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ABSTRACT: Saccharomyces cereVisiaeDmc1, a meiosis-specific homologue of RecA, catalyzes homologous
pairing and strand exchange during meiotic DNA recombination. The purified budding yeast Dmc1
(ScDmc1) protein exhibits much weaker recombinase activity in vitro as compared to that of theEscherichia
coli RecA protein. Using atomic force microscopy (AFM) with carbon nanotube tips, we found ScDmc1
forms rings with an external diameter of 18 nm and a central cavity of 4 nm. In the presence of single-
stranded DNA (ssDNA), the majority of the ScDmc1 protein (90%) bound DNA as protein rings; only a
small faction (10%) was able to form filamentous structure. In contrast, nearly all RecA proteins form
fine helical nucleoprotein filaments with ssDNA under identical conditions. RecA-mediated recombinase
activity is initiated through the nucleation of RecA onto ssDNA to form helical nucleoprotein filaments.
Our results support the notion that ScDmc1 becomes catalytically active only when it forms a helical
nucleoprotein filament with ssDNA.

In Saccharomyces cereVisiae, meiotic DNA recombination
is initiated by DNA double-strand breaks (DSBs)1 (1, 2).
DSBs with 5′ termini are processed to produce 3′-overhang-
ing single-stranded DNA (ssDNA) tails. These processed
DNA ends are then resolved via strand assimilation and
exchange into two types of recombination products: recipro-
cal crossovers and noncrossovers. Two long-lived post-DSB
intermediates have been described: one in which a single
end forms a stable joint with the homologue (i.e., single-
end invasion) and a second in which both ends are
incorporated into the homologue to form a fully ligated
double-Holliday junction. Recent studies suggest that both
single-end invasion and double-Holliday junction are cross-
over intermediates (3-5), and post-DSB noncrossover
intermediates are yet to be detected.

Homologous pairing and strand exchange reactions are
thought to be catalyzed by two RecA-like recombinases,
Rad51 and Dmc1 (6). In S. cereVisiae, the expression of
Dmc1 is limited to meiosis, whereas Rad51 is expressed in
both mitosis and meiosis. Both proteins are required for DNA
recombination during meiosis in vivo (7, 8). Biochemical
analysis indicates that these two proteins exhibit higher
binding affinity for ssDNA than for dsDNA and are able to
catalyze assimilation of ssDNA into dsDNA (8-12).

Rad51, likeEscherichia coliRecA, forms helical nucle-
oprotein filaments with DNA substrates. The pitch of DNA
in RecA helical filaments is stretched and untwisted from
∼36 Å (in B-form) to ∼95 Å (13-15). In the absence of
DNA, both RecA (14, 16) and Rad51 (17) form hexameric
rings that appear to be structural homologues of the hexam-
eric DNA helicase. Since neither function nor DNA binding
has yet been demonstrated for the ring form of RecA and
Rad51, it was assumed that only the active RecA and Rad51
proteins form helical nucleoprotein filaments and subse-
quently initiate homologous pairing and strand exchange
reactions. The crystal structure of aS. cereVisiae Rad51
filament formed by a gain-of-function mutant was recently
determined, providing more clues about the mechanism of
allosteric communication between ATPase- and DNA-
binding sites (18). This filament exhibits a breakdown of
6-fold symmetry such that alternating ATPase sites are in
slightly different environments, suggesting that this filament
can exhibit at least two different apparent affinities for
nucleotides. Finally, the pitch (∼130 Å) of this Rad51 mutant
protein filament is longer than that seen in the RecA protein
(∼83 Å) (19). Given the somewhat wide range of filaments
revealed by previous electron microscopy (EM) studies (13),
the Rad51 filament is clearly very flexible. This structure
feature likely represents a conformation that is accessible to
related homologous recombinases during the catalysis of
strand exchange (18). This supposition is supported by RadA,
an archaeal RecA-like protein, which can bind DNA in the
absence of a nucleotide cofactor as an octameric ring and in
the presence of ATP as a helical filament (20, 21). Neutron
scattering, atomic force microscopy (AFM), and EM studies
suggested that the RadA-ssDNA-ATP filament has a pitch
∼90-100 Å with approximately six recombinase subunits
(20, 21). Like the Rad51 gain-of-function mutant, the RadA
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protein forms helical filaments in crystals and in aqueous
solution (22, 23). The crystal structure of RadA in complex
with the ATP analogue 5′-(â,γ-imino)triphosphate (AMP-
PNP) is a filament with a 106 Å pitch and six protein
subunits per turn (22). DNA-binding sites are located in the
proximity of the filament axis, whereas the ATP analogue
is buried between two RadA subunits. These structural
features are similar to those of RecA and Rad51 active
filaments (18, 19).

Dmc1 is very distinct from RecA or Rad51. Purified
human Dmc1 (HsDmc1) has been reported to form a
nucleoprotein complex composed of stacked octameric rings
on DNA. Although no helical nucleoprotein filament has
been detected for HsDmc1 (24, 25), it was suggested that
the stacked rings formed by HsDmc1 on DNA are likely to
be functional (26). The finding that Dmc1 forms only rings
was very surprising. First, at the amino acid level, human
Rad51 (HsRad51) and Dmc1 (HsDmc1) are 52% identical.
One would expect that Dmc1 would have properties almost
identical to those of Rad51 proteins. In addition, helical
filaments were considered to the biologically active form of
RecA, RadA, and Rad51. Recently, the octameric ring
structure of HsDmc1 was determined, giving more clues
about the stability and functionality of the toroidal structure
(27). The Glu258 amino acid residue in HsDmc1 protein is
thought to be important in stabilizing the ring with hydrogen
bonds. This amino acid residue is well-conserved in all the
Dmc1 homologues but not in Rad51 homologues. The mutant
HsDmc1 (E285A) was not able to promote the DNA
assimilation reaction in vitro, supporting the possibility that
the octameric rings could be a functional form of HsDmc1.
Given that the amino acid residues that are important for
DNA binding are mostly localized at the inner ring region,
these authors further inferred that DNA likely passes through
a HsDmc1 ring (27). This model was immediately questioned
by a more recent EM study demonstrating that HsDmc1 can
form a helical filament on ssDNA (28). Although HsDmc1
used in the latter study was active in a strand exchange assay,
a relatively high concentration of salt and a narrow pH range
were required to reveal this activity. In addition, the
HsDmc1-ssDNA helical filaments were much shorter than
those assembled with HsRad51 (28). Hence, it seems obvious
that HsDmc1 filaments are very hard to detect. Because
HsDmc1 filamentous structure had escaped several other
researchers (24-27), it is of interest, probably also very
important, to determine if Dmc1 from other species can also
form helical filaments.

In this study, we applied AFM with carbon nanotube
(CNT) tips to visualizeS. cereVisiaeyeast Dmc1 (ScDmc1)
in association with ssDNA. Like HsDmc1, ScDmc1 bound
both ssDNA and dsDNA. However, ScDmc1 is in fact a very
weak recombinase; the maximum level reached in the D-loop
formation assay was 1% (10). Although it seems very likely
that ScDmc1 and HsDmc1 would share identical structural
properties, little is known about the structure of ScDmc1.
We find the catalytically active ScDmc1 proteins, like
HsDmc1, form rings in the absence of a DNA substrate. Most
ScDmc1 binds ssDNA as protein rings, while a small faction
(∼10%) of ScDmc1 forms filamentous structure on DNA.
This unique structural feature could explain why ScDmc1
by itself is a weak recombinase in vitro.

EXPERIMENTAL PROCEDURES

Protein.We cloned ScDmc1 cDNA via the sticky end PCR
method (29), and introduced it into anE. coli pET28 vector
(Novagen) that adds a 5′ six-histidine tag. The plasmid was
transformed into theE. coli BL(DE3)/pLys strain (Novagen),
which carries a null mutation in therecAgene. A recombi-
nant His6-Dmc1 protein was expressed and purified as
described previously (10). E. coli RecA protein was pur-
chased from New England Biolabs.

ATPase Assay.φX174 virion ssDNA (0.3 mM in nucleo-
tides) was incubated first at 37°C in buffer E [20 mM
HEPES (pH 7.5), 1 mM magnesium acetate, 1 mM dithio-
threitol, 100µg/mL bovine serum albumin, 120 mM NaCl,
and 2 mM [γ-32P]ATP] for 10 min. ATP hydrolysis was
initiated by addition of ScDmc1 (3.0µM) or E. coli RecA
(1.0 µM) at 37 °C. At set times, 0.3µL aliquots were
withdrawn and spotted on thin-layer chromatography plates
(PEI-cellulose, Sigma), and then developed in 1.0 M formic
acid and 0.5 M LiCl (30). A phosphoimager (Molecular
Dynamics) was used to quantify the release of32PO4

3- from
[γ-32P]ATP.

DNA Strand Assimilation Assay.The method in this study
was modified slightly as described previously (10). Plasmids
pUC18-kan and GW1 (31) used for DNA assimilation assays
were purified without DNA denaturation by lysozyme/Triton
lysis followed by centrifugation in a cesium chloride/
ethidium bromide density gradient (32). Oligonucleotides
were end-labeled with [γ-32P]ATP by T4 polynucleotide
kinase (New England Biolabs).32P-labeled DNA was purified
from the unincorporated nucleotide using a G25 MicroSpin
column (Amersham BioSciences). Concentrations of nucleic
acids are given in moles of nucleotides for oligonucleotide
and ssDNA or moles of base pair for duplex DNA.
Oligonucleotides P1655 and PA1656 are homologous to
pUC18-kan and GW1, respectively: P1655, 5′-GCGGTG-
TAAATACCGCACAGATGCGTAAGGAGAAAATACC-
GCATCAGGCC; P1556, 5′-CGATATAGGTGACAGAC-
GATATGAGGCTATATCGCCGATAGAGGCGACAT.

32P-labeled oligonucleotides, P1656 or P1655, or both (3
µM each) were incubated with ScDmc1 (1µM) in the
presence of 1 mM magnesium acetate, 2 mM AMP-PNP, or
ATP. Assimilation reactions were initiated by addition of
an equal volume of a solution with two supercoiled plasmids
(pUC18-Kan and GW1; 20µM each). The reaction mixtures
were incubated at 37°C for 15 min; the reactions were
stopped, and the mixtures were deproteinated by the addition
of 0.25% SDS and 0.25 mg/mL proteinase K for 2 min. DNA
from the reaction mixtures was then resolved on a 0.8%
agarose gel in Tris-aceteate-EDTA buffer [40 mM Tris, 1
mM Na2-EDTA, and 20 mM acetic acid (pH 8.0)] for 6 h at
4 V/cm. Gels were semidried with Whatman filter paper,
and directly analyzed by Phosphoimaging.

AFM. φX174 virion ssDNA was linearized by hybridiza-
tion of two oligonucleotides (SG197 and SG198) to create
two HaeIII sites. The reaction mixture was run on an agarose
gel. The ssDNA (872 nucleotides in length) was excised and
purified using the Qiagen PCR kit. TheφX174 ssDNA and
its nucleotide sequence were obtained from New England
Biolabs. Oligonucleotides SG197 and SG198 hybridize to
φX174 ssDNA sequences, residues 4931-4960 and 421-
450, respectively: SG197, 5′-GCATCAACAGGCCACAAC-
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CAACCAGAACGT; SG198, 5′-TGAGCTTAATAGAG-
GCCAAAGCGGTCCGGA.

AFM samples were prepared by placing 2.0µL of a
sample solution on freshly cleaved mica. The sample solution
contains 0.5 nM protein (either ScDmc1 or RecA), 2 mM
AMP-PNP, and ssDNA substrate (0 or 6 nM in moles of
nucleotides). After 2 min, excess protein was removed by
washing the sample with 5 mL of double-distilled water, and
the samples were then air-dried in a tissue culture laminar
flow hood. AFM images using carbon nanotube probes were
recorded as previously described (33). To provide a gentler
and less destructive measurement, probe-sample contact time
was minimized with a tapping mode AFM machine. The
shape of CNT tips was determined with a JEM-2000V high-
resolution transmission electron microscope (JEOL). To
ensure a flat background before image analysis, the image
is flattened and plane-fitted with the aid of the microscope’s
analysis software (Digital Instrument, version 4.42r4).

We first measured diameters at half-maximal height of
the individual molecules. The full width at half-peak (FWHP)
was used to avoid overestimation of protein width (34). After
two additional dimensions (height and length) of individual
AFM images had been obtained, the molecular volumes of
ssDNA and the RecA-ssDNA complex were calculated by
treating the molecule as a segment of a sphere, using eq 1
(34):

wherew is the FWHP,l is the length, andh is the height.
This method was validated first by determining the volume
of a RecA subunit (molecular weight, 37 842) in the RecA-
ssDNA nucleoprotein filament. A previous EM study had
shown that RecA-ssDNA helical filaments contain six RecA
monomers and 18 nucleotides per turn (14). Accordingly,
the total molecular weight per turn is∼235000. Since the
pitch of the RecA-ssDNA filaments is 9.5 nm, the total
volume in each turn was calculated to be 171.5 nm3. The
average volume of the single RecA protein from our AFM
measurements was calculated to be∼ 28.6 nm3. This number
is very close to that obtained for a globular protein similar
in size (38.00 kDa) by AFM with a Nanosenor Pointprobe
(∼24.8 nm3; 35).

RESULTS

Purification and Functional Characterization of the ScD-
mc1 Protein.A previous report indicated that NH2 addition
of the His6 tag does not affect the in vivo function of the
ScDmc1 protein (10). His6-ScDmc1 was cloned into phage
T7 expression vector pET28a. The ScDmc1 proteins were
overexpressed inE. coli cells, and the high-salt cell lysates
were subjected to purification on Co(II) affinity resins that
selectively retained the His6-tagged polypeptides. The eluates
contained predominantly a protein when examined by SDS-
PAGE (Figure 1A). Western blot analysis using an anti-His6

polyclonal antibody had confirmed that the protein contains
the His6 tag (data not shown). The purified ScDmc1 protein
is catalytically active as revealed by both the ssDNA-
dependent ATPase assay (Figure 1B) and the D-loop
formation assay (Figure 1C). In the presence of theφX174
virion ssDNA substrate, the ATP turnover rate (kcat) for
yDmc1 was determined to be 0.67 min-1, which is similar

to the kcat of hDmc1 (kcat ) 0.7 and 1.50 min-1) (21, 22)
and yDmc1 (0.7 min-1) (10) reported previously. Thekcat of
E. coli RecA is 4.5 min-1.

The ScDmc1 protein also promotes homology-dependent
D-loop formation between P1656 and GW1 (Figure 1C, lanes
2 and 4) or between P1655 and pUC18-kan (Figure 1C, lanes
3 and 4), in a manner analogous to that described previously
(10). Oligonucleotides P1655 and PA1656 (50 mers) are
homologous to supercoiled plasmid DNA pUC18-kan and
GW1, respectively. The formation of a DNA strand-
assimilated product (or D-loop structure) in this reaction was
detected by the presence of32P-labeled species with much
lower electrophoretic mobility than the free32P-labeled
oligonucleotides. Under the experimental conditions that
were employed, maximal levels of D-loop formation were
observed∼15 min after the supercoiled DNA and ScDmc1-
coated32P-labeled oligonucleotides were mixed.

The results of both the ATPase assay and the D-loop
formation assay support the notion that purified ScDmc1

Vi ) (l/6)(3w2 + h2) (1)

FIGURE 1: Purification and functional characterization of ScDmc1.
(A) The purified His6-ScDmc1 protein (500 ng) was analyzed by
SDS-PAGE and visualized by Coomassie blue staining (indicated
with an arrow). Positions of molecular size markers are shown in
kilodaltons. (B) The ScDmc1 protein exhibits ssDNA-dependent
ATPase activity.E. coli RecA [1.0µM (9)] or ScDmc1 [3.0µM
(0)] was incubated with 0.2 mM [γ-32P]ATP and 1 mM magnesium
acetate in the presence ofφX174 virion ssDNA (0.3 mM in
nucleotides) at 37°C. Aliquots (0.3µL) were taken at the indicated
time points, and then separated via thin-layer chromatography. ATP
hydrolysis rates were determined by assessing the production of
inorganic phosphate (32PO4

3-) using PEI chromatography and
phosphorimaing. (C) The ScDmc1 protein catalyzes assimilation
of ssDNA into supercoiled dsDNA plasmids in a homology-
dependent manner. Oligonucleotides P1655 and P1656 were32P-
labeled with T4 polynucleotide kinase. P1655 is homologous to
plasmid pUC18-Kan; P1656 is homologous to plasmid GW1.
ScDmc1 (1µM) was preincubated with either P1656 (lane 2, 3
µM in nucleotides), P1655 (lane 3, 3µM in nucleotides), or both
(lane 4) before the addition of two dsDNA plasmids (20µM in
base pairs). No assimilated products were detected in the absence
of ScDmc1 (lane 1). Reaction mixtures were deproteinated by
addition of 0.25% SDS and 0.25 mg/mL proteinase K, respectively.
The assimilated and free oligonucleotides were separated on a 0.8%
agarose gel and developed as described in Experimental Procedures.
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proteins are catalytically active in vitro. These proteins are
suitable for AFM structural analysis. Maximum strand
assimilation activity was observed in the presence of AMP-
PNP; only 10-20% of the maximum level of product
formation was detected in the presence of ATP (data not
shown and ref10). Therefore, AMP-PNP was used as the
nucleotide cofactor in the following AFM image studies.

Ring Formation in the Yeast Dmc1 Protein.For the AFM
study, ScDmc1 was diluted, spotted onto freshly cleaved
mica, and then imaged using CNT tips. A high-resolution
image of transmission EM indicates that the surface of the
CNT tip used in this study is smooth with a tip radius of∼5
nm (Figure 2A, right panel). These geometrical factors have
been found to minimize tip-sample adhesion as well as tip-
sample convolution, thereby maximizing the quality of the
images (36).

We found that ScDmc1 proteins form aggregates in the
absence of the DNA substrate, and∼60% (50/82) of these
protein aggregates can be clearly identified as rings (Figure
2B,C). Some ScDmc1 protein aggregates might not be
recognized as rings, as a result of their orientation with
respect to the surface; i.e., some are expected to stand on
end with their central axis parallel. Cross-section analysis
was carried out to estimate both lateral and vertical param-
eters. The FWHP was used here, because it represents a
conventional definition of the width or diameter of AFM
images. The external and internal diameters of the observed
rings (n ) 50) are 18.1( 2.6 and 4.0( 1.2 nm, respectively.

The Z scale (or apparent height) of the ScDmc1 ring was
0.7( 0.1 nm (Figure 3C). The AFM volume of the ScDmc1
ring was estimated to be 170-220 nm3. Because the
molecular weight of His6-ScDmc1 (37 819) is almost
identical to that of RecA (37 842), the AFM volume of each
ScDmc1 subunit should also be∼25 nm3 (see Experimental
Procedures). Therefore, each ScDmc1 ring likely contains
eight ScDmc1 subunits. Since HsDmc1 proteins also form
octameric rings (24, 25), it is likely that the structural
organization of the Dmc1 protein is conserved from yeast
to humans.

AFM Visualization of Yeast Dmc1-ssDNA Nucleoprotein
Complexes.Having examined the shape of ScDmc1 alone,
we then examined ScDmc1-ssDNA nucleoprotein com-
plexes in the presence of AMP-PNP. TheE. coli RecA
protein was used here as a control for AFM experiments.
AFM topography confirmed that RecA proteins indeed form
fine helical filaments with ssDNA substrates (872 nucleotides
in length). The pitch of RecA-ssDNA nucleoprotein fila-
ments was determined to be 9-10 nm (Figure 3A). This
result is consistent with previous EM data which show that
the RecA-ssDNA filament has a pitch of 9.5 nm (14, 15),
indicating that experimental procedures in this study were
not detrimental to protein samples and were of sufficient
quality to resolve the fine helical structure of the RecA-
ssDNA filaments.

The ScDmc1-ssDNA nucleoprotein complexes (Figure
3B,G) appeared to be more amorphous than the RecA-

FIGURE 2: AFM-CNT visualization of the ScDmc1 proteins. (A) Scanning electron microscope images of a carbon nanotube (CNT)
attached to a standard AFM tip (left panel). The white bar represents 100 nm. The white arrow denotes the CNT tip. The enlargement of
the CNT tip image was from a high-resolution transmission electron microscope (right panel). The black bar represents 5 nm. (B) AFM
topography of yDmc1 proteins observed with a CNT tip. (C) Height profiles of ScDmc1 protein rings. The vertical measurement of AFM
topographies was carried out by cross-section analysis. Two arrows indicate the scanned region of a single ScDmc1 ring. The external
diameter (18.0( 2.6 nm) and internal diameter (4.0( 1.2 nm) of yDmc1 rings were determined by FWHPs (n ) 50).
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ssDNA filaments (Figure 3A) or naked ssDNA (Figure 3C).
In contrast to RecA-ssDNA nucleoprotein filaments, no
periodic structure can be clearly identified in ScDmc1-
ssDNA filaments. Cross sections of AFM images revealed
that the heights of RecA-ssDNA filaments (Figure 3D),
ScDmc1-ssDNA filaments (Figure 3E), and naked ssDNA
(Figure 3F) are 1.10, 1.15, and 0.35 nm, respectively. When
more ScDmc1-ssDNA nucleoprotein complexes were vi-
sualized by AFM, almost all ScDmc1-ssDNA nucleoprotein
complexes exhibit irregular structures (Figure 3G). Histogram
analysis (n ) 162 peaks) indicated that the heights of

ScDmc1-ssDNA nucleoprotein filaments exhibit a bimodal
distribution (Figure 3H). The first peak (∼0.7 nm in height)
represents the ScDmc1 protein ring not bound to DNA,
because theZ-scale of the ScDmc1 ring is 0.7( 0.1 nm
(see above). The second peak (∼1.22 nm) likely represents
the height of ScDmc1-ssDNA nucleoprotein complexes.

To determine whether ScDmc1 proteins bind ssDNA as
protein rings or as helical filaments, we compared the
FWHPs of ssDNA, RecA-ssDNA filaments, and ScDmc1-
ssDNA filaments (Figure 3A-C). Histogram analysis indi-
cates that the average FWHPs of ssDNA and RecA-ssDNA

FIGURE 3: AFM-CNT visualization of ScDmc1-ssDNA nucleoprotein complexes. A ssDNA substrate (872 nucleotides in length) was
incubated in the presence of 2 mM AMP-PNP withE. coli RecA (A) or ScDmc1 (B and G) or without an added protein (D) and then
visualized by AFM using CNT tips (see Experimental Procedures). Height parameters were determined by cross-section analysis. Arrows
indicate the scanned regions of RecA-ssDNA filaments (D), ScDmc1-ssDNA filaments (E), and naked ssDNA (F). Height parameters are
given: 1.10 nm for RecA-ssDNA filaments, 1.12 nm for Dmc1-ssDNA filaments, and 0.35 nm for naked ssDNA. (H) Histogram analysis
of height parameters of ScDmc1-ssDNA nucleoprotein complexes in panel G. TheX-axis shows the height of the ScDmc1-ssDNA peak.
The Y-axis shows the relative distribution frequency of 162 total height parameters. (I) Histogram analysis of FWHP values of different
AFM images from RecA-ssDNA filaments, ScDmc1-ssDNA filaments, and ssDNA alone. TheX-axis shows the FWHP. TheY-axis
shows the relative distribution frequency of different FWHP values for ssDNA (n ) 325), ScDmc1-ssDNA filaments (n ) 674), and
RecA-ssDNA filaments (n ) 510). These FWHP values were obtained at different peaks by cross-section scanning analysis.
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helical filaments are 6.0 and 12.0 nm, respectively (Figure
3I). Intriguingly, the FWHP values of ScDmc1-ssDNA
nucleoprotein complexes (Figure 2B) exhibit a bimodal
distribution. The majority of ScDmc1-ssDNA nucleoprotein
complexes (>80%) have an average FWHP of∼17 nm,
which is close to that of ScDmc1 protein rings (18.1( 2.6
nm; Figure 2C). A small fraction (∼10%) of ScDmc1-
ssDNA nucleoprotein complexes have an average FWHP
(∼13 nm) similar to that of RecA-ssDNA helical filaments
(∼12 nm). Therefore, both rings and filamentous structures
were found along single ssDNA molecules. Taken together,
these results strongly suggest that the ScDmc1 protein is able
to bind ssDNA as either a set of protein rings or a helical
filament.

DISCUSSION

In this study, we first showed that the purified ScDmc1
protein exhibits much weaker recombinase activity than the
E. coli RecA protein. AFM with CNT tips was used for direct
visualization of both ScDmc1 protein rings and yDmc1-
ssDNA nucleoprotein complexes. We found that most
ScDmc1 proteins still associate with ssDNA as protein rings,
and only a small fraction bind ssDNA to form filamentous
structure. These results provide an explanation for the
relatively low recombinaase activity of ScDmc1 as compared
to RecA under the conditions examined if it is assumed that
only the helical form is active in strand assimilation.

In this study, we successfully applied AFM with CNT tips
to visualize ScDmc1 protein rings and ScDmc1-ssDNA
nucleoprotein complexes. CNT tips possess many unique
properties that make them ideal AFM probes. Nanotubes
elastically buckle rather than break when deformed, which
results in highly robust probes. Their high aspect ratio
provides faithful imaging of deep trenches, while good
resolution is retained due to their nanometer-scale diameter.
The resolution power of AFM in this study has been
validated by direct visualization of the helical pitch (9.5 nm)
of RecA-ssDNA nucleoprotein filaments without any de-
convolution or reconstruction procedures (Figure 3A). This
method allows us to distinguish two forms of ScDmc1 bound
to ssDNA in the presence of AMP-PNP: a linear array of
stacked ScDmc1 protein rings and the filamentous structure.
The latter, as described above, is very likely to be the active
form, even though it represents a minority of the observed
structures (∼10%). Finally, we have successfully used the
imaging capabilities of AFM to show that ScDmc1 itself
forms octameric protein rings. It had been shown previously
that the molecular volume of the individual proteins deter-
mined by AFM matches their expected molecular weight (34,
35). This volume determination method also had been applied
in studying protein-protein and protein-DNA interactions
(35).

The functional form of HsDmc1 was originally thought
to comprise stacked protein rings on ssDNA (24-27). Very
significantly, a recent EM study showed that the HsDmc1
protein can bind ssDNA to form helical nucleoprotein
filaments (28). Also, this HsDmc1 protein is very active in
promoting D-loop formation (28), indicating that Dmc1-
mediated recombinase activity is initiated through the
nucleation of Dmc1 onto ssDNA in forming helical filaments.
Our results in this study provide further support for the notion

that only helical filaments are active, because we found that
the low catalytic activity of the yDmc1 protein correlates
very well with its poor ability to form nucleoprotein
filaments. This result fits well with the results of previous
studies showing that the active forms of other recombinases,
includingE. coli RecA (14, 15), eukaryotic Rad51 (12, 13,
18), and archaeal RadA (20-23), are helical filaments on
ssDNA. Dmc1 likely uses a catalytic mechanism similar to
that used by other members of this protein family.

Why are HsDmc1 and ScDmc1 less likely to form helical
filaments with ssDNA? First, it was reported that the ATP-
regenerating system, pH, and physiological ionic strength
of the buffer were crucial for formation of HsDmc1 nucle-
oprotein filaments (28). Second, ssDNA-binding protein RPA
also is helpful in improving the catalytic activity of the
HsDmc1 protein in vitro (28). Third, Dmc1 might need
accessory factors to function in vivo. It was reported that
yeast meiosis-specific Mei5 and Sae3 proteins act together
with ScDmc1 during meiotic DNA recombination (37, 38).
Mei5, Sae3, and Dmc1 form a ternary and evolutionarily
conserved protein complex in vivo. These three proteins are
mutually dependent for their chromosome association (38),
raising the possibility that Mei5 and Sae3 may be required
for nucleation of the Dmc1 protein onto ssDNA in the
formation of helical filaments. Finally, HsRad54B, an
orthologue of yeast Rad54/Tid1 (28), yeast Hop2-Mnd1
complex (39), and mouse Hop2 protein (40) also can
stimulate Dmc1 in a specific manner. It would be interesting
to further study whether these protein factors influence the
structure of Dmc1 on DNA.
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