.
1991; Weng and Nickoloff 1997). However, a 1.5:1
bias toward loop retention was evident even in the pres-
ence of single-base mismatches among those products
in which the loop was clearly not repaired from either
nick (Figure 3, crosses 2A and 2B, product types 9-21).
Using an intrachromosomal recombination system to
detect hDNA, Bollag et al. (1992) similarly found pref-
erential retention of a 34-base palindromic loop in
mouse Ltk cells, suggesting that efficient, biased repair
of palindromic loops is independent of sequence con-
text and may be general for mammalian cells.

Contrasting results have been obtained for repair of
single-stranded loops in mammalian cells. Although sin-
gle-stranded loops of varying sizes are repaired effi-
ciently, there is a 2:1 bias against loop retention (Weiss
and Wilson 1987). Nicks had a minor effect on strand
discrimination for biased repair of long (25-57 base)
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single-stranded loops in monkey CV-1 cells (Weiss and
Wilson 1989), but repair of a 5-base loop was efficient
and nick-directed (i.e., independent of loop location)
in human cell extracts (Umar etal. 1994). In the absence
of nicks, repair in vitro of a 5-base loop was inefficient,
but there remained a strong (7:1) bias against this loop
among products that did undergo repair (Umar et al.
1994). Similarly, repair of juxtaposed single-stranded
loops without adjacent nicks in monkey cells favored
retention of the smaller loop (Ayares et al. 1987). The
opposite repair bias for palindromic and single-stranded
loops provides evidence that the palindromic insertions
we studied actually form stem-loop structures as pre-
dicted from biophysical considerations. The opposite
repair biases also suggest that loop structure is an impor-
tant determinant of both loop recognition and repair
direction, and that there are distinct repair pathways
for the two types of loops. Biochemical evidence in yeast
that supports this notion includes the observations that
Msh2p binds strongly to 12- and 14-base palindromic
loops, but weakly to single-stranded loops (Alani et al.
1995), and the identification of a protein called IMR
which binds 4-9 base single-stranded loops, but not
palindromic loops (Miret et al. 1996). Weiss and Wil-
son (1989) suggested that single-stranded loops act as
a stronger signal for repair than nearby nicks. Our data
indicate that single-base mismatches override palin-
dromic loop-specific repair, perhaps by recruiting nick-
directed repair. It would appear that nick-directed re-
pair, when enhanced by single-base mismatches, occurs
faster than palindromic loop-specific repair.

Short tract repair of palindromic loops: Both prokary-
otic and eukaryotic short tract repair systems are mis-
match-specific. In E. coli, mutT and mutY pathways pro-
cess specific base mismatches in short (<10 base) repair
tracts (reviewed in Heywood and Burke 1990a; Ko-
lodner 1995; Modrich 1991). While no short patch
system has been identified in S. cerevisiae, there is evi-
dence for ashort patch pathway specific for C-C mispairs
in Schizosaccharomyces pombe (Schar and Kohli 1993).
Short tract repair in mammals includes a G-T system to
deal with deaminated 5-methyl cytosine, and an A-G
system involving MYH (a mutY homolog) (reviewed in
Gallinari et al. 1997). Using HelLa cell extracts, Wie-
bauer and lJiricny (1990) showed that G-T — G-C re-
pair involves removal of a single nucleotide. Short tract
repair in mammalian cells was suggested by the observed
independentrepair of single-base mismatches separated
by 20 bp in 60% of gene targeted products (Steeg et
al. 1990), and by studies of transfected artificial hDNA
substrates (Brown and Jiricny 1988; Heywood and
Burke 1990b). Two studies demonstrated that non-
palindromic loops separated by >200 bp were rarely
corepaired, but complete corepair was seen when these
markers were <60 bp apart (Ayares et al. 1987; Weiss
and Wilson 1987). We found that a palindromic loop
and a single-base mismatch separated by only 10 bp

failed to corepair 17% of the time, indicating that palin-
dromic loop repair tracts are sometimes very short.

Repair in mismatch-binding defective cells: Prior data
indicated that the mutant CHO line, clone B, has several
characteristics in common with mutants defective in
mismatch repair, such as tolerance to alkylating agents,
increased spontaneous mutagenesis and microsatellite
instability, and defects in mismatch binding (Aquilina
etal. 1994; Hess et al. 1994; Kat et al. 1993). In addition,
clone B cell extracts fail to complement extracts of LoVo
cells, which are defective in both alleles of hnMSH2, and
it was suggested that clone B and LoVo share this defect
(Aquilinacet al. 1994). Msh2-deficient mice also exhibit
microsatellite instability, a mutator phenotype, and
methylation tolerance (de Wind et al. 1995). Segrega-
tion of single-base mismatches was significantly higher
in clone B cells than wild-type (Table 4), providing clear
evidence for amismatch repair defect. However, clone B
cells are proficient at biased, palindromic loop-specific
repair. In fact, loop-specific repair tended to increase
overall repair of single-base mismatches in these cells,
which is likely due to corepair initiated by loop-specific
repair. Corepair was strong for the close B349 marker,
but much less so for more distant markers, providing
additional evidence that loop-specific repair often in-
volves short tracts.

About half of the clone B products had one or more
segregating markers and the other half had no segregat-
ing markers. Most marker patterns in products with no
segregating markers were continuous and could have
resulted from intermediates with extensive hDNA (by
nick-directed repair of all markers), or from intermedi-
ates with limited or no hDNA. Extensive hDNA forms
at least 50% of the time. If hDNA forms more often,
our results would suggest that clone B cells perform
some nick-directed repair, yielding continuous marker
patterns. If hDNA forms only 50% of the time, our
results would suggest that clone B cells perform essen-
tially no nick-directed repair. In either case, reduced
nick-directed repair may reflect reduced processivity,
which could result from a defect in an exonuclease that
acts at nicks, or from reduced signaling from mis-
matches. The mutation in clone B cells is likely subtle
(i.e., a single amino acid change) since clone B cells
spontaneously revert to wild-type phenotype (Aquilina
et al. 1989). If clone B cells are defective in Msh2 as
suggested by Aquilina et al. (1994), a subtle change
could alter the binding or signaling functions of the
complexes that Msh2 forms with other proteins such as
Msh3 or Msh6/GTBP. Since there is direct evidence for
a mismatch binding defect in clone B cells (Aquilina et
al. 1994), a reasonable model is that reduced mismatch
binding reduces signals to the rest of the repair machin-
ery, which in turn reduces repair processivity.

Our data would further suggest that Msh2 is not in-
volved in loop-specific repair, which is consistent with
the observation that although yeast Msh2p and Msh2p/
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Msh6ép bind to palindromic loop mismatches (Alani
1996; Alani et al. 1995), these mismatches often escape
repair (Nag and Petes 1991; Nag et al. 1989). Finally,
it would appear that yeast lack one or more components
required for palindromic loop-specific repair. This may
have a negligible effect in terms of the stability of the
yeast genome, which is largely composed of unique se-
quences, but could have substantial effect on the stabil-
ity of the large amount of repetitive DNA in mammalian
genomes.
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