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Recombination between homologous chromosomes is
required for the faithful meiotic segregation of chromosomes
and leads to the generation of genetic diversity. The conserved
meiosis-specific Dmcl recombinase catalyzes homologous
recombination triggered by DNA double strand breaks through
the exchange of parental DNA sequences. Although providing
an efficient rate of DNA strand exchange between polymorphic
alleles, Dmc1 must also guard against recombination between
divergent sequences. How DNA mismatches affect Dmc1-medi-
ated DNA strand exchange is not understood. We have used
fluorescence resonance energy transfer to study the mechanism
of Dmc1l-mediated strand exchange between DNA oligonucleo-
tides with different degrees of heterology. The efficiency of
strand exchange is highly sensitive to the location, type, and
distribution of mismatches. Mismatches near the 3’ end of the
initiating DNA strand have a small effect, whereas most mis-
matches near the 5’ end impede strand exchange dramatically.
The Hop2-Mnd1 protein complex stimulates Dmc1-catalyzed
strand exchange on homologous DNA or containing a single
mismatch. We observed that Dmcl can reject divergent DNA
sequences while bypassing a few mismatches in the DNA
sequence. Our findings have important implications in under-
standing meiotic recombination. First, Dmc1 acts as an initial
barrier for heterologous recombination, with the mismatch
repair system providing a second level of proofreading, to
ensure that ectopic sequences are not recombined. Second,
Dmcl stepping over infrequent mismatches is likely critical for
allowing recombination between the polymorphic sequences of
homologous chromosomes, thus contributing to gene conver-
sion and genetic diversity.

Homologous recombination (HR)> is a major, conserved
pathway for the repair of DNA double strand breaks (DSBs).
During meiosis, HR establishes physical linkages between ho-
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mologous chromosomes from maternal and paternal origins as
pairs. These linkages produce chiasmata, which are the cytolog-
ical manifestation of the crossover products of HR. Together
with sister chromatid cohesion, these chromosome crossovers
ensure the orderly segregation of each chromosome pair in the
first meiotic division (1, 2). The cells derived from the meiotic
cell division have half the number of chromosomes as their
parent, which is an essential feature of sexual reproduction
involving the generation of haploid gametes. Errors in meiotic
chromosome segregation lead to miscarriages and Down,
Klinefelter, Edwards, and Turner syndromes in humans, which
are all characterized by aneuploidy stemming from a deficiency
in meiotic chromosome segregation (3-5).

Meiotic HR is initiated by cleavage of chromosomal DNA at
multiple sites by the Spol1 protein to generate DSBs (6). These
DSBs are processed by nucleases to generate 3’ single-stranded
DNA (ssDNA) tails (7, 8). A recombinase polymerizes on the
ssDNA tails to form a helical nucleoprotein filament, termed
the presynaptic filament, capable of searching for, interacting
with, and invading a homologous double-stranded DNA
(dsDNA) target in a reaction named homologous pairing
(9-11). The heteroduplex region formed by homologous pair-
ing is expanded in the next step, referred to as DNA strand
exchange. In most eukaryotes, homologous DNA pairing and
strand exchange are catalyzed by Dmc1 and Rad51 proteins,
which are structural and functional homologues of the bacterial
recombinase RecA. Whereas Dmc1 acts specifically in meiosis,
Rad51 functions in both meiosis and mitotic cells.

Previous studies have suggested that, similar to Rad51 and
RecA, the recognition of DNA homology by human Dmcl,
which is strongly influenced by helix stability and mismatched
base pairs, requires the preferential breathing of A:T base pairs
(12—14). Although bacterial RecA and eukaryotic Rad51 pro-
teins have been well characterized, less is known about the
mechanism by which Dmc1 promotes the recognition of homo-
logy and discriminates between homeologous DNA sequences.

Notably, in vitro, eukaryotic recombinases usually exhibit a
less robust strand exchange activity and higher tolerance to
interruptions of homology than RecA protein (15). At present,
it is not clear if the ability of the eukaryotic recombinases to
tolerate DNA mismatches during the catalysis of homologous
DNA pairing and strand exchange is subject to regulation by
their accessory factors. Indeed, the proper function of Dmcl
and Rad51 requires their interactions with several accessory
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proteins (see Refs. 9, 11, and 16 and citations within). Hop2 and
Mnd1 are two conserved proteins essential for HR completion
via their interactions with Dmcl and Rad51 (17-22). In
Hop2~'~ and Mndl '~ mouse spermatocytes, Dmcl or Rad51
is loaded onto the resected ends of DSBs, but further progres-
sion of recombination is impaired (23, 24). Biochemical studies
have shown that Hop2 and Mnd1 are associated in a heterodi-
meric complex that stimulates the DNA strand invasion activity
of Rad51 and Dmcl, and it acts by stabilizing Dmc1/Rad51
nucleoprotein filaments on ssDNA, and by facilitating the con-
densation and capture of dsDNA in conjunction with the pre-
synaptic filament (17, 25). In this study, we have analyzed the
effect of Hop2-Mnd1 in the Dmcl-catalyzed strand exchange
reaction using homologous or mismatch-containing oligonu-
cleotide substrates.

Considering that homologous chromosomes diverge in their
primary sequence (26), the ability of Dmcl to tolerate mis-
matches in the heteroduplex DNA joints may be crucial for
successful HR between parental chromosomes. However, to
ensure that HR occurs only between homologs, the Dmc1-me-
diated DNA strand exchange reaction must also exhibit a cer-
tain limit of tolerance of the number and types of DNA mis-
matches in carrying out DNA pairing and strand exchange.

The lack of information in this important aspect of meiotic
recombination has prompted us to study the effect of DNA
mismatches on the efficiency of Dmc1-mediated DNA strand
exchange. Specifically, we have carried out a systematic study of
Dmcl-catalyzed DNA strand exchange with different mis-
matched substrates using fluorescence resonance energy trans-
fer (FRET) techniques. Our results show that Dmc1-mediated
strand exchange is highly sensitive to the location, type, and
distribution of mismatches. The presence of a few mis-
matches at specific locations of the incoming strand can
inhibit strand exchange considerably. This rejection of the
incoming strand, which cannot be explained merely by
changes in the stability of the duplex DNA, suggests a mech-
anism that uses ATP hydrolysis to amplify the fidelity of
homology search, being akin to kinetic proofreading (27, 28).
Furthermore, addition of the Hop2-Mndl heterodimer
enhances the efficiency of DNA strand exchange with the
mismatched substrates. A DNA binding site present on
Mnd1 is needed for this Hop2-Mnd1 attribute.

Experimental Procedures

DNA Substrates—All the oligonucleotides were purchased
from Integrated DNA Technologies (IDT, Coralville, IA).
Selected oligonucleotides were fluorescently labeled at the 3’
end with tetramethylrhodamine (TAMRA) or at the 5’ end
with Cy5 and were purified by HPLC and PAGE. Unlabeled
oligonucleotides were purified by PAGE. To prepare dsDNA,
the complementary strands were mixed in a 1:1 molar ratio
in 10 mm Tris-HCI (pH 7.5), 100 mm NaCl, 10 mm MgCl,,
and hybridized by cooling from 90 °C to room temperature
over 2.5 h. The sequences of the oligonucleotides are shown
in Table 1. The concentration of ssDNA and dsDNA was
determined by absorbance at 260 nm and is expressed as
molar concentration of nucleotides or base pairs for ssDNA
or dsDNA.
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Proteins—Human Dmc1 was purified as described previously
(29) with modifications. Briefly, the protein was expressed in
Escherichia coli BL21 (DE3)pLysS carrying a pET-16b-Dmcl
plasmid using the INDUCER™ (moleculA, VA 20166) and
purified by consecutive chromatographic steps on nickel-nitrilo-
triacetic acid (Thermo Fisher Scientific), reactive blue (Bio-Rad),
heparin-Sepharose, and MonoQ (GE Healthcare) columns.
Mouse wild type and mutant Hop2-Mndl complexes were
expressed in the codon plus PR strain (Stratagene) carrying the
pET15b-Hop2-Mnd1 plasmid and purified as described previ-
ously (19, 22). Briefly, the protein complex was purified by co-ex-
pressing His-tagged Hop2 and untagged Mndl in the same
expression system and employing consecutive chromatographic
steps on nickel-nitrilotriacetic acid, MonoQ, Macro hydroxyapa-
tite (Bio-Rad), heparin-Sepharose, and MonoS columns. The con-
centration of proteins was determined by the Bradford assay.
E. coli RecA protein was purchased from New England Biolabs Inc.

DNA Strand Exchange Reactions—Nucleoprotein complexes
were formed by incubating Dmcl protein (3 um) with unlabeled
50-mer ssDNA (10 uM nucleotides) for 8 min at 37 °C in buffer
(250 wl, final volume) containing 20 mm Tris-HCI (pH 7.5), 50
mwm KCl, 2 mm MgCl,, 3 mm ATP, and 100 ug/ml of BSA. The
strand exchange reaction was initiated by adding labeled
dsDNA (5 uM base pairs) and incubated at 37 °C for 40 min.
Variation in the fluorescence emission (FE) of TAMRA was
recorded every 1.25 s at 580 nm on excitation at 556 nm. FRET
measurements were performed using an ISS-PC; photon
counting spectrofluorometer (ISS Inc.).

For DNA strand exchange reactions done with Hop2-Mnd1,
Dmcl (3 uMm) was incubated with ssDNA in the same buffer for
5 min at 37 °C, followed by the addition of wild type or mutant
Hop2-Mnd1 and incubated for an additional 5 min. Then, the
strand exchange reaction was initiated by the addition of
labeled dsDNA. Dmcl and Hop2-Mndl were used at a 4:1
molar ratio. RecA-ssDNA filaments were formed by incubating
RecA (0.4 uwm) with unlabeled ssDNA (10 um nucleotides) for 2
min at 37 °C. The DNA and buffer conditions were identical as
described for the Dmc1 reaction, except that ATP was present
at 1 mm and an ATP-regenerating system (7.5 mMm creatine
phosphate and 30 units ml~" creatine kinase) was added. The
reaction was carried out for 22 min.

FRET Measurements and Analysis—Fig. 1A illustrates our
experimental design for measuring DNA strand exchange cat-
alyzed by the recombinases (see also Results). The fraction of
dsDNA having undergone strand exchange (x) was calculated
using the following equation: d2.x + d1.(1-x) = d; where “d1” is
the fluorescence emission from the donor (TAMRA) measured
in a sample containing fully hybridized labeled duplexes, “d2” is
the emission from the donor measured in a sample containing
non-hybridized labeled oligonucleotides, and “d” is the mea-
sured emission of the donor, respectively. The relative strand
exchange efficiency was calculated as the increase of FE at
580 nm at the end of the reaction (¢) relative to the value
obtained with the homologous ssDNA (which was setas 1 for
each oligonucleotide group): (FE,, — FE,,) ssDNA/(FE,, —
FE,,) homologous.
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A B Cy5-5"'-AAACTATTATTACTCATTTTCCGCCAGCAGTCAACTTCGATTTAATTCGTAAACAGATCT-3"

G TAMRA-3'-ATTAAATGAGTAAAAGGCGGTCGTCAGTTGAAGCTAAATTAAGCATTTGT-5"
S5'"-ATTATTACTCATTTTCCGCCAGCAGTCAACTTCGATTTAATTCGTAAACA-3 '—.— Hom
5'-ATTATTACTCATTTTCCGCCAGCAGTCAACTTCGATTTAATTCGTAAGCA-3 "= 3ITG

Dmc1 5'-ATTATTACTCATTTTCCGCCAGCAGTCGACTTCGATTTAATTCGTAAACA -3 'wife= MidTG
+ _— + 5'"-ATTATTGCTCATTTTCCGCCAGCAGTCAACTTCGATTTAATTCGTAAACA-3" 5TG
RecA
S'"-ATTATTACTCATTTTCCGCCAGCAGTCAACTTCGATTTAATTCGTGAGCG-3 "=={ )== 3MM3’
S5'"-ATTATTGCTCATTTTCCGCCAGCAGTCGACTTCGATTTAATTCGTAAGCA-3 '—.— 3MMunif
ssDNA S5'"-ATTATTACTCATTTTCCGCCGGCGGTCGACTTCGATTTAATTCGTAAACA-3" 3MMmid
dsDNA S5'-ATTATTGCATGTTATGCTGCTTCGCTGTTAGACGGATACACAGTTATAGA-3 '—.— Het
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FIGURE 1. Effect of mismatches on Dmc1-promoted strand exchange. A, experimental scheme to study Dmc1-catalyzed recombination in vitro. T, TAMRA
(A excitation: 556 nm; A emission: 580 nm). C, Cy5 (A excitation: 649 nm; A emission: 665 nm). B, labeled duplex and the corresponding invading unlabeled
ssDNA sequences used in the experiment. Variable nucleotides are highlighted in red. Hom, 100% homologous oligonucleotide; Het, heterologous; 60% of
divergence; 5'TG, midTG, and 3' TG refers to a single TG mismatch at 5" end, middle, or 3’ end, respectively, of the incoming strand; 3MMunif, three mismatches
uniformly distributed; 3MMM3’ and 3MMmid, three mismatches clustered on the 3’ end or near the central region of the incoming strand. C and D, fraction of
exchange as afunction of Dmc1 concentration for one TG mismatch in different positions or three TG mismatches with different distributions. Reactions shown
in panels Cand D were carried out for 40 min. Each data point represents an average of three independent determinations. Error bars are the S.D. E and F, effect

of reporter dye placement on Dmc1 strand exchange between homologous DNA substrates or containing one mismatch at the 5" or 3’ end.

Results

Assays of DNA Strand Exchange by FRET—An essential
attribute of recombinases is the ability to search for a homo-
logous sequence amid an excess of heterologous DNA, and to
discriminate against target sequences that are not completely
homologous to the initiating ssDNA. During DNA homology
search, the Dmcl-ssDNA presynaptic filament engages a
duplex DNA molecule and samples segments of the duplex
DNA until homology is found. However, for successful recom-
bination between chromosome homologs to occur, the presyn-
aptic filament must be able to tolerate a certain level of heter-
ology between the recombining DNA molecules. These
characteristics for Dmcl-mediated strand exchange reactions
are poorly understood. We have examined the influence of
DNA heterologies on Dmc1-promoted HR by conducting a sys-
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tematic study of DNA strand exchange between oligonucleo-
tides with different degrees of heterology using a FRET-based
method. The scheme shown in Fig. 14 illustrates our experi-
mental design, which follows procedures described previously
(27). Briefly, linear dsDNA was formed by annealing comple-
mentary oligonucleotides each labeled with a fluorescent dye
that constitutes a donor (3'TAMRA)-acceptor (5'Cy5) pair
(Fig. 1A). The labeled dsDNA was mixed with linear unlabeled
ssDNA complementary to the TAMRA strand and that was
preincubated with Dmcl. In the absence of strand exchange,
the donor-acceptor pair yields high transfer efficiency due to
their close proximity. Fluorescence emission of the donor
(TAMRA) at 580 nm becomes greatly enhanced upon DNA
strand exchange because of the replacement of the Cy5-oligo-
nucleotide by the unlabeled DNA. In experiments to be
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described in the following sections, the FRET assay was used to
study the effects of the position, number, and type of DNA
mismatches on the efficiency of strand exchange catalyzed by
human Dmc1 and E. coli RecA.

Location-specific Effect of DNA Mismatches on Dmcl-medi-
ated DNA Strand Exchange—In initial experiments, we exam-
ined ssDNA substrates that differ from the 50-bp duplex target
by a single TG mismatch or three such mismatches being
located at different positions (Fig. 1B). Fig. 1, C and D, show the
fraction of duplex DNA that undergoes exchange as a function
of Dmcl concentration. Under the experimental conditions
used, Dmc1 binds to all the ssDNA oligonucleotides used in our
study (not shown). With the fully homologous DNA substrates,
the fraction of the duplex substrate that had undergone
exchange was 0.07 with 3 um Dmc1 (Fig. 1, C and D), reaching
amaximum of 0.15 with 6 um Dmc1 (not shown). The presence
of one TG mismatch near the 3’ end of the initiating ssDNA (3’
TG) did not affect strand exchange appreciably, but a mismatch
either in the middle or the 5’ end of the ssDNA (midTG and 5’
TG, respectively) had a significant negative impact in this
regard (Fig. 1, B and C). With the substrates that harbor 3 mis-
matches, the location of the mismatches also had a distinct
effect on strand exchange efficiency. Specifically, whereas little
negative effect occurred with the ssDNA wherein all 3 mis-
matches are located near the 3’ end of the DNA (3MM3’), a
large reduction in strand exchange efficiency was seen when the
mismatches were either uniformly distributed over the sub-
strate (3MMunif) or clustered within the middle of the sub-
strate (3MMmid) (Fig. 1, B and D). With the heterologous
ssDNA (28 mismatches, 60% of divergence), DNA strand
exchange was reduced to the background level. We note that
the use of oligonucleotides with slightly different sequences did
not apparently influence the effect of the number and position
of mismatches in DNA strand exchange (oligonucleotides
Group 1-4, see below).

We next asked whether the placement of the reporter dyes
would affect the outcome of strand exchange. We prepared
another set of substrates with the locations of the fluorophores
being reversed (i.e. TAMRA at the 5" end and Cy5 at the 3’ end) in
the duplex substrate. Importantly, we again observed a similar bias
in strand exchange, with the 5" mismatch affecting the efficiency of
the reaction much more than the 3" mismatch (Fig. 1, E and F).

Taken together, the results show that the presence of a single
mismatch in 50-mer substrates can affect Dmc1-mediated DNA
strand exchange significantly, although the position of the mis-
match appears to be a critical factor in this regard. The general
trend is that strand exchange efficiency decreases with the mis-
match being proximal to the 5’ end of the initiating ssDNA strand.

The Effect of DNA Mismatches Is Unrelated to Strand
Exchange Directionality or Stability of the Duplex Product—
The strong influence of mismatches located at the 5" versus 3’
end of the initiating ssDNA could stem from the directionality
in the Dmcl-mediated strand exchange process. Previous stud-
ies showed that DNA strand exchange efficiency is attenuated
when the GC content of the substrates increases (30). There-
fore, strand exchange was assayed using oligonucleotide sub-
strates with a GC-rich region present at either the 5" or 3" end of
the ssDNA (Fig. 24). The presynaptic filament was formed on
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the oligonucleotide RG1(—) (3’, 71% GC content, 42-mer) or
RG2(—) (5', 71% GC content, 42-mer) and paired with the cor-
responding duplex. Dmc1 could mediate DNA strand exchange
with both pairs of substrates, but more efficiently with the
ssDNA that harbors high GC content atits 5" end (Fig. 2B). The
strand exchange bias observed is consistent with strand
exchange being propagated in the 3’-5' direction with respect
to the initiating ssDNA. As a control, we examined the action of
RecA protein, which is known to promote exchange in the 5'-3’
direction (30). In contrast to what was observed for Dmcl, the
RecA reaction occurred more rapidly with the ssDNA substrate
in which the GC-rich region lies within the 3’ end of the sub-
strate (Fig. 2C). The findings reported here show that in short
range interactions involving the exchange of a few dozen base
pairs, Dmcl promotes strand exchange in a 3'-5" direction,
which is opposite to that of RecA. Thus, the strong influence of
5" mismatches on Dmc1 may be unrelated to the directionality
of the strand exchange reaction.

Alternatively, inhibition of strand exchange by mismatches
located at the 5" end of the initiating ssDNA may be explained
by differences in the stability of the dsDNA product of the reac-
tion. In this case, lower duplex DNA melting temperature may
favor the reverse reaction of strand exchange. However, a com-
parative analysis indicates that the melting temperature of
duplex products containing specific single mismatches at either
the 5" or 3’ end of the initiating ssDNA is similar (Fig. 2, D and
E), but the relative efficiency of strand exchange involving these
substrates is clearly dependent on the location and type of
the mismatch. In summary, there is no correlation between the
melting temperature of the duplex product of strand exchange
and the strength of inhibition of the strand exchange reaction
by a DNA mismatch.

Differential Effect of Type and Position of Mismatches on
DNA Strand Exchange—W e asked whether the DNA mismatch
type exert an effect on the strand exchange efficiency. For this,
we constructed four different duplex substrates with each dif-
fering by 1 base pair in three fixed positions to each ssDNA
substrates that we used alongside the control that is completely
homologous to the duplex (Fig. 34). This allowed us to study
the effect of all 12 types of single mismatches at three different
positions between the recombining DNA molecules (near the
5" end, in the middle, or near 3’ end). The results from this
extensive series of experiments are shown in Fig. 3, B—D. The
general trend is that Dmc1 strand exchange is more sensitive to
different types of mismatches when they are located at the 5’
end of the initiating ssDNA, with the following order of severity
of inhibition: CA~CC>GG~TG~AA~TC~AG~AC~
GA > GT = CT =~ TT. Some mismatches located in the center
of the ssDNA substrate, namely, TG, GG, AG and AA, also
resulted in an inhibition of strand exchange, but most mis-
matcheslocated at the 3’ end did not show any inhibitory effect.
Interestingly, contrary to that observed when a TT mismatch
was located at the 5’ end, a TT mismatch at the 3’ end resulted
in a large reduction of Dmcl strand exchange efficiency. We
also note that, whereas TG and TC mismatches at the 5’ end
inhibited strand exchange considerably, GT and CT mis-
matches had no effect.
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A 5'"-TTTACTTGTACTTCATTCATTCACATTCCTATCATGTTTCTACGCCACCTCCCGACCCTCCCCACCACTCACCCAACCGCTACC-3" (-) o
3" -AAATGAACATGAAGTAAGTAAGTGTAAGGATAGTACAAAGATGCGGTGGAGGGCTGGGAGGGGTGGTGAGTGGGTTGGCGATGG-5" (+) O

5'"-TTTACTTGTACTTCATTCATTCACATTCCTATCATGTTTCTACGCCACCTCCCGACCCTCCCCACCACTCACCCAACCGCTACC-3" (-)

5" -CCATCGCCAACCCACTCACCACCCCTCCCAGCCCTCCACCGCATCTTTGTACTATCCTTACACTTACTTACTTCATGTTCATTT-3" () o
3’ ~GGTAGCGGTTGGGTGAGTGGTGGGGAGGGTCGGGAGGTGGCGTAGAAACATGATAGGAATGTGAATGAATGAAGTACAAGTAAA-S" (+) G

5"-CCATCGCCAACCCACTCACCACCCCTCCCAGCCCTCCACCGCATCTTTGTACTATCCTTACACTTACTTACTTCATGTTCATTT-3" ()
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Mismatch Type 5 3 5 3
TG! 73.13 72.93 0.55 0.94
TC! 71.87 72.03 0.59 0.98
au 71.95 72.26 1.16 0.62
GG?2 74.55 74.41 0.53 0.89
GT? 74.64 74.71 1.00 0.99
GA? 75.11 74.78 0.69 1.10
CA3 74.65 74.47 0.34 1.16
cc? 72.80 74.15 0.37 1.17
cT3 74.06 73.88 113 1.01
AG* 72.09 72.22 0.59 0.82
Act 71.48 71.95 0.62 1.02
AA4 71.78 72.60 0.56 0.96
Homologous
TA! 73.99 1
GC? 76.47 1
cG3 76.52 1
AT4 76.52 1

FIGURE 2. The directionality of strand exchange and stability of the dsDNA product of strand exchange do not influence Dmc1 strand exchange
efficiency. A, chimeric DNA substrates used to study the directionality of the strand exchange. Nucleotides in bold show the 71% GC-rich region. T, TAMRA; C,
Cy5. Sequences of the single-strand oligonucleotides, either RG1(—) (3’, 71% GC-rich) or RG2(—) (5", 71% GC-rich), are 100% complementary to RG1(+)C or
RG2(+)C, respectively. Band C, the kinetics of strand exchange promoted by Dmc1 or RecA with substrates shown in A. D and E, comparative analysis between
the melting temperature of dsDNA formed by the Dmc1 strand exchange reaction (homologous or containing single mismatches) and relative strand
exchange efficiency obtained during the strand exchange reaction promoted by Dmc1. Melting temperature for each duplex was calculated using the software
“MELTING 5" (45). The superscripts in E indicate the corresponding Group (see Fig. 3A).

We proceeded to analyze the effect on Dmcl-catalyzed
strand exchange of oligonucleotides containing two and three
mismatches. The results obtained with these substrates (oligo-
nucleotides of Group 1) are shown in Figs. 4 and 5, respectively.
We observed that the efficiency of strand exchange mainly
depends on the type of mismatch present at the 5’ position,
whereas the frequency of mismatches has less influence. For
example, the presence of a TG or TC mismatch at the 5’ posi-
tion (in oligonucleotides containing two or three mismatches)
led to a strong inhibition of strand exchange, independently of
the mismatch type present in the middle or in the 3’ end (Figs.
4, B and C, and 5B). Otherwise, the presence of a 5’ TT mis-
match resulted in relatively low inhibition of strand exchange.
However, the presence of a 3' TT mismatch resulted in an
increased inhibitory effect when another mismatch was located
in the middle (Fig. 4D). The inhibitory positioning effect of a
given mismatch may be explained by changes in structure and
stability, which are largely dependent on the nucleotide sequence
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context. Overall, except for specific mismatch types, the general
trend of inhibition observed for single mismatches is the same as
that observed when we increased the frequency of mismatches, for
both Group 1 (Figs. 4 and 5) and Group 2 (Table 1) substrates.
Using the same sets of mismatched DNA substrates, we
tested the strand exchange reaction catalyzed by RecA and the
results are shown in Figs. 3—5. In general, RecA-mediated DNA
strand exchange has a lower tolerance for DNA mismatches
than the equivalent reaction catalyzed by Dmcl. Thus, our
results reveal that both Dmcl and RecA are sensitive to the
mismatch type as well as its location, distribution, and fre-
quency during the catalysis of DNA strand exchange.
Hop2-Mnd1 Stimulate Strand Exchange of a Single 5' TG
Mismatch—The efficiency of Dmcl-mediated DNA strand
exchange is enhanced by the heterodimeric Hop2-Mnd1 com-
plex (18, 25, 31, 32), which acts in two critical steps of the
exchange process (17, 25). First, Hop2-Mnd1 stabilizes the
Dmcl-ssDNA presynaptic filament, and second, it acts in con-
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FIGURE 3. Effect of type and position of a single mismatch on Dmc1 and RecA strand exchange efficiency. A, schematic representation of mismatch type
and position used in this study. 12 types of mismatches at three different positions of the invading ssDNA (near the 5’ end, in the middle, or near the 3’ end)
were generated using four labeled dsDNA (Groups 1, 2, 3, and 4). The three types of mismatches generated for each group are indicated. Variable nucleotides
in the incoming ssDNA strand are highlighted in color. Nucleotide codes are: B: G, C,or T; D: G, A, or T; H: C, A, or T; and V: G, A, or C. For each group, we used a
homologous (Hom) and 9 different ssDNA to generate a single mismatch. Oligonucleotide sequences of the labeled dsDNA and the invading ssDNA are shown
inTable 1. B-D, relative strand exchange efficiency of Dmc1 and RecA with the ssDNA oligonucleotide containing different types of single mismatches located
near the 5’ end (B), middle (C), or 3’ end (D) of the incoming strand. The homologous ssDNA was arbitrary considered as 1 for each Group. Values are the mean *
S.D. from three independent experiments. For RecA, results from duplicate experiments are shown.

junction with the presynaptic filament to mediate the capture
of dsDNA. Here, we asked whether Hop2-Mnd1 by stimulating
Dmc1 would help overcome the inhibitory effects of DNA mis-
matches in Dmcl-mediated DNA strand exchange. We exam-
ined in real-time the kinetics of Dmcl-mediated strand
exchange between homologous DNA substrates and for those
containing mismatches in the presence or absence of Hop2-
Mnd1 (Fig. 6A4). Addition of Hop2-Mnd1 resulted in 2-fold
enhancement of Dmcl strand exchange with the homologous
ssDNA. As expected, Hop2-Mnd1 did not enhance the RecA-
mediated strand exchange reaction, indicating its specificity for
Dmcl (results not shown). Notably, Hop2-Mnd1 facilitated
strand exchange with the oligonucleotide containing a single
TG mismatch either at the 5" (Fig. 64) or 3’ end (results not
shown). However, the stimulatory effect of Hop2-Mndl
becomes limited by the presence of an increasing number of
mismatches, as it was unable to overcome the presence of three
DNA mismatches (Fig. 64).
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To understand the function of Hop2-Mnd1 in more depth, we
analyzed mutants of the complex that harbor a compound point
mutation in the winged-helix DNA binding domain of either Hop2
(the KYK mutation) or Mnd1 (the RYY mutation), and also a
mutant that harbors both mutations (19, 32). The Hop2 KYK
mutation partially compromises the ability of Hop2-Mnd1 to
function in the Dmcl-mediated D-loop reaction, whereas the
Mnd1 RYY mutation and Hop2 KYK-Mnd1 RYY double mutation
have a much stronger effect in this regard (19). Comparative anal-
ysis revealed that the increase in fluorescence emission observed
with Hop2-Mnd1 and either homologous DNA substrates or oligo-
nucleotides containing a 5" TG mismatch is indistinguishable to
that observed when the Hop2 KYK-Mnd1 mutant was used. Nota-
bly, Hop2-Mnd1 RYY and Hop2 KYK-Mndl RYY nearly abol-
ished the strand exchange stimulatory activity of Hop2-Mnd1
with all of the DNA substrates tested (Fig. 6B). In summary, our
results indicate the requirement of the Mnd1 DNA binding activ-
ity in Dmc1 strand exchange stimulation.
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FIGURE 4. Effect of type and position of two mismatches on Dmc1 strand exchange efficiency. A, scheme of mismatches type and position used in this
study. Variable nucleotides in ssDNA are highlighted in color. B stands for G, C, or T. The homologous (Hom) and a set of 27 different ssDNA substrates were
tested. Oligonucleotide sequences of the labeled dsDNA and invading ssDNA are shown in Table 1. B-D, relative strand exchange efficiency of Dmc1 and RecA
with ssDNA oligonucleotides containing two mismatches in different positions of the incoming strand. Type of mismatches are indicated in the x axis labels.

Dashes indicate the absence of mismatch.
Discussion

The tolerance of a recombinase to interruptions of homology
must be closely regulated to maintain the fine balance between
gene divergence and fidelity of repair. Excessive tolerance will
result in an increase in recombination between nonallelic
sequences, which may be detrimental to the cell. In this regard,
we have observed that Dmc1-mediated DNA strand exchange
is nearly abolished with oligonucleotides containing three mis-
matches. This suggests that Dmc1 may constitute the first bar-
rier against recombination of substantially divergent DNA
sequences. In this context, the DNA mismatch repair system
may provide a second level of proofreading to ensure that het-
erologous DNA sequences do not recombine. We can imagine
that in situations in which the mismatch repair system is either
down-regulated or inactivated, the determinant mechanism to
ensure approximate homology must be provided by the recom-
bination process itself. However, a high discrimination
imposed by a recombinase against DNA mismatches may pre-
vent effective DNA strand exchange between homologous
chromosomes in meiosis.
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Although the ability of Dmc1 to bypass DNA mismatches is
considered a critical aspect of meiotic recombination, no sys-
tematic study on the effect of mismatches on the activity of
Dmcl has been conducted. Here, we have determined the
effects of the types, number, and position of DNA mismatches
DNA strand exchange promoted by Dmcl. Our results show
that Dmcl can tolerate infrequent mismatches between the
invading DNA and the homologous target DNA. This is consis-
tent with the role of Dmcl in promoting recombination
between polymorphic maternal and paternal homologous
chromosomes during meiosis. The ability of Dmc1 to step over
certain DNA mismatches, together with subsequent correction
of the mismatched base pairs, will lead to changes in the
repaired DNA sequences, thus contributing to allelic variation
(33). In accordance with our results, a recent report has pro-
vided evidence that RecA, Rad51, and Dmcl all stabilize strand
exchange intermediates in three nucleotide steps, and a single
mismatch impacts upon the recognition of an entire base tri-
plet. Importantly, among the three recombinases, only Dmcl
can stabilize mismatched triplets (34). This distinctive charac-
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FIGURE 5. Effect of three mismatches on Dmc1-mediated strand exchange. A, scheme of mismatches type and position used in this study. Variable
nucleotides in ssDNA are highlighted in color. B stands for G, C, or T. The homologous (Hom) and a set of 27 different ssDNA substrates were tested.
Oligonucleotide sequences of the labeled dsDNA and invading ssDNA are shown in Table 1. Band G, relative strand exchange efficiency of Dmc1 and RecA with
ssDNA oligonucleotides containing three mismatches in all possible combinations.

teristic of Dmcl may also be important for shielding mis-
matched DNA intermediates from premature dissolution by
the mismatch repair machinery and may help guide homo-
logous versus sister chromatic template choice. The differences
observed between RecA and Dmcl are in agreement with our
results showing an increased level of tolerance to mismatches of
Dmcl when compared with RecA, and may explain why in our
assay Dmcl-mediated DNA strand exchange is insensitive to
certain types and positions of mismatches.

What is the origin of the differential sensitivity among
recombinases to DNA mismatches? The changes in the effi-
ciency of DNA strand exchange with oligonucleotides sub-
strates containing different mismatches at the 5' end may be
explained by variations in the structure of the mismatches. In
this sense, several studies have demonstrated that some mis-
matches have properties that are different from those of Wat-
son-Crick base pairs (Refs. 35-37 and citations within). For
example, the GA (anti-syn) conformation causes little local or
global distortion of the B-DNA helix, whereas the AG (anti-syn)
mismatch has poor base stacking within the helix, which per-
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turbs the DNA backbone (35, 38). However, for both Dmc1 and
RecA, we have observed that mismatches located toward the 5’
end of the initiating ssDNA have, in general, a stronger inhibi-
tory effect than those located at the 3" end of the DNA. This
effect cannot be explained solely by differences in the stability
(i.e. melting temperature) of the dsDNA product generated
during strand exchange. It seems possible that Dmcl is more
sensitive to the specific conformation of a mismatch (39), which
is influenced by the local sequence context and related to stack-
ing and H-bonding interactions (37). This may also help explain
differences between our results and those from previous work
on RecA showing that 5" mismatches had a smaller negative
impact than 3" mismatches on DNA strand exchange efficiency
(27). If this is the case, then more work will be needed to define
how DNA sequence context affects the sensitivity of RecA and
other recombinases to a given mismatch.

We note that the sensitivity of Dmc1 to a mismatch may also
be influenced by the free energy associated with the bending of
DNA, which is lower for mismatch-containing heteroduplexes
(40). In the case of homoduplexes, DNA bending is observed to
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TABLE 1
Sequences of dsDNA and invading ssDNA used in this study
Variable nucleotides are highlighted in color.

dsDNA

TAMRA-3'-ATTAAATGAGTAAAAGGCGGTCGTCAGTTGAAGCTAAATTAAGCATTTGT-5" Group 1
Cy5-5"'-AAACTATTATTACTCATTTTCCGCCAGCAGTCAACTTCGATTTAATTCGTAAACAGATCT-3

TAMRA-3'-ATTAAAGGAGTAAAAGGCGGTCGTCAGGTGAAGCTAAATTAAGCATTGGT-5" Group 2
Cy5-5"'-AAACTATTATTCCTCATTTTCCGCCAGCAGTCCACTTCGATTTAATTCGTAACCAGATCT-3"'

TAMRA-3'-ATTAAACGAGTAAAAGGCGGTCGTCAGCTGAAGCTAAATTAAGCATTCGT-5" Group 3
Cy5-5"'-AAACTATTATTGCTCATTTTCCGCCAGCAGTCGACTTCGATTTAATTCGTAAGCAGATCT-3"'

TAMRA-3'-ATTAAAAGAGTAAAAGGCGGTCGTCAGATGAAGCTAAATTAAGCATTAGT-5" Group 4
Cy5-5"'-AAACTATTATTTCTCATTTTCCGCCAGCAGTCTACTTCGATTTAATTCGTAATCAGATCT-3"

ssDNA (incoming strand)

ARA: ATTATTACTCATTTTCCGCCAGCAGTCAACTTCGATTTAATTCGTAAACA  Homologous Group 1
cce: ATTATTCCTCATTTTCCGCCAGCAGTCCACTTCGATTTAATTCGTAACCA  Homologous Group 2
GGG: ATTATTGCTCATTTTCCGCCAGCAGTCGACTTCGATTTAATTCGTAAGCA  Homologous Group 3
TTT: ATTATTTCTCATTTTCCGCCAGCAGTCTACTTCGATTTAATTCGTAATCA  Homologous Group 4
AGA: ATTATTACTCATTTTCCGCCAGCAGTCGACTTCGATTTAATTCGTAAACA
ATA: ATTATTACTCATTTTCCGCCAGCAGTCTACTTCGATTTAATTCGTAAACA
ACA: ATTATTACTCATTTTCCGCCAGCAGTCCACTTCGATTTAATTCGTAAACA
AAG: ATTATTACTCATTTTCCGCCAGCAGTCAACTTCGATTTAATTCGTAAGCA
AAT: ATTATTACTCATTTTCCGCCAGCAGTCAACTTCGATTTAATTCGTAATCA
AAC: ATTATTACTCATTTTCCGCCAGCAGTCAACTTCGATTTAATTCGTAACCA
AGG: ATTATTACTCATTTTCCGCCAGCAGTCGACTTCGATTTAATTCGTAAGCA
ACG: ATTATTACTCATTTTCCGCCAGCAGTCCACTTCGATTTAATTCGTAAGCA
ATG: ATTATTACTCATTTTCCGCCAGCAGTCTACTTCGATTTAATTCGTAAGCA
AGC: ATTATTACTCATTTTCCGCCAGCAGTCGACTTCGATTTAATTCGTAACCA
ACC: ATTATTACTCATTTTCCGCCAGCAGTCCACTTCGATTTAATTCGTAACCA
ATC: ATTATTACTCATTTTCCGCCAGCAGTCTACTTCGATTTAATTCGTAACCA
AGT: ATTATTACTCATTTTCCGCCAGCAGTCGACTTCGATTTAATTCGTAATCA
ACT: ATTATTACTCATTTTCCGCCAGCAGTCCACTTCGATTTAATTCGTAATCA
ATT: ATTATTACTCATTTTCCGCCAGCAGTCTACTTCGATTTAATTCGTAATCA
GAA: ATTATTGCTCATTTTCCGCCAGCAGTCAACTTCGATTTAATTCGTAAACA
GGA: ATTATTGCTCATTTTCCGCCAGCAGTCGACTTCGATTTAATTCGTAAACA
GCA: ATTATTGCTCATTTTCCGCCAGCAGTCCACTTCGATTTAATTCGTAAACA
GTA: ATTATTGCTCATTTTCCGCCAGCAGTCTACTTCGATTTAATTCGTAAACA
GAG: ATTATTGCTCATTTTCCGCCAGCAGTCAACTTCGATTTAATTCGTAAGCA
GCG: ATTATTGCTCATTTTCCGCCAGCAGTCCACTTCGATTTAATTCGTAAGCA
GTG: ATTATTGCTCATTTTCCGCCAGCAGTCTACTTCGATTTAATTCGTAAGCA
GAC: ATTATTGCTCATTTTCCGCCAGCAGTCAACTTCGATTTAATTCGTAACCA
GGC: ATTATTGCTCATTTTCCGCCAGCAGTCGACTTCGATTTAATTCGTAACCA
GCC: ATTATTGCTCATTTTCCGCCAGCAGTCCACTTCGATTTAATTCGTAACCA
GTC: ATTATTGCTCATTTTCCGCCAGCAGTCTACTTCGATTTAATTCGTAACCA
GAT: ATTATTGCTCATTTTCCGCCAGCAGTCAACTTCGATTTAATTCGTAATCA
GGT: ATTATTGCTCATTTTCCGCCAGCAGTCGACTTCGATTTAATTCGTAATCA
GCT: ATTATTGCTCATTTTCCGCCAGCAGTCCACTTCGATTTAATTCGTAATCA
GTT: ATTATTGCTCATTTTCCGCCAGCAGTCTACTTCGATTTAATTCGTAATCA
CAA: ATTATTCCTCATTTTCCGCCAGCAGTCAACTTCGATTTAATTCGTAAACA
CGA: ATTATTCCTCATTTTCCGCCAGCAGTCGACTTCGATTTAATTCGTAAACA
CCA: ATTATTCCTCATTTTCCGCCAGCAGTCCACTTCGATTTAATTCGTAAACA
CTA: ATTATTCCTCATTTTCCGCCAGCAGTCTACTTCGATTTAATTCGTAAACA
CAG: ATTATTCCTCATTTTCCGCCAGCAGTCAACTTCGATTTAATTCGTAAGCA
CGG: ATTATTCCTCATTTTCCGCCAGCAGTCGACTTCGATTTAATTCGTAAGCA
CCG: ATTATTCCTCATTTTCCGCCAGCAGTCCACTTCGATTTAATTCGTAAGCA
CTG: ATTATTCCTCATTTTCCGCCAGCAGTCTACTTCGATTTAATTCGTAAGCA
CAC: ATTATTCCTCATTTTCCGCCAGCAGTCAACTTCGATTTAATTCGTAACCA
felelelh ATTATTCCTCATTTTCCGCCAGCAGTCGACTTCGATTTAATTCGTAACCA
CcTC: ATTATTCCTCATTTTCCGCCAGCAGTCTACTTCGATTTAATTCGTAACCA
CAT: ATTATTCCTCATTTTCCGCCAGCAGTCAACTTCGATTTAATTCGTAATCA
CGT: ATTATTCCTCATTTTCCGCCAGCAGTCGACTTCGATTTAATTCGTAATCA
CCT: ATTATTCCTCATTTTCCGCCAGCAGTCCACTTCGATTTAATTCGTAATCA
CTT: ATTATTCCTCATTTTCCGCCAGCAGTCTACTTCGATTTAATTCGTAATCA
TAA: ATTATTTCTCATTTTCCGCCAGCAGTCAACTTCGATTTAATTCGTAAACA
TGA: ATTATTTCTCATTTTCCGCCAGCAGTCGACTTCGATTTAATTCGTAAACA
TCA: ATTATTTCTCATTTTCCGCCAGCAGTCCACTTCGATTTAATTCGTAAACA
TTA: ATTATTTCTCATTTTCCGCCAGCAGTCTACTTCGATTTAATTCGTAAACA
TAG: ATTATTTCTCATTTTCCGCCAGCAGTCAACTTCGATTTAATTCGTAAGCA
TGG: ATTATTTCTCATTTTCCGCCAGCAGTCGACTTCGATTTAATTCGTAAGCA
TCG: ATTATTTCTCATTTTCCGCCAGCAGTCCACTTCGATTTAATTCGTAAGCA
TTG: ATTATTTCTCATTTTCCGCCAGCAGTCTACTTCGATTTAATTCGTAAGCA
TAC: ATTATTTCTCATTTTCCGCCAGCAGTCAACTTCGATTTAATTCGTAACCA
TGC: ATTATTTCTCATTTTCCGCCAGCAGTCGACTTCGATTTAATTCGTAACCA
TCC: ATTATTTCTCATTTTCCGCCAGCAGTCCACTTCGATTTAATTCGTAACCA
TTC: ATTATTTCTCATTTTCCGCCAGCAGTCTACTTCGATTTAATTCGTAACCA
TAT: ATTATTTCTCATTTTCCGCCAGCAGTCAACTTCGATTTAATTCGTAATCA
TGT: ATTATTTCTCATTTTCCGCCAGCAGTCGACTTCGATTTAATTCGTAATCA
TCT: ATTATTTCTCATTTTCCGCCAGCAGTCCACTTCGATTTAATTCGTAATCA
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FIGURE 6. Effect of Hop2-Mnd1 in the strand exchange reaction catalyzed by Dmc1. A, real-time analysis of Dmc1 strand exchange between homologous
DNA substrates or those containing mismatches in the presence or absence of Hop2-Mnd1. B, analysis of wild type or mutant variants of Hop2-Mnd1 on
Dmc1-catalyzed strand exchange between homologous DNA. The relative strand exchange efficiency (RSEE) is shown for each reaction.

occur via smooth deformations, whereas for heteroduplexes,
kinks are observed at the mismatch site during strong bending.
It is possible that some mismatches are more adept at inducing
DNA bending, which may affect the recognition of different
heteroduplex types by a recombinase (40). In agreement with
this idea, RecA binds to dsDNA containing some single mis-
matches with higher efficiency than to perfectly paired duplex
DNA (41). Moreover, the binding affinity is dependent on the
conformation of the bulged bases, the kinking angles produced
by the bulges, the type of mismatch, and the flanking sequences
(41). Another relevant factor to consider is that the presence of
mismatches may alter the ability of the recombinase to stretch
DNA, which has been considered a hallmark of homology rec-
ognition mediated by the RecA family of proteins. This is, under
conditions where the recombinase promotes homologous pair-
ing, recombinase-ssDNA filaments are formed in which the
ssDNA within the filament is stretched resulting in unstacking
of the DNA bases (25, 42—44).

The DNA strand-exchange activity of Dmcl is stimulated by
Hop2-Mnd1. We have shown that Hop2-Mnd1 stimulates Dmc1-
mediated DNA strand exchange even when there is a single TG
mismatch. This result is consistent with the fact that Hop2-Mnd1
acts ina DNA homology independent fashion through prolonging
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the lifetime of duplex DNA bound within the Dmc1 presynaptic
filament (17, 25), Hop2-Mnd1 helps alleviate the restriction
imposed by a 5" mismatch. Thus, our results support the premise
that Hop2-Mnd1 acts by enhancing an earlier homology indepen-
dent stage of the recombination reaction (25).
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