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ABSTRACT Meiosis-specific homologs of RecA protein
have been identified in Saccharomyces cerevisiae and higher
eukaryotes including mammals, but their enzymatic activities
have not been described. We have purified the human protein
HsDmcl produced in Escherichia coli from a cloned copy of the
c¢DNA. The recombinant enzyme had DNA-dependent ATPase
activity with an estimated k., of 1.5 min—!. DNase protection
experiments with oligonucleotides as substrates indicated that
HsDmcl protein binds preferentially to single-stranded DNA
with a stoichiometry of approximately one molecule of protein
per three nucleotide residues. HsDmcl protein catalyzed the
formation of D-loops in superhelical DNA, as well as strand
exchange between single-stranded and double-stranded oli-
gonucleotides. The requirements for strand exchange cata-
lyzed by HsDmcl were similar to those of RecA protein, but
exchange caused by HsDmcl was not supported by ATP+S.

Eukaryotic homologs of the Escherichia coli recombination
protein RecA were first discovered in Saccharomyces cerevisiae
where certain members of the RAD5?2 epistasis group, RADS51
and RAD57 were found to have significant homology to the
recA gene (1-4). DMCI, a gene that is specifically expressed in
meiosis was also found to encode a homolog of RecA protein
(5). Genes that are homologous to recA are now known to be
widely distributed in both prokaryotes and eukaryotes, thus
constituting a class of protein that plays central roles in DNA
recombination and repair (6, 7). Studies of the biological
functions of recA homologs in eukaryotes are revealing addi-
tional complex roles of these proteins (see below).

The genes RAD5I and DMCI represent phylogenetically
distinct subclasses of the gene family (8). In the mouse, and in
man, homologs of both RAD51 and DMC1 have been found.
Full-length homologs of DMCI are expressed only in meiotic
tissues, but in the mouse a second shortened form is expressed
in somatic tissues (6, 9-11).

In baker’s yeast, RADS51 is important for double-strand
break repair in mitotic cells. In meiosis, rad5! and dmcl
mutants have very similar phenotypes: both are essential for
meiotic recombination, and both are essential for completion
of the meiotic cell cycle leading to production of viable spores
(1, 5). In yeast meiosis, Rad51 and Dmcl proteins colocalize
on synaptonemal complexes in an apparently regulated order
in which Rad51 is required for the formation of complexes of
Dmcl (12).

Completion of the meiotic cell cycle in yeast is one example
of a complex role of rec4 homologs in eukaryotes. In this case,
the failure of meiosis presumably results from a defect in
recombination. In S. cerevisiae, rad5] mutants are viable,
whereas in the mouse, homozygous rad5! mutants are lethal
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during embryogenesis (13, 14). The basis for this complex role
in viability remains to be determined. In mammalian cells,
damage to DNA results in the organization of Rad51 into
multiple foci in the nucleus without a detectable increase in net
synthesis (15), whereas increased production of Rad51 is
associated with the induction of Ig class switching (16).

Previous studies have shown that Rad51 protein from S.
cerevisiae and man make nucleoprotein filaments that resem-
ble the filament made by RecA (17-19). Strand exchange
activities have been reported for Rad51 from S. cerevisiae,
Xenopus laevis, and Homo sapiens (20-23), but none has been
reported for Dmcl. Other studies show that both Rad51 and
Dmcl associate with synaptonemal complexes in the mouse;
but according to the location and time of appearance of the
two proteins during meiosis, Rad51 and Dmcl appear to play
different roles (24, 25). An understanding of the enzymology
of Dmcl is important for the further understanding of its role
in meiosis. In the present report, we describe the purification
of human Dmcl protein (denoted HsDmcl for H. sapiens
Dmcl) and demonstrate that it has several recombination
activities.

MATERIALS AND METHODS

Enzymes and Other Reagents. RecA protein was purified as
described (26). ATP and adenosine 5'-[y-thio]triphosphate
(ATPyS) were purchased from Sigma; T4 polynucleotide
kinase, T4 DNA ligase and restriction enzymes were purchased
from New England Biolabs (Beverly, MA); DNase I, DTT,
BSA, and an Expand High Fidelity PCR kit were purchased
from Boehringer Mannheim. Vector pQE-30 was obtained
from Qiagen (Chatsworth, CA). Expression vector pET-
29a(+) and E. coli K12 strain NovaBlue(DE3) were from
Novagen (Madison, WI).

Five 83-mer oligonucleotides were synthesized on an Ap-
plied Biosystems DNA synthesizer. One, W16(—): 5'-
TTGATAAGAGGTCATTTTTGCGGATGGCTTAGAG-
CTTAATTGCTGAATCTGGTGCTGTAGCTCAACAT-
GTTTTAAATATGCAA, is complementary to the viral
strand of phage M13 DNA (23). Four others, which had no
known sequence homology to M13 DNA contained 84% AT
bp: A16(—): 5'-AAATGAACATAAAGTAAATAAGTAT-
AAGGATAATACAAAATAAGTAAATGAATAAAC-
ATAGAAAATAAAGTAAAGGATATAAA and its com-
plement, A16(+); ATI(—): 5'-ATGTATATTGATATATT-
GATTAGTATTAGTTATTGTTATGTTTAGTTTATTT-
CTTGATTTGATTATTACTTTGTATTATAGAT, and its
complement, ATII(+).

Oligonucleotides were labeled with 32P at their 5’ ends in
reactions with T4 polynucleotide kinase, or at their 3’ ends by
reactions with terminal transferase (27). Duplex oligonucleo-

Abbreviations: HsDmcl, human Dmcl protein; ATPvS, adenosine
5'-[y-thio]triphosphate; ssDNA, single-stranded DNA.
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tides were prepared by annealing as described (28), and
examined by electrophoresis on nondenaturing 12% polyacryl-
amide gels to confirm complete annealing. All DNA concen-
trations refer to molecules of nucleotide residues.

Cloning of the HsDmcI Gene. The entire coding sequence of
HsDmcl protein was amplified by the PCR from a human
testis cDNA library (in bacteriophage A). Sequences of the
upstream and downstream primers were CGCGGATCCAT-
GAAGGAGGATCAAGTTGTG (oligonucleotide EG264)
and CGGGGTACCACCTACTCCTTGGCATC (oligonucle-
otide EG266). Underlined sequences are homologous to the
published sequence of the HsDmcl gene (11). The PCR
reaction was carried out by using an Expand High Fidelity PCR
kit (Boehringer Mannheim). The reaction mixture was heated
at 95°C for 3 min and used in PCR consisting of five cycles at
94°C for 1 min, 62°C for 1 min, and 72°C for 1 min, followed
by 30 cycles at 94°C for 1 min and 69°C for 2 min. The resulting
DNA fragment was inserted into pQE-30 plasmid by use of
BamHI and Kpnl restriction sites. The construct was used as
a template for a PCR reaction with upstream and downstream
primers EG265 (GGAATTCCATATGAAGGAGGAT-
CAAGTTGTC) and EG266 (see above). The second PCR
reaction was similar to the first one, but 10 cycles at 74°C for
1 min and 69°C for 2 min were used instead of 30. The
amplified DNA fragment was inserted into expression vector
pET-29a(+)(see above) by use of restriction sites Ndel and
Kpnl to make plasmid pEG1019. The choice of primers and
restriction enzymes enabled us to make HsDmcl protein
without any tags which are otherwise encoded by the vector.
The sequence of our cloned cDNA for HsDmc1 was identical
to the sequence published by Habu et al. (11) except at position
110 where there was T in place of A, as in the sequence of Sato
et al. (10). This variation in the sequence, which substitutes
isoleucine for aspartic acid, is in a nonconserved region of the
gene.

Production of HsDmcl Protein in E. coli. Plasmid pEG1019
was introduced in E. coli NovaBlue(DE3), which is recA1~, a
null mutant. Bacteria from a single colony of the transfor-
mants, which were grown no longer than 12 h on Luria—Bertani
broth plates containing 25 ug kanamycin/ml, were used to
inoculate 50 ml of Luria-Bertani broth containing 125 ug
kanamycin/ml, and 12.5 ug/ml tetracycline. Bacteria grown to
stationary phase with shaking at 37°C were used to inoculate
12 1 of fresh medium. This culture was grown at 37°C to an
optical density of 0.5, at 595 nm, in 12 1 of Luria—Bertani broth,
containing 25 ug kanamycin/ml, and induced by the addition
of isopropyl B-D-thiogalactoside, at 1 mM, followed by a
further incubation for 2 h at 37°C. Bacteria were harvested by
centrifugation and resuspended in 200 ml of 50 mM Tris-HCI,
(pH 7.5), and 10% sucrose.

Purification of HsDmcl Protein. Cells were lysed by the
addition of the following reagents at the indicated final
concentrations: 0.8 mg lysozyme/ml, 10 mM DTT, 1 mM
EDTA and 0.5 mM phenylmethylsulfonyl fluoride. The mix-
ture was stirred for 30 min. Brij 58 at 0.5% and KCl at 500 mM
were added, followed by stirring for another 30 min. Cell debris
and insoluble materials were removed by centrifugation at
35,000 rpm for 75 min in a Beckman 45Ti rotor.

After precipitation by 50% ammonium sulfate, the pellets
obtained were resuspended in 20 ml of P buffer: 20 mM
potassium phosphate (pH 7.0), 1 mM EDTA, 10 mM 2-
mercaptoethanol, and 10% glycerol. The 38-kDa protein was
further purified by successive column chromatography on Q
Sepharose, Sephacryl 200, MonoQ, native DNA cellulose, and
single-stranded DNA (ssDNA) cellulose.

ATPase Activity. Reaction mixtures (20 ul) contained cir-
cular single-stranded M13 DNA (50 uM), 30 mM TrissHCl
(pH 7.5), 1 mM DTT, 1 mM ATP, 100 ug BSA/ml, 6 mM
MgCl,, and 3 uM HsDmcl protein. Each reaction contained
1 uCi [*HJATP (1 Ci = 37 GBq). Incubation was at 37°C, and
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in samples taken at different times, the reaction was stopped
by adding 10 mM EDTA and 1 mM of ADP and ATP. Samples
of 5 ul were spotted directly onto thin layer chromatography
paper (Polygram CEL 300, PEI, Brinkmann). The paper was
developed in 1 M formic acid/0.5 M LiCl. The amount of ATP
hydrolyzed was determined from the dried paper by scintilla-
tion counting.

DNase I Protection. HsDmcl protein or RecA protein (1
wM) was incubated at 37°C for 10 min with 3 uM 3?P-labeled
oligonucleotide A16(—) or duplex oligonucleotide A16(—)/
A16(+) in a reaction mixture (20 ul) containing 1 mM MgCl,,
25 mM Pipes (pH 7.0), 1 mM DTT, 2 mM ATP, and 100 ug
BSA/ml. The concentration of MgCl, was brought to 10 mM,
and DNase I was then added to the reaction mixture: 0.5 units
for A16(—); 0.05 units for A16(—)/A16(+). (Units were as
defined by the supplier, Boehringer Mannheim.) Incubation
was continued at 37°C for another 5 min. The reaction was
immediately quenched by addition of final concentrations of
SDS at 0.5% and EDTA at 25 mM. Labeled DNA was
precipitated by adding unlabeled carrier DNA at 0.1 mg/ml
and cold trichloroacetic acid at 10% final concentrations.
Acid-soluble radioactive material in the supernatant was mea-
sured by scintillation counting.

D-Loop Assay. HsDmcl protein or RecA protein (1 uM)
was preincubated at 37°C for 10 min with 3 uM 3?P-labeled
83-mer W16(—) in a reaction mixture (20 ul) containing 1 mM
MgCl,, 25 mM Pipes (pH 7.0), 1 mM DTT, 2 mM ATP or
ATP~yS, and 100 pg BSA/ml. After preincubation, the con-
centration of MgCl, was increased to 10 mM and M13 super-
helical DNA was added at 50 uM. (Thus, W16 83-mer was
present in 5-fold excess over homologous sites in M13 DNA.)
At various times, aliquots were deproteinized at 37°C for 10
min in 0.1 mg proteinase K/ml and 0.005 mg SDS/ml. Samples
were loaded on an 0.8% agarose gel and run at 3.3 V/cm for
1 h at room temperature in TBE buffer (45 mM Tris/45 mM
boric acid, pH 8/0.001 M EDTA). The gel was dried and the
reactions were quantitated by use of a PhosphorImager (Mo-
lecular Dynamics).

Strand Exchange. Preincubation of HsDmcl or RecA pro-
tein with 83-mer A16(—) was done as just described under
D-loop assay. After 10 min, the concentration of MgCl, was
increased to 10 mM, followed by addition of homologous
duplex oligonucleotide 5’-2P-A16(—)/A16(+) or 3'-32P-
A16(—)/Al6(+) at 3 uM final concentration. (Thus the
single-stranded 83-mer was present in 2-fold molar excess over
molecules of duplex 83-mer.) Incubation was continued at
37°C and stopped as described under “D-loop assay”. Oligo-
nucleotide W16(—) served as a heterologous control. Samples
were analyzed on a nondenaturing 12% polyacrylamide gel run
at 8 V/cm for 2 h at room temperature in TBE buffer.
Quantitation was done as described under D-loop assay.

RESULTS

Purified HsDmcl Protein. The sequence of the cloned
c¢DNA from which we produced HsDmcl was confirmed as
described in Materials and Methods. Analysis by SDS/PAGE of
fractions from ssDNA cellulose that contained about 1.3 mg of
protein/ml revealed one major component corresponding to a
protein with an M; of 38 kDa (Fig. 14). Western blot analysis
indicated that two faint bands below the major band may be
degradation products of Dmcl protein (Fig. 1B). Antibodies
raised against a peptide in the HsDmcl1 sequence, from amino
acids 186-196 inclusive, reacted with the purified protein by a
blot test. Determination of the first 11 amino acid residues by
microsequencing confirmed the identity of the purified protein
with HsDmcl.

HsDmcl was purified from a strain of E. coli bearing recA1,
a null mutation (29). Separate endpoint titrations of antibody
to RecA were done with purified RecA protein and with our
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FiG. 1. (A4) SDS/PAGE showing the overexpression and purifica-
tion of HsDmcl protein from E. coli. Lane 1, M, standards with sizes
indicated in kDa; lane 2, purified HsDmcl protein; lanes 3 and 4,
respectively, cellular proteins after and before induction with isopro-
pyl-B-D-thiogalactoside. The 12% polyacrylaminde gel was stained
with Coomassie blue. (B) Western blot analysis of purified protein.
Dmcl protein was visualized by using rabbit polyclonal anti-HsRad51
antibody that cross-reacts with Dmcl protein but not with RecA
protein. Lane 1, protein standards with sizes indicated in kDa. Lanes
2-4 were loaded, respectively, with 1.2, 5.0, and 12.0 ng of purified
protein.

preparation of purified Dmcl protein. The titrations indicated
that any contamination of HsDmcl protein by inactive RecAl
protein did not exceed 3%, at most (data not shown).

In the preparation of Dmcl, exonuclease or endonuclease
activity on ssDNA and double-stranded DNA digested <2% of
DNA after incubations for 1 h at 37°C, and no separation of
the strands of a duplex oligonucleotide was detected.

DNA-Dependent ATPase Activity. The ATPase activity of
HsDmcl protein compared with that of RecA protein is shown
in Fig. 2. In the absence of DNA, HsDmcl protein showed less
than 15% ATPase activity compared with that in the presence
of DNA. The turnover numbers (kc.) calculated from the
initial slopes of the plots in Fig. 2 were ~25 min~! for RecA
protein, and 1.5 min~! for HsDmc1. A similarly low k¢, has
been observed for Rad51 protein from both S. cerevisiae and
H. sapiens. (18, 19, 23).

Binding to DNA. To assess the binding of HsDmcl protein
to ssDNA and double-stranded DNA, we examined the pro-
tection of oligonucleotides against digestion by DNase I (Fig.
3). In the same experiment, we compared the protection
afforded by RecA protein. HsDmc1l and RecA protein were
similarly effective in protecting a single-stranded 83-mer
against DNase I, both in terms of the maximal protection
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F1G. 2. ssDNA-dependent ATPase activity of HsDmcl compared
with that of RecA. Reactions were carried out as described. m,
HsDmcl protein; ®, RecA protein.

afforded and the molar ratios of protein to DNA required for
that degree of protection. By extrapolation, we estimate that
both proteins gave maximal protection at one molecule of
protein per two or three molecules of nucleotide residues,
which compares well with the established 1:3 ratio for the
binding of RecA protein to ssDNA. Neither HsDmcl nor
RecA protein protected a double-stranded oligonucleotide
very well, but HsDmcl was somewhat more effective than
RecA. We conclude that HsDmcl binds preferentially to
ssDNA, with a stoichiometry of binding similar to that of RecA
protein.

Formation of D-Loops in Superhelical DNA. The nonenzy-
mic uptake of a homologous single strand by superhelical DNA
leads to the formation of a D-loop (30). Superhelicity is not
required when the reaction is catalyzed by E. coli RecA
protein. This reaction is the prototype of strand invasion, the
invasion of duplex DNA by a homologous single strand (31, 32,
33). The ability of a single strand to invade duplex DNA is an
essential feature of one of the two major pathways of homol-
ogous recombination (34). With the exception of E. coli RecO
protein (35), the class of protein represented by RecA and its
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Fic. 3. DNase I protection of DNA bound to HsDmcl or RecA.
Reactions were done as described. The amount of DNase I, as
determined by prior titration, was the least amount that would render
acid-soluble all of the 32P label in 5 min in the absence of either
HsDmcl protein or RecA protein. O, protection of single-stranded
83-mer by RecA; O, protection of single-stranded 83-mer by Dmcl; m,
protection of double-stranded 83-mer by RecA; @, protection of
double-stranded 83-mer by HsDmcl.
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homologs remains the only one that can catalyze the formation
of D-loops.

To explore the recombination activities of HsDmcl, we
tested its ability to catalyze the formation of D-loops (Fig. 4).
The duplex substrate was M13 superhelical DNA and the
single-stranded substrate was a homologous 83-mer. For com-
parison, we examined the formation of D-loops from the same
substrates by RecA protein. In 2 min, RecA formed D-loops
in 60% of superhelical DNA molecules, after which the yield
decreased as observed before (36). The yield of D-loops made
by HsDmc1 was 12% at its maximum but showed no tendency
to decrease during the 10 min of the reaction, unlike the
pseudoreversible reaction promoted by RecA protein. In
another experiment, the yield of D-loops made by Dmcl
increased up to 10 min, as in Fig. 4, and at 10 min reached a
yield of 23% (data not shown).

The formation of D-loops by Dmcl required superhelical
DNA, homology, and ATP. Unlike the reaction promoted by
RecA protein, no formation of D-loops was detectable when
ATP~S was substituted for ATP (Fig. 4).

Strand Exchange Promoted by HsDmcl. We readily de-
tected strand exchange by HsDmcl when we used the A+T-
rich oligonucleotide, A16(—), which contained 84% A+T base
pairs (see Materials and Methods). The single-stranded oligo-
nucleotide was reacted with the corresponding labeled homol-
ogous duplex oligonucleotide. Exchange was detected as the
displacement of a labeled strand from a duplex oligonucleotide
to the position of a single-stranded oligonucleotide (Fig. 5).
Under the best conditions found for HsDmcl, the yield of
exchanged product was only ~20% of the maximum possible,
compared with 61% for RecA protein in the same experiment.

As indicated above, characterization of the purified prepa-
ration of HsDmc1 showed that contaminating exonuclease or
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F1G. 4. Formation of D-loops in superhelical DNA. HsDmcl or
RecA were present at a ratio of one molecule of protein per three
nucleotide residues of single-stranded oligonucleotide. The latter,
32P-labeled W16(—) 83-mer, was present in 5-fold excess over homol-
ogous sites in M13 DNA. Other details of the reactions are described
in Materials and Methods. Lanes 1-3, RecA at 2, 5, and 10 min,
respectively; lanes 4—6, HsDmcl at 2, 5, and 10 min, respectively; lane
7, no protein; lane 8, RecA with ATP+S; lane 9, Dmcl with ATP~S;
lane 10, HsDmcl without ATP; lane 11, HsDmcl with M13 linear
duplex DNA (form III); lane 12, HsDmcl with 83-mer A16(—)
substituted for W16(—) as a heterologous control. A16(—), the
oligonucleotide used as a heterologous control in this experiment was
shown to be active as substrate when it was used with homologous
duplex oligonucleotide in the strand exchange reaction shown in Fig.
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Fic. 5. Strand exchange mediated by HsDmcl protein. (4 and B)
Reactions were done with single-stranded 83-mer A16(—) and duplex
83-mer 5'-32P-A16(—)/A16(+), each at 3 uM. (C) The duplex 83-mer
was 3'-32P-A16(—)/A16(+). (A) Requirements: lane 1, HsDmcl but
no ssDNA; lane 2, HsDmcl without ATP; lane 3, HsDmcl with
W16(—) substituted for A16(—) as a heterologous control; lane 4,
RecA substituted for HsDmcl in a complete reaction; lanes 5-9,
HsDmecl with 5, 10, 20, 30, and 50 mM MgCl,, respectively; lanes
10-14, in the absence of HsDmc1 with 5, 10, 20, 30, and 50 mM MgClo,
respectively. W16(—), used as a heterologous control in this experi-
ment, was shown to be active as substrate when it was used with
homologous M13 DNA in the formation of D-loops as shown in Fig.
4. The bands are darker in A than in B and C below because the film
for the autoradiogram was exposed for a longer time. (B) Titrations
of Dmcl. As above, reactions contained 3 uM each of single-stranded
and double-stranded oligonucleotides; other conditions were as de-
scribed in Materials and Methods. Lane 1, no protein; lanes 27, with
0.125 uM, 0.25 uM, 0.5 uM, 1 uM, 2 uM, and 3 uM of HsDmcl
protein, respectively. (C) Time course and 3’-labeled substrate. In this
experiment, the concentration of HsDmcl was 1.3 uM and the
concentration of 83-mer A16(—) was 3 uM. Lane 1, HsDmcl omitted;
Lanes 2-5, time course, zero time, 5 min, 20 min, and 60 min,
respectively.

endonuclease activity on ssDNA and double-stranded DNA
digested <2% of DNA after incubations for 1 h at 37°C. In
addition, in the absence of a homologous single strand, or in
the presence of a heterologous single strand no separation of
the strands of labeled duplex oligonucleotide was detected. To
exclude further the possibility of apparent strand exchange due
to contaminating exonuclease activity, we labeled the non-
complementary strand in the duplex oligonucleotide at its 5’
end, as in Fig. 54 and B, or at its 3’ end (Fig. 5C). The yield
of the reaction was similar whether the 5’ or 3’ end of the
displaced strand was labeled, indicating further that conver-
sion of the labeled strand from a duplex to a single-stranded
form was not attributable to exonucleolytic digestion from
either end of the duplex.

The time course of strand exchange is shown in Fig. 5C.
Products first appeared at around 5 min, and the reaction
reached completion at 20 min, with a yield of ~20% at 20 and
60 min. By contrast, under similar conditions, RecA protein
pushed strand exchange to completion in 1-2 min (23). Ex-
change promoted by HsDmcl1 required homologous substrates
and ATP. The reaction was optimal at 5-10 mM MgCl, (Fig.
5A). In the experiment shown in Fig. 5B, exchange was optimal
at a ratio of one molecule of HsDmcl per three nucleotide
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residues of single-stranded oligonucleotide, but in later exper-
iments optimal strand exchange required a 2-fold higher ratio
of HsDmcl protein to DNA. No exchange was detectable in
the presence of ATP+S (data not shown).

In a previous study, we demonstrated the ability of
HsRad51, another human homolog of RecA protein, to pro-
mote strand exchange with the same A+T-rich substrate as
described here, oligonucleotide A16 (23). In the case of
HsRad51 protein, exchange was also detectable with substrates
that had 40% GC content (R.G. and C.M.R., unpublished
observations), but we were unable to detect strand exchange
catalyzed by HsDmcl when the content of GC base pairs was
40% (data not shown). In the strand exchange reaction cata-
lyzed by HsDmcl, a second, independently derived A+T-rich
oligonucleotide, ATII(—) (see Materials and Methods) gave
yields comparable to A16(—) (data not shown).

DISCUSSION

This report describes the partial purification and character-
ization of meiosis-specific human Dmcl that was overpro-
duced in E. coli. The purified protein, which was identified by
microsequencing of its N terminus, and by immunological tests
binds more readily to ssDNA than to double-stranded DNA.
The complete protection of ssDNA from digestion by DNase
I was optimal at a ratio of about one molecule of protein per
three nucleotide residues, which corresponds to the stoichi-
ometry for other proteins in the RecA class of proteins, and
suggests that the preparation of recombinant HsDmcl1 consists
principally of protein molecules that were active in binding to
DNA. The catalytic rate constant for the hydrolysis of ATP by
HsDmcl was at least an order of magnitude smaller than that
of RecA protein, which is also true for the other eukaryotic
members of the RecA family of proteins.

HsDmcl promoted the formation of D-loops in superhelical
DNA, a reaction that is fundamental to one of the major
pathways of genetic recombination in which a single-stranded
end of one molecule invades an intact homologous DNA
molecule. The formation of D-loops in vitro is unlikely to be an
artifact resulting from contaminating exonuclease activity
since such an activity should only diminish the formation of
D-loops (See below). The formation of D-loops by HsDmcl
differed in several important respects from the same reaction
promoted by RecA protein. In addition to a much lower yield,
the reaction promoted by HsDmc1 was much slower and failed
to exhibit the pseudoreversibility characteristic of the RecA
reaction that has been attributed to “processive unwinding” of
superhelical DNA (37). Thus HsDmcl may lack a similar
ability to unwind DNA. Benson et al. (18) described evidence
of a reduced ability of HsRad51 to unwind DNA.

Strand exchange was also promoted by HsDmcl. In this case,
especially with oligonucleotides as substrates, the possibility of
an artifact due to any contaminating exonuclease activity is a
serious issue. Nibbling of an unlabeled strand of the duplex
DNA from one end could result in creation of a single-stranded
site from which annealing and spontaneous branch migration
might be initiated. We showed, however, that the yield of
product produced by strand exchange was the same whether
the duplex substrate was labeled at the 5" or 3" end of the strand
that is displaced, indicating that apparent strand exchange
cannot be attributed to the action of a single contaminating
exonuclease with a defined polarity of action. Direct assays for
nuclease contamination showed further that the level of con-
tamination was much lower than would be required to explain
the observed degree of apparent strand exchange. The lack of
apparent strand exchange in the absence of a homologous
single strand argues against artifacts that might be created by
unrelated combined exonuclease and helicase activity, which
might conceivably lead to the conversion of some labeled
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duplex oligonucleotides into labeled single-stranded oligonu-
cleotides.

The overall reaction leading to strand exchange was a slow
reaction (data not shown), and under our conditions, neither
the formation of D-loops, nor strand exchange was supported
by the ATP analog ATP+yS. A prominent characteristic of
strand exchange promoted by HsDmcl is its sensitivity to base
composition. We detected strand exchange with two different
oligonucleotide substrates that had only 16% GC content, but
a substrate that had 40% GC content yielded no detectable
product. This observation and the lack of processive unwinding
of superhelical DNA (see above) may indicate a general
decreased ability of HsDmcl to unwind DNA, an aspect of its
activity that is under further study.

In the case of RecA protein, the formation of D-loops is very
rapid, and presumably reflects an early step in the overall
reaction (Fig. 4 and ref. 37). The formation of D-loops by
HsDmcl, by contrast, is much slower. In previous studies,
observations on the interaction of fluorescent probes revealed
that homologous pairing, the initial formation of homolo-
gously aligned joint molecules is much slower when catalyzed
by human Rad51 protein than by RecA protein. Strand
exchange itself, as detected specifically by the separation of
contiguous fluorescent probes, is also very slow in the case of
HsRad51 (23, 38), as are the overall reactions promoted by
ScRad51 (20), HsRad51 (22), Xrad51 (21), and HsDmcl (this
paper, see above).

By comparison with RecA protein, the catalytic rate con-
stant for the hydrolysis of ATP is also reduced by more than
an order of magnitude for these four eukaryotic members of
the RecA family (see above). Bedale and Cox (39) have
recently presented data that support the idea that the hydro-
lysis of ATP by RecA protein is specifically linked to a late step
in strand exchange. In the case of the eukaryotic homologs that
have been studied, there appears to be a correlation between
low rates of ATP hydrolysis and low rates of homologous
pairing and strand exchange. The significance of this correla-
tion, however, is challenged by the recent report that in the
presence of spermidine and excess ScRad51 protein, homol-
ogous pairing and extensive strand exchange occur without
ATP hydrolysis (40). It is conceivable that strand exchange in
the absence of hydrolysis of ATP proceeds by a different
mechanism.

The findings described here show that human Dmcl protein
has homologous pairing and strand exchange activities similar
to those of the other eukaryotic homologs of RecA. Solutions
to the quandaries about the meiosis-specific role of HsDmcl,
and its relation to the role of Rad51, must be sought in future
studies of interactions with other proteins and with particular
DNA sequences. The strong dependence of the strand ex-
change activity of Dmcl on base composition, for example,
could make it dependent upon the functioning of other specific
proteins, or could limit its function to special sites in chromo-
somal DNA. Such studies are essential to our understanding of
meiosis-specific enzymic functions.
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