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Summary

Crossover and noncrossover recombinants can form
by two different pathways during meiotic recombina-
tion in Saccharomyces cerevisiae. The MER3 gene is
known to affect selectively crossover, but not non-
crossover, recombination. The Mer3 protein is a DNA
helicase that unwinds duplex DNA in the 3’ to 5’ direc-
tion. To define the underlying molecular steps of mei-
otic recombination, we investigated the role of Mer3
helicase in DNA strand exchange promoted by Rad51
protein. We found that Mer3 helicase does not function
as an initiator of DNA pairing events but, rather, it
stimulates DNA heteroduplex extension in the 3' — 5’
direction relative to the incoming (or displaced) single-
stranded DNA. Conversely, Mer3 helicase blocks DNA
heteroduplex extension in the 5° — 3’ direction. Our
results support the idea that Mer3 helicase stabilizes
nascent joint molecules via DNA heteroduplex exten-
sion to permit capture of the second processed end
of a double-stranded DNA break, a step which is re-
quired for crossover recombinant product formation.

Introduction

Meiotic recombination is required for the faithful segre-
gation of homologous chromosomes in most organisms
(Kleckner, 1996; Paques and Haber, 1999; Roeder,
1997). In Saccharomyces cerevisiae, meiotic recombi-
nation is initiated by DNA double-stranded breaks (DSB)
introduced in specific regions of chromosomes by a
specialized enzyme, Spo11 (Keeney et al., 1997). Subse-
quently, the DSB is resected to produce an intermediate
with a 3'-overhanging ssDNA tail in a process that in-
volves the action of the Mre11/Rad50/Xrs2 heterotrimer
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(Lee et al., 1998; Sun et al., 1991). The ensuing steps of
meiotic recombination require Rad51 and Dmc1 pro-
teins, and other members of the Rad52 epistasis group
(Bishop et al., 1992; Shinohara et al., 1997). The bio-
chemical properties of these proteins indicate that
Rad51 and Dmc1 proteins bind to the ssDNA tails to
form filamentous nucleoprotein structures that promote
a search for homologous DNA (Hong et al., 2001; Ogawa
et al., 1993; Sung, 1994). When DNA homology is found,
DNA strand invasion by one processed end produces
a single-ended invasion product, the joint molecule
(Hunter and Kleckner, 2001). Afterward, it is currently
thought that joint molecules continue down one of
two different pathways to produce crossover or non-
crossover recombinant molecules (Allers and Lichten,
2001; Hunter and Kleckner, 2001). Synthesis-dependent
strand annealing (SDSA) produces noncrossover prod-
ucts primarily (Allers and Lichten, 2001), whereas cap-
ture of the second processed DNA end produces Holli-
day junctions (Schwacha and Kleckner, 1994) that can
be resolved to produce either of the recombinant prod-
ucts (Szostak et al., 1983). While RAD51 and DMC1
genes are required for the generation of both types of
meiotic recombinants (Bishop et al., 1992; Shinohara et
al., 1992, 1997), a number of genes including ZIP1, ZIP2,
ZIP3, MSH4, MSH5, MLH1, MLH3, EXO1, and MER3
are specifically required to produce the normal level of
crossover products (Agarwal and Roeder, 2000; B6érner
at al., 2004; Chua and Roeder, 1998; Hollingsworth et
al., 1995; Hunter and Borts, 1997; Khazanehdari and
Borts, 2000; Kirkpatrick et al., 2000; Nakagawa and
Ogawa, 1999; Ross-Macdonald and Roeder, 1994; Sym
et al., 1993; Tsubouchi and Ogawa, 2000; Wang et al.,
1999). Under appropriate conditions, mutations in these
genes greatly reduce the frequency of crossover forma-
tion, without affecting the frequency of noncrossovers.

Among the proteins encoded by these genes, Mer3
is of particular interest because it has a distinct helicase
activity and can use Holliday junctions as a substrate
(Nakagawa and Kolodner, 2002b). The MER3 gene of
S. cerevisiae was identified first as a meiosis-specific
gene that is important for the regulation of crossing over
and accurate chromosome disjunction (Nakagawa and
Ogawa, 1999). A mer3 mutation causes hyper-resection
of dsDNA breaks during meiosis, indicating that Mer3
protein is required for the transition of the DSB into later
intermediates. Also, this mutation produces a random
distribution of the remaining crossovers along the chro-
mosome, apparently undermining the crossover-inter-
ference mechanism (Nakagawa and Ogawa, 1997, 1999).
Mer3 protein is a helicase that unwinds 50, 100, and
631 dsDNA regions in an ATP-dependent manner. Mer3
helicase hydrolyzes ATP in the absence of DNA, but
hydrolysis is stimulated 5- to 6-fold by either single- or
double-stranded DNA (Nakagawa et al., 2001). Unwind-
ing of the longer, 631 base pair DNA duplex is aided by
the ssDNA binding protein of S. cerevisiae, RPA, or of
E. coli, SSB. Mer3 helicase unwinds DNA molecules
with a substrate preference of 3'-overhang > Holliday
junction >> blunt end > 5’-overhang, implying that the
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Figure 1. Mer3 Helicase Stimulates Rad51-Mediated DNA Strand Exchange that Produces Displaced ssDNA with a 3’ Terminus

(A) After preincubation of ssDNA with Rad51 and RPA, various amounts of Mer3 protein (0, 25, 50, and 100 nM) were added to Rad51
nucleoprotein filaments, and DNA strand exchange was initiated by addition of homologous linear DNA. The reaction was incubated for 3 hr
at 37°C whereupon aliquots (10 pl) were withdrawn from the reaction mixture, deproteinized, mixed with 1/10 volume of loading buffer, and
loaded onto a 1% agarose gel. The DNA products were analyzed after electrophoresis followed by ethidium bromide staining.

(B) The yield of nicked circular dsDNA product was quantified for each of the substrate sets in panel A and plotted versus the Mer3
protein concentration.

(C) The direction of DNA heteroduplex extension depends on which end of the complementary strand in the linear dsDNA substrate is used
to initiate joint molecule formation. Rad51 does not form joint molecules when the dsDNA has blunt ends (Namsaraev and Berg, 1998). The
complementary DNA strands are indicated as positive (+) and negative (—) DNA strands. Rad51 protein is depicted as an oval, RPA as a

trimer of circles, and Mer3 helicase as a triangle whose direction shows the polarity of enzymatic action.

polarity of Mer3 helicase translocation is 3’ to 5’ with
regard to the ssDNA tail (Nakagawa et al., 2001).

To better understand the role of the Mer3 protein in
the DNA recombination process, we studied the effect
of Mer3 helicase on DNA strand exchange promoted by
Rad51 protein in vitro. Our data demonstrate that Mer3
helicase stimulates DNA heteroduplex extension in the
3’ to 5’ direction relative to the displaced DNA strand.
Conversely, Mer3 helicase inhibits DNA strand ex-
change, if DNA heteroduplex extension were to proceed
in the 5’ — 3’ direction (i.e., when the invading or dis-
placed DNA has a 5'-ssDNA end). Since DNA hetero-
duplex extension in the proper direction stabilizes na-
scent joint molecules that are kinetic precursors to
Holliday junctions, our results provide a link between
the enzymatic activity of Mer3 protein and its function in
regulating crossing over during meiotic recombination.

Results

Mer3 Helicase Stimulates DNA Heteroduplex
Extension Only in the 3’ — 5’ Direction

We first investigated the effect of Mer3 helicase on DNA
strand exchange promoted by Rad51 protein. Rad51
protein promotes DNA strand exchange between linear
dsDNA and circular ssDNA in vitro. However, unlike
RecA protein, Rad51 protein requires complementary
overhanging ssDNA, at either the 3’ or 5’ end, on the
dsDNA substrate for stimulation of DNA strand ex-
change; it cannot promote this reaction if the dsDNA is
blunt ended (Namsaraev and Berg, 1997). DNA hetero-
duplex extension can proceed in either direction, de-

pending on the nature of the ssDNA end that was used to
initiate joint molecule formation (Namsaraev and Berg,
1998, 2000). Furthermore, extension is about 3- to 5-fold
faster in the 5’ — 3’ direction, relative to the displaced
ssDNA, than in the opposite direction. The reaction is
strongly stimulated by RPA: in the absence of RPA,
nicked circular dsDNA is not detected and joint molecule
formed is reduced from 40% to about 5% (Namsaraev
and Berg, 1997). The principal contribution of RPA in
promoting DNA strand exchange is to eliminate second-
ary structure in the ssDNA (Sugiyama et al., 1997) and
to bind the displaced linear ssDNA produced upon joint
molecule formation (Eggler et al., 2002).

Because of the different DNA pairing and hetero-
duplex extension polarities displayed, we examined the
effect of Mer3 helicase on Rad51-mediated DNA strand
exchange using blunt, 5-, or 3’-overhanging DNA
substrates. After preincubation of ssDNA with Rad51
and RPA, various amounts of Mer3 protein (0, 25, 50,
and 100 nM) were added to nucleoprotein filaments, and
then DNA strand exchange was initiated by addition
of homologous linear dsDNA (with either blunt, 5'-, or
3’-overhanging ends). As expected, in the absence of
Mer3 helicase, Rad51 protein does not promote DNA
strand exchange when the dsDNA has blunt ends (Figure
1A, lane b), but both joint molecules and fully exchanged
nicked circular DNA product form when the duplex has
an overhang (Figure 1A, lanes g and I). The yield of
both types of products is greater for the 3'-overhang
substrate (Figure 1A, lane g) than for the 5’-overhang
substrate (Figure 1A, lane |).

In the presence of Mer3 helicase, DNA strand ex-
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Figure 2. Mer3 Helicase Stimulates DNA Strand Exchange over a
Broad Range of Concentration

After preincubation of ssDNA with Rad51 and RPA, various amounts
of Mer3 protein were added to Rad51 nucleoprotein filaments, and
DNA strand exchange was initiated by addition of homologous linear
DNA in which 5’-overhanging ends were labeled with 3P. The reac-
tion was incubated for 3 hr at 37°C whereupon aliquots (10 pl) were
withdrawn from the reaction mixture, deproteinized, mixed with 1/10
volume of loading buffer, and loaded onto a 1% agarose gel. The
yield of nicked circular dsDNA product was quantified using a Storm
840 Phosphor Imager (Molecular Dynamics).

change with the blunt-ended DNA did not occur at any
concentration tested (Figure 1A, lanes c-e, and 1B). This
negative result demonstrates that Mer3 cannot serve
to initiate recombination by unwinding the ends of the
dsDNA; this behavior is in distinct contrast to that of
another DNA helicase that is important to recombina-
tion, the RecQ protein of E. coli, which can initiate re-
combination by unwinding blunt-ended dsDNA (Harmon
and Kowalczykowski, 1998). However, Mer3 helicase
did stimulate DNA strand exchange when the dsDNA
had a 5'-ssDNA overhang (Figure 1A, lanes m-o, and
1B), producing a greater amount of fully exchanged
nicked circular DNA products. Mer3 helicase, without
Rad51 (but in the presence of RPA protein), cannot pro-
mote DNA strand exchange (Figure 1A, lane p). Thus,
Mer3 protein is stimulating branch migration in the 3’ to
5’ direction with respect to the displaced ssDNA strand
(Figure 1C), a direction that is consistent with its known
translocation polarity of 3’ to 5’ (Nakagawa et al., 2001).
In contrast, the opposite result was obtained with
dsDNA possessing the 3’-overhanging ssDNA: Mer3
helicase blocked product formation in a concentration-
dependent manner (Figure 1A, lanes h—j, and 1B). This
result is consistent with Mer3 translocating on the circu-
lar ssDNA in the 3’ to 5’ direction, resulting in disruption
of the nascent joint molecules (Figure 1C). Thus, Mer3
helicase stimulates DNA heteroduplex extension in the
3’ to 5’ direction, relative to the displaced ssDNA, and
inhibits extension in the 5’ to 3’ direction (Figure 1C).
The stimulatory effect of Mer3 helicase on DNA strand
exchange was quantified in other experiments by using
a DNA substrate with a 5'-overhang that was 5'-end
labeled. The yield of nicked circular dsDNA product in-
creased with increasing Mer3 helicase concentration up
to 100 nM, after which there was a slight decline in
product formation (Figure 2). At the optimum, 100 nM,
Mer3 helicase stimulated the yield of nicked circular
DNA product by 3-fold. The kinetics of DNA strand ex-
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Figure 3. The Kinetics of DNA Strand Exchange Show that DNA
Heteroduplex Extension, but Not Joint Molecule Formation, Is Stim-
ulated by Mer3 Helicase

(A) After preincubation of ssDNA with Rad51 and RPA, Mer3 protein
at the optimum concentration (100 nM) was added to Rad51 nucleo-
protein filaments and DNA strand exchange was initiated by addition
of homologous linear DNA in which the 5'-overhang ends were
labeled with *?P. The reaction was incubated at 37°C. Aliquots (10
wl) were withdrawn from the reaction mixture at the indicated times,
deproteinized, mixed with 1/10 volume of loading buffer, and loaded
onto a 1% agarose gel.

(B, C, and D) The amounts of nicked circular dsDNA product, joint
molecule, and dsDNA substrate utilization, respectively, were quan-
tified using a Storm 840 Phosphor Imager (Molecular Dynamics).

change promoted by Rad51 in the presence of Mer3
helicase were also examined. At a Mer3 helicase con-
centration of 100 nM, stimulation by Mer3 helicase was
noticeable within 30 min and continued for up to 2 hr
(Figure 3). Mer3 protein increased the yield of fully ex-
changed DNA product (Figure 3B), but not the rate of
dsDNA substrate utilization (Figure 3D). At the same
time, Mer3 helicase reduced the steady state level of
joint molecules by converting them more rapidly into
the fully exchanged DNA product (Figures 3B and 3C).
Hence, Mer3 protein exerts its effect at the level of DNA
heteroduplex extension and not joint molecule forma-
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Figure 4. The Mutant Mer3 G166D Protein, which Is Defective for
DNA Helicase Activity, Does Not Stimulate DNA Strand Exchange

The experiment was performed as described in Figure 3, but the
mutant Mer3 G166D protein (100 nM) was substituted for wild-type
Mer3 helicase.

tion. To exclude the possibility that Mer3 helicase stimu-
lation is an artifactual consequence of degradation of
the displaced ssDNA strand, we analyzed the DNA
strand exchange products using linear dsDNA in which
both 3’-ends were labeled with 2P, In such reactions,
we could monitor and quantify the amount of fully ex-
changed product and the amount of displaced ssDNA.
Our results showed that Mer3 stimulated the production
of displaced ssDNA at the same rate as formation of
the nicked circular dsDNA product (data not shown),
verifying that degradation of the displaced DNA strand
was not the basis for stimulation.

A Mer3 Helicase Mutant Does Not Stimulate DNA
Heteroduplex Extension

The mer3 G166D mutation, in which the invariant glycine
of the Walker motif A consensus sequence, GKT, is
changed to an aspartic acid, abolishes the DNA helicase
activity of Mer3 protein, decreases crossing over, and
impairs crossover interference in vivo (Nakagawa et al.,
2001). The spore viability of the mer3 G166D mutant is
also decreased, which is likely to be due to a high inci-
dence of nondisjunction of homologous chromosomes
at the first meiotic division. The mutant Mer3 G166D
protein is defective in DNA helicase activity and ATP
hydrolysis; however, it retains DNA binding activity that
is indistinguishable from that of wild-type protein (Naka-
gawa et al., 2001). When we substituted the wild-type
Mer3 helicase with the Mer3 G166D mutant, there was
no change in the rate of DNA strand exchange (Figure 4).
These data demonstrate that the DNA helicase activity of
Mer3 protein is required for the stimulatory effects ob-
served.
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Figure 5. Mer3 Helicase Inhibits DNA Strand Exchange Promoted
by RecA Protein

(A) RecA nucleoprotein filaments were assembled as described in
Experimental Procedures. Mer3 protein at the optimum concentra-
tion (100 nM) was added to RecA nucleoprotein filaments and DNA
strand exchange was initiated by addition of homologous linear
DNA in which 5’-overhanging ends were labeled with %?P. The reac-
tion was incubated at 37°C. Aliquots (10 pl) were withdrawn from
the reaction mixture at the indicated times, deproteinized, mixed
with 1/10 volume of loading buffer, and loaded onto a 1% agarose
gel. RecA protein promotes branch migration exclusively in the 5’
to 3’ direction relative to the displaced ssDNA.

(B and C) The yield of both nicked circular dsDNA product and
joint molecules was quantified using a Storm 840 Phosphor Imager
(Molecular Dynamics).

Mer3 Helicase Inhibits DNA Strand Exchange
Promoted by RecA Protein

Rad51 protein of S. cerevisiae shares structural and
functional homology with the bacterial recombinational
protein, RecA. However, DNA strand exchange pro-
moted by RecA protein is insensitive to the structure of
the dsDNA end, and branch migration proceeds exclu-
sively in the 5’ to 3’ direction with respect to the dis-
placed ssDNA. The effect of Mer3 helicase on DNA
strand exchange promoted by RecA protein in the pres-
ence of SSB protein was also examined. Mer3 inhibited
nicked circle product formation promoted by RecA pro-
tein by approximately 1.5- to 2-fold (Figure 5). In the
absence of Mer3 helicase, the yield of joint molecules
increases and then drops as the joint molecules are
chased into the final nicked circular dsDNA products, a
common kinetic pattern for RecA protein-mediated DNA
strand exchange. Mer3 protein limits the amount of joint
molecules formed and slows their conversion into final
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Figure 6. Mer3 Helicase Can Stimulate DNA Strand Exchanged Pro-
moted by Yeast Rad51 Protein in the Presence of Bacterial SSB
Protein

This experiment was performed as described in Figure 3, except
that RPA protein was replaced by SSB protein. The yield of nicked
circular dsDNA product was quantified using a Storm 840 Phosphor
Imager (Molecular Dynamics).

products, consistent with a steady state inhibition of
joint molecule formation likely due to disruption of the
nascent joint molecule. This result is consistent with the
inhibition observed for Rad51 protein in the DNA strand
exchange assay that results in a displaced 5’-ssDNA
tail (Figure 1). We also attempted to use human Rad51
protein in place of the yeast Rad51 protein to determine
whether the stimulation by Mer3 helicase displayed a
species-specific preference for one of the eukaryotic
counterparts. Unfortunately, those experiments could
not be unambiguously interpreted because the reaction
conditions for these two proteins were not fully compati-
ble: under conditions that are optimal for human Rad51
(Sigurdsson et al., 2001), Mer3 protein retained only
about 13% of its activity (our unpublished observations).

Mer3 Helicase Stimulates DNA Strand Exchange
Promoted by Rad51 Protein in the Presence

of SSB Protein

In the T4 phage recombination system, a DNA helicase,
gene 41 protein, is targeted to the displaced strand of
joint molecules by a specific interaction with the ssDNA
binding protein, gene 32 protein (Salinas and Kodadek,
1995). To determine whether the stimulatory effect of
Mer3 helicase is specific for its cognate ssDNA binding
protein, RPA was replaced by E. coli SSB protein in the
reaction promoted by yeast Rad51 protein. We observed
stimulation of DNA strand exchange by Mer3 helicase
that was approximately the same, within experimental
error, in the presence of SSB protein compared to RPA
(Figure 6). Thus, it does not appear that Mer3 helicase
is being targeted to the displaced ssDNA by a specific
interaction with RPA; however, as will be discussed be-
low, Mer3 helicase may instead be recognizing a struc-
tural feature of the D loop.

Discussion

Rad51 protein plays a major role in homologous recom-
bination and in DSB repair in eukaryotes (Bianco et al.,

1998; Sung et al., 2000; West, 2003). Yeast Rad51 protein
shares homology with E. coli RecA protein and, like
RecA protein, promotes ATP-dependent DNA strand ex-
change in vitro. However, there are differences in the
way that the two proteins carry out the reaction. In DNA
strand exchange between circular ssDNA and linear
dsDNA, RecA protein utilizes linear dsDNA regardless
of the structure of its ends and promotes DNA branch
migration unidirectionally in the 5’ to 3’ direction relative
to the invading ssDNA (Cox and Lehman, 1981; Kahn
et al., 1981). In contrast, Rad51 protein forms joint mole-
cules only if a plasmid-sized dsDNA substrate has either
3'- or 5'- short overhanging ends that are complemen-
tary to the ssDNA; joint molecules are not formed with
linear DNA having blunt ends (Namsaraev and Berg,
1997). Consequently, DNA heteroduplex extension oc-
curs in either direction, depending on whether the 3'-
or 5’-end of linear dsDNA initiates the joint molecule
formation and is apparently Rad51 protein dependent
(Namsaraev and Berg, 1998). In addition, DNA strand
exchange mediated by Rad51 protein is greatly stimu-
lated by an array of auxiliary proteins, such as Rad52,
Rad54, Rad55, and Rad57 proteins, and RPA (Alexeev
et al., 2003; Clever et al., 1997; Hays et al., 1995; Jiang
et al., 1996; Mazin et al., 2000a, 2003; New and Kowal-
czykowski, 2002; New et al., 1998; Petukhova et al.,
1998, 1999; Shinohara and Ogawa, 1998; Shinohara et
al., 1998; Solinger and Heyer, 2001; Solinger et al., 2001,
2002; Sugiyama et al., 1998; Sung, 1997; Van Komen
et al., 2002). Our experiments demonstrate that Mer3
helicase also plays an important role in the DNA strand
exchange process by extending the DNA heteroduplex
in the 3’ to 5’ direction relative to the invading DNA
strand.

The Mer3 protein is the only known DNA helicase that
is involved in crossover control in meiosis (Nakagawa
and Ogawa, 1999). A mer3 mutation reduces crossover
frequencies without affecting the yield of noncross-
overs. Furthermore, the remaining crossovers show a
random distribution along a chromosome. Although
Mer3 protein is not required for DSB formation, it was
observed that in a mer3 deletion mutant, a fraction of
DSBs became hyper-resected. In immunostaining ex-
periments with anti-Rad51 and anti-Dmc1 antibodies,
Rad51 and Dmc1 foci accumulate in a mer3 deletion
mutant. These results are consistent with the possibility
that Mer3 protein functions in the step that involved
conversion from a processed DSB that is bound with
Rad51 and Dmc1 proteins to formation of a stable re-
combination intermediate. It was suggested that Mer3
protein and other proteins involved in the regulation of
crossing over may act either early in recombination to
produce or stabilize intermediates that lead to initiation
of crossing over or late in recombination to modulate
the yield of crossovers during the resolution of Holliday
junctions intermediates (Nakagawa et al., 1999; Naka-
gawa and Kolodner, 2002b). Thus, these genetic experi-
ments clearly define the possible physiological roles of
Mer3 protein.

Our in vitro results demonstrate that Mer3 helicase
stimulates DNA heteroduplex extension in Rad51-pro-
moted DNA strand exchange and thus strongly support
the conclusion that at least one role of Mer3 protein is
stabilization of joint molecules that are on the pathway
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to Holliday junction formation and, hence, crossover
formation. The helicase activity of Mer3 protein is essen-
tial for this stimulation; the Mer3G166D mutant protein,
which is devoid of this activity, fails to stimulate DNA
heteroduplex extension. When pairing by Rad51 protein
was blocked by using dsDNA with blunt ends, initiation
of DNA strand exchange was not observed in the pres-
ence of Mer3 helicase. Therefore, we conclude that Mer3
helicase does not act to process a DSB to produce
ssDNA that can be utilized by Rad51 protein; rather it
acts afterwards to extend the nascent joint molecules
formed by Rad51-promoted pairing. In this regard, Mer3
helicase is clearly distinct from other biochemically
defined recombination helicases, such as RecQ and
RecBCD helicases, which act to process DNA breaks
into suitable initial substrates for DNA pairing.

Mer3 helicase shows a strong polarity bias with re-
spect to stimulation of DNA strand exchange. Mer3 stim-
ulates DNA heteroduplex extension only when DNA
strand exchange occurs between circular ssDNA (+)
and dsDNA with a complementary (—) 5'-ssDNA over-
hang that produces a displaced DNA (+) strand starting
at the 3’-end. In this case, the 3’ to 5’ direction of DNA
heteroduplex extension coincides with the 3’ to 5’ direc-
tion that Mer3 helicase unwinds dsDNA and with its
inferred direction of translocation (Figure 1C, right). Con-
versely, Mer3 helicase inhibits the DNA strand exchange
that starts with dsDNA containing a 3'-overhang, and
that would proceed in the 5’ to 3’ direction. In this case
Mer3 protein unwinds the intermediate joint molecules
and works against Rad51 protein (Figure1C, middle). A
consequence of this biased stimulation is that Mer3
helicase enforces a 3'-5' polarity for DNA heteroduplex
extension onto Rad51 protein, which, on it own, is capa-
ble of pairing tailed dsDNA with 3’- or 5’'-ending ssDNA
(Mazin et al., 2000b); in fact, because Rad51 protein
actually shows a bias for pairing 5'-terminated DNA,
Mer3 helicase essentially reverses the natural bias of
Rad51 protein to one that is more effective for recombi-
nation of 3'-ended ssDNA.

In addition, an interesting feature of Mer3 helicase
behavior in the pairing reaction with the 5’'-overhanging
substrate (Figure 1C, right) is the observation that na-
scent joint molecules are not disrupted (Figure 1A), even
though Mer3 helicase could potentially disrupt the joint
molecule by translocating in the 3’ to 5’ direction on the
circular ssDNA and unwinding the paired 5'-end of the
linear dsDNA. The fact that the circular ssDNA is coated
by Rad51 protein does not afford an explanation for this
bias because Mer3 helicase can clearly bind to this same
ssDNA and unwind the joint molecule formed using the
3’-overhanging dsDNA substrate (Figure 1C, middle).
However, careful consideration of the joint molecule in-
termediate formed with the 5’-overhanging substrate
reveals that the DNA structure presented to a Mer3 heli-
case that would translocate on the circular ssDNA is
different from that presented to a Mer3 helicase that
would act on the displaced ssDNA: in the former case,
a simple DNA duplex is the helicase substrate whereas,
in the latter case, dsDNA with a ssDNA tail is the sub-
strate. Thus, our work would suggest that Mer3 helicase
has a preference for dsDNA with a 3’'-ssDNA tail ex-
tending from the middle of the duplex region. This struc-
ture is, in fact, “half” of a D loop structure and would

suggest that Mer3 helicase would migrate D loops in
the direction of heteroduplex extension, a view that is
consistent with our results and interpretations. Conse-
quently, Mer3 helicase may have a previously undis-
closed preferential affinity or activity on D loop struc-
tures, a preference that could explain the specificity
observed here.

Mer3 helicase is a eukaryotic helicase for which arole
in DNA heteroduplex extension is established by both
genetic and, now, biochemical criteria. Although many
helicases have been implicated in meiotic and mitotic
recombination processes, the clearly unique pheno-
types associated with mutation of each of these various
helicases indicates that each has a distinct function in
the biochemical steps of recombination. In fact, the only
other yeast helicase that is known to be involved in
recombination and that has been biochemically charac-
terized with respect to its behavior in recombination
reactions is the Srs2 protein, another helicase with 3'-5’
unwinding polarity (Krejci et al., 2003; Veaute et al.,
2003). However, in marked contrast to Mer3 protein,
Srs2 helicase specifically interacts with and dissociates
Rad51 nucleoprotein filaments, thereby blocking DNA
strand exchange. This behavior is fully consistent with
the phenotypic behavior of Srs2 helicase and serves to
control unwanted recombination at an early step in the
process. Yet another helicase involved in recombina-
tion, the RecQ protein of E. coli, behaves distinctly differ-
ently from both Mer3 and Srs2 helicases. In experiments
similar to those used here, RecQ helicase was found to
initiate recombination by unwinding dsDNA and to cre-
ate a substrate for RecA protein function, but not interact
directly with RecA protein; furthermore, at higher con-
centrations, RecQ helicase could also disrupt all joint
molecules (Harmon and Kowalczykowski, 1998). In con-
trast, Mer3 helicase could not initiate pairing reactions,
and it showed selectivity for the joint molecules that
were extended versus those that were disrupted (Figure
1). Thus, despite the abundance of DNA helicases, it
is clear that the different helicases involved in genetic
recombination have unique functions. These functions,
in turn, are revealed from a consideration of both genetic
and biochemical analysis; in the latter case, the function
is inferred from either the substrate specificity or the
protein-protein interactions of the particular helicase.

How is the ability of Mer3 helicase to promote DNA
heteroduplex extension in Rad51 protein-promoted
DNA strand exchange related to its role in regulating
crossovers in vivo? A possible relationship is depicted
in Figure 7. It is known that in meiosis, the DSB that
initiates recombination is processed exonucleolytically
into duplex DNA with a 3’-ssDNA tail (Sun et al., 1991).
Rad51 and/or Dmc1 proteins bind to the ssDNA tails,
search for DNA homology, and then invade the dsDNA
homolog to form a joint molecule. Our results are consis-
tent with arole for Mer3 helicase in binding the displaced
strand of the joint molecule, at the point of the strand
crossover, to drive DNA heteroduplex extension in the
3’ to 5’ direction. This heteroduplex extension would
stabilize the joint molecule, thereby facilitating both rep-
lication and capture of the second processed DNA end
that would lead to generation of the double Holliday
junction intermediate (Figure 7, left). Resolution of the
Holliday junctions by two alternative cuttings would pro-
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Figure 7. Role of Mer3 Helicase in Meiotic
Recombination

Top: DSBs are processed exonucleolytically
to form tailed dsDNA with 3'-ends. Rad51 and
DMC1 proteins bind to these tails and pro-
mote invasion of ssDNA into the homologous
dsDNA forming joint molecules. Left: As pro-
posed in the original double-strand break
repair (DSBR) model (Szostak et al., 1983),
SDSA Holliday junction formation involves DNA rep-

lication and heteroduplex extension. Mer3
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helicase catalyzes 3’ — 5’ DNA heteroduplex
extension to stabilize the nascent joint mole-
cule, thereby favoring the DSBR pathway (left
side of illustration). DNA replication facilitates
capture of second DNA end by Rad52-medi-
ated annealing to the displaced strand of the
joint molecule, to initiate formation of a sec-
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is decreased, fewer Holliday junction are
formed, and the frequency of crossover for-
mation is decreased. However, DSB repair by
the parallel pathway of synthesis-dependent
strand annealing (SDSA) (Allers and Lichten,
2001; Paques and Haber, 1999) would be un-
affected by the mer3 mutation. In SDSA, the
newly synthesized DNA strand within the joint
molecule is displaced and then anneals with
the other processed DNA end. Break repair
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is completed by further DNA synthesis and
ligation, and only noncrossover products
are formed.
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duce either crossover or noncrossover recombinants.
In the absence of Mer3 helicase, the nascent DNA het-
eroduplex would not extend sufficiently and, therefore,
would be unstable; in fact, recent physical analysis dem-
onstrates that the stable single-end invasion recombina-
tion intermediate, which is the obligate precursor for
both Holliday junction and crossover recombinant for-
mation, is not detected in a mer3 strain (Borner et al.,
2004 [this issue of Cell]). Instead of forming the Holliday
junction, joint molecules could dissociate (or be dissoci-
ated by another helicase) after limited DNA synthesis
and then would anneal with the other processed DNA
end as proposed in the synthesis-dependent strand an-
nealing (SDSA) model (Allers and Lichten, 2001; Naka-
gawa et al., 1999; Paques and Haber, 1999) (Figure 7,
right). In this case, all recombinants will be noncross-
overs.

The biochemical properties of Mer3 helicase substan-
tiate the hypothesis that differentiation between cross-
over and noncrossover recombinants is established
early in meiosis. Mer3 helicase-promoted DNA hetero-
duplex extension plays an important role in this differen-
tiation. The results described, combined with the genetic

Non-crossover

data, provide a link between enzymatic activity of Mer3
helicase and its role in crossing over during meiosis.

Experimental Procedures

Proteins and DNA

Escherichia coli RecA protein was purified using a protocol based
on spermidine acetate precipitation (Griffith and Shores, 1985; Ko-
walczykowski et al., 1987; Mirshad and Kowalczykowski, 2003). Sin-
gle-stranded DNA binding (SSB) protein was purified as described
(LeBowitz, 1985), as were S. cerevisiae Rad51 protein (New et al.,
1998; Zaitseva et al., 1999), RPA (Sugiyama et al., 1997), and both
wild-type and mutant Mer3 helicase (Nakagawa and Kolodner,
2002a).

Single- and double-stranded ¢X174 DNA was purchased from
New England Biolabs. Cleavage of ¢»X174 dsDNA with appropriate
restriction endonucleases resulted in linear dsDNA with different
termini: dsDNA with 3'-overhanging termini (4 nt) was made with
Pstl endonuclease; linear dsDNA with 5'-overhanging termini (4 nt)
was made with Xhol endonuclease; and linear dsDNA with blunt
ends was made with Stul endonuclease. The Xhol-cleaved DNA was
labeled at the 5’-end by treating with shrimp alkaline phosphatase,
followed by end labeling with [y-*2P] ATP using T4 polynucleotide
kinase (New England Biolabs). The Xhol-cleaved DNA was labeled
at the 3'-end by adding only one nucleotide to the recessed 3'-ends
using the Klenow fragment of E. coli Poll (New England Biolabs)
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and [«-*2P] dTTP. Unincorporated nucleotides were removed using
MicroSpin G-25 columns (Amersham Pharmacia Biotech Inc.). The
commercial $X174 dsDNA was sometime contaminated with trace
amounts of nicked ¢>X174 ssDNA that could be detected after label-
ing, but this low level amount of ssDNA had no effect on any of the
experiments reported. DNA concentration was measured spectro-
photometrically (1 Ay, unit of dsDNA = 50 pwg/ml) and is provided
as the molar nucleotide concentration.

DNA Strand Exchange

Rad51 nucleoprotein filaments were formed by incubation of Rad51
protein (6 wM) with ssDNA (20 wM) in standard buffer, containing
33 mM HEPES (pH 7.0), 2 mM DTT, 100 p.g/ml bovine serum albumin,
2mM ATP, 3 mM phosphoenolpyruvate, 20 U/ml pyruvate kinase, 1.2
mM magnesium acetate at 37°C for 3 min, followed by an increase in
the magnesium acetate concentration to 6.2 mM. Incubation was
then continued for another 10 min. Either RPA (1 M) or SSB (1.8
M) protein was added to the nucleoprotein filaments, and the mag-
nesium acetate concentration was increased one more time to 16.2
mM. Incubation was then continued for another 5 min. RecA nucleo-
protein filaments were assembled at slightly different conditions by
incubating RecA protein (12 M) with ssDNA (20 nM) in standard
buffer containing 26 mM Tris acetate (pH 7.5), 6 mM magnesium
acetate, 1 mM DTT, 100 p.g/ml bovine serum albumin, 1 mM ATP,
3 mM phosphoenolpyruvate, 20 U/ml pyruvate kinase at 37°C for
10 min. SSB (1.8 wM) protein was added to the nucleoprotein fila-
ments and incubation was continued for another 5 min. Mer3 heli-
case (100 nM) was then added, and DNA strand exchange was
initiated by addition of homologous dsDNA (40 j.M) to the nucleopro-
tein filaments. Aliquots were withdrawn from the reaction mixture,
deproteinized by the addition of SDS to 1% and proteinase K to
500 wg/ml, followed by incubation for 5 min at 37°C; mixed with
1/10 volume of loading buffer (1 mM EDTA pH 8.0, 50% glycerol
and 0.1% bromophenol blue); and loaded onto a 1% agarose gel.
Products of DNA strand exchange were visualized by staining with
ethidium bromide and were quantified using a Storm 840 Phosphor
Imager (Molecular Dynamics).
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