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Both LIM15/DMC1 and RAD51 are thought to be es-
ential for meiosis in which homologous chromosomes
air and recombine. The primary purpose of the
resent study was to investigate the homotypic and
eterotypic interactions among their terminal domains.
e prepared cDNAs and recombinant proteins of the

ull-length, N-terminal, and the C-terminal domains of
IM15/DMC1 (CoLIM15) and RAD51 (CoRAD51) from
he basidiomycete Coprinus cinereus. In both two-
ybrid assay in vivo and pull-down assay in vitro, ei-
her CoLim15 or CoRad51 interacted homotypically
etween the C-terminal domains, respectively, but
o heterotypic interaction was observed between
oLim15 and CoRad51. The N-terminal domain of
oLim15 bound to ssDNA and dsDNA, while the
-terminal domain of CoRad51 appeared to interact
eakly with ssDNA. Based on these results, the inter-
ction among the strand-exchange proteins and meio-
is was discussed. © 2000 Academic Press

Key Words: Coprinus cinereus; LIM15/DMC1 (CoLIM15);
AD51 (CoRAD51); homotypic interaction; C- and N-ter-
inal interaction.

We investigated meiosis-related proteins and their
elationship to meiotic pairing and meiotic recombina-
ion using meiotic cells in a basidiomycete, Coprinus
inereus (1–10). This organism is especially well suited
or studies of meiosis, because its meiotic cycle is long
nd naturally synchronous (9–12). We could, therefore,
recisely characterize each of the meiosis-related pro-
eins in relation to each of the meiotic events. In this
onnection, we have been interested in the roles of
ecA homologs such as DMC1 and RAD51 in Coprinus
eiosis, because they have been to report to interact in

1 To whom correspondence should be addressed at Department of
pplied Biological Science, Science University of Tokyo, 2641
amazaki, Noda-shi, Chiba-ken 278, Japan. Fax: 181-471-23-9767.
-mail: kengo@rs.noda.sut.ac.jp.
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uring prophase (13–20).
Both DMC1 and RAD51 are required for normal
eiotic recombination, for the formation of the synap-

onemal complex and for normal progression from mei-
tic prophase (21, 22). DMC1 and RAD51 appear to
ave both distinct and overlapping roles in meiosis
21–23), and immunoprecipitation studies indicated
hat human DMC1 interacted heterotypically and di-
ectly with human RAD51 (24). On the other hand,
resser et al. (23) reported that DMC1 functioned in a
accharomyces cerevisiae meiotic pathway that is

argely independent of the RAD51 pathway. Aihara et
l. reported recently that human RAD51 bound to
NA via its N-terminal domain (25). The structural

nteractions of RecA homologs should be investigated
n more detail.

We searched for a meiotic RecA homolog, LIM15/
MC1, of C. cinereus, and succeeded in cloning the
ene, CoLIM15 (10). On the other hand, another RecA
omolog, CoRAD51, was identified in C. cinereus by
tassen et al. (26), indicating that the basidiomycete
roduces typical two meiosis-related RecA-like pro-
eins. Like human and yeast, sufficient amounts of the
ecombinant proteins of CoLIM15 and CoRAD51 from
he basidiomycete, can be obtained for analysis of
tructural interactions. The primary purpose of the
resent study was to investigate the interaction of the
- and N-terminal domains of the Coprinus strand-
xchange proteins, and to discuss the relationship
mong these proteins and Coprinus meiosis. We pre-
ared cDNA molecules and recombinant peptides of
ull-length, N-terminal and C-terminal domains of
oLim15 and CoRad51, and test their interaction by

wo-hybrid assay and pull-down assay, and gel-shift
obility assay. There has been only one previous re-

ort that the N-terminal region of Rad51 mediated
oth self-association and Rad51–Rad52 interaction in
he yeast Saccharomyces cerevisiae (27). Unexpectedly,
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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omotypic interactions of either CoLim15 or CoRad51
ccurred between their C-terminal domains, and
oLim15 did not interact heterotypically with CoRad51.
he N-terminal domain of CoLim15 bound to both
sDNA and dsDNA, but CoRad51 appeared to bind
nly weakly to DNA at the C-terminal domain.

ATERIALS AND METHODS

Yeast two-hybrid analysis. Full length Coprinus LIM15 and
AD51 cDNAs were amplified by PCR and inserted into pBS. The

DNA fragments encoding N- or C-terminal domains of CoLIM15
CoLIM15N or CoLIM15C) were also amplified and inserted into
BS. The CoLIM15, CoRAD51, CoLIM15N and CoLIM15C genes
ere cloned into pGADT7 and pGBKT7 to produce fusions to the
AL4 DNA-binding and activation domains. To obtain cDNA frag-
ents encoding N- or C-terminal domains of RAD51 (CoRAD51N or
oRAD51C), the full-length CoRAD51 gene was digested with ApaLI
nd blunted with the Klenow fragment. Then, CoRAD51N or
oRAD51C DNA fragments were inserted into pGADT7 and
GBKT7. All constructs were sequenced to verify the correct
pen reading frames. The GAL4 fusion constructs were trans-
ormed into the yeast strain AH109 and cells were plated on syn-
hetic media lacking adenine, histidine, leucine and tryptophan or on
edia lacking leucine and tryptophan. Transformation, colony lift
-galactosidase assays were carried out according to Matchmaker kit
anual (Clontech Laboratories). The truncation derivatives are

hown in Fig. 1.

Protein expression and purification. The recombinant CoLim15,
oRad51, CoLim15N, CoLim15C, CoRad51N and CoRad51C pro-

eins were isolated as follows. The cDNA fragments were subcloned
nto the bacterial expression vector pET28b or pET32b (Novagene),
nd the plasmid constructs were introduced into E. coli strain BLR21
DE3). These E. coli were grown at 30°C in 2XYT medium with 2%
lucose and 50 mg/ml kanamycin (pET28b) or carbenicillin (pET32b).
t OD600 5 0.7, Recombinant protein synthesis was induced by the
ddition of 1 mM IPTG, and after 5 h the cells were harvested by
entrifugation, frozen in liquid N2 and stored at 280°C. The cell
ellets were resuspended in Lysis buffer (20 mM Tris-HCl, pH 7.9,
0% glycerol, 500 mM NaCl, 5 mM imidazole), containing 5 mM
-melcapto ethanol and the protease inhibitors phenylmethylsulfo-
yl fluoride (1 mM), leupeptin (1 mM) and pepstatin A (1 mM). Cells
ere lysed by addition of 1 mg/ml of lysozyme and stirred on ice for
0 min, then sonicated and Triton X-100 was added to 0.1%. Insol-
ble material was removed by centrifugation at 25000 r.p.m. for 30
in in a Beckman 70 Ti rotor. Proteins were loaded onto a 1 ml
iTrap Chelating column (Amersham Pharmacia Biotech). The col-
mn was washed successively with T buffer (20 mM Tris-HCl pH 8.0,
0% glycerol, 500 mM NaCl, 0.02% NP-40) containing 10 and 50 mM
midazole, respectively. The bound proteins were eluted with a 20 ml

FIG. 1. Truncation derivatives of the Coprinus Lim15 and Rad51
nd C-terminal region of the two proteins are shown. The black box
98
inear gradient of 50–600 mM imidazole in T buffer. Fractions of
roteins were identified by SDS-PAGE, pooled and dialyzed against
torage buffer (20 mM Tris-HCl pH 8.0, 10% glycerol, 1 mM EDTA,
.5 mM DTT, 200 mM NaCl) and stored in aliquots at 280°C. The
rotein concentrations were determined using a Bio-Rad protein
ssay kit with g-globulin as the standard.

Pull-down assay of CoLim15 and/or CoRad51, and their C- and
-terminal domains in vitro. The pull-down assay was performed
y essentially the same method as described by Kovalenko et al. (30).
he purified proteins (1 mg each) were incubated in binding buffer

200 ml) contained 25 mM NaHEPES, pH 7.2, 200 mM NaCl, 10%
lycerol, 0.5 mg/ml BSA, 0.5 mM DTT, 0.1% Triton X-100, for 30 min
t room temperature. Binding complex were precipitated with 10 ml
f S-protein Agarose (Novagene). After incubation of the binding
eaction at RT for 60 min, the bound proteins were washed five times
ith binding buffer and eluted by incubation with 3 M MgCl2. The
luted proteins were separated by SDS–PAGE and western blotting
as carried out using a rabbit anti-CoLim15 polyclonal antibody.

Binding of CoLim15, CoRad51, CoLim15N, CoLim15C, CoRad51N,
nd CoRad51C to DNA. Binding of the CoLim15, CoRad51,
oLim15N, CoLim15C, CoRad51N or CoRad51C protein to DNA was
tudied by gel mobility shift assay essentially as described by
ovalenko et al. (30). Single-stranded fX174 DNA (15 mg) or EcoRV-

inealized pBS DNA were incubated with each protein in 20 ml of
eaction buffer containing 25 mM NaHEPES, pH 7.2, 5% glycerol, 2
M ATP, 15 mM MgCl2, 100 mg/ml BSA, 1 mM DTT. After 30 min at
T, samples were analyzed by electrophoresis through 0.8% agarose
els in 0.53 TBE buffer. DNA and DNA-protein complexes were
isualized by ethidium bromide staining. All DNA concentrations
re expressed in moles of nucleotides.

ESULTS AND DISCUSSION

Specific interactions between CoLIM15, CoRAD51, or
heir truncation derivatives. CoLIM15, CoRAD51 and
heir truncation derivatives were used in two-hybrid
nd in vitro binding studies. The truncation deriva-
ives of CoLIM15 and CoRAD51, i.e. CoLIM15N,
oLIM15C, CoRAD51N and CoRAD51C are shown in
ig. 1. CoLIM15 and CoRAD51 showed 42.5% amino
cid sequence identity. The identity between their
runcated N-terminal domains was lower than that of
heir C-terminal domains (Fig. 1).

Table I shows specific protein-protein interactions
etween CoLIM15, CoRAD51, CoLIM15N, CoLIM15C,
oRAD51N and CoRAD51C determined using the
lasmids described above. Homotypic interactions
ere detected for both CoLIM15 and CoRAD51 (Table

oteins used in this experiment. Identities of full-length, N-terminal,
epict nucleotide binding motifs (10, 26).
pr
es d
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), as reported previously for yeast and mammalian
omologues (23, 27, 30). We also tested heterotypic

nteractions with each protein expressed either as a
usion to the GAL4 activation domain or to the GAL4
NA-binding domain. In contrast to their ability

o self-interact, heterotypic interactions between
oLIM15 and CoRAD51 were not observed (Table I).
mino acid sequence homology between CoLIM15 and
oRAD51 was more than 40%. Human DMC1 was
eported previously to interact directly with human
AD51 (24), and similarly heterotypic interaction, al-
eit weak, is known to occur between mouse DMC1 and
AD51 (23). Moreover, both of the Coprinus proteins
ere expressed at the meiotic prophase stage, zygo-

ene, at which the homologous chromosomes pair (10),
nd our unpublished data). Although these observa-
ions led us to speculate that heterotypic interaction
ould occur between CoLIM15 and CoRAD51, espe-

ially in meiosis, the results of this study were unex-
ectedly negative (Table I). At least in Coprinus,
oLIM15 and CoRAD51 must work independently

n the homologous chromosome pairing process in
eiosis.
Next, to determine which regions of CoLim15 and
oRad51 proteins were essential for homotypic inter-
ctions, we used the plasmids described above express-
ng for their terminal domains. Two-hybrid assay
howed that the C-terminal domain fragment of
oLim15 (CoLim15C) containing amino acids 105 to
47 interacted with the full-length protein (CoLim15),
hile the N-terminal domain fragment (CoLim15N)

ontaining amino acids 1 to 104 did not (Table I).
oLim15C could also interact only with CoLim15C

Table I), indicating that the C-terminal region, or at
east a portion of it, was required for the homotypic
nteraction. Similarly, the C-terminal domain frag-

ent of CoRad51 (CoRad51C) mediated CoRad51 self-
ssociation (Table I). The N-terminal domains of these
roteins were not related to the homotypic interac-
ions.

Protein-Protein Interactions An

AD
D

CoLim15 CoLim15N CoL

oLim15 11 2 1
oLim15N 2 2
oLim15C 1 2 1
oRad51 2 2
oRad51N 2 2
oRad51C 2 2

11: Indicates a strong interaction, i.e., Ade1 and His1 phenotypes
de, His, Leu, and Trp, and a LacZ1 phenotype was detected within
1: Indicates a weak interaction, i.e., under the conditions describ

rowth at 30°C and detection of the LacZ1 phenotype required 3 h i
99
Pull-down assay for interaction of C- and N-terminal
omains in CoLim15 and/or CoRad51 in vitro. The

nteraction between CoLim15 and CoRad51 was also
ested by pull-down assay as reported by Kovalenko et
l. (30). We first expressed two forms of full-length
oLim15 in E. coli and then highly purified: (i) His-

ag-CoLim15, and (ii) Thioredoxin-His-tag-S-tag-
oLim15 (Trx-CoLim15). The first form designated as
is-CoLim15, which contained a tag of six histidine

esidues in its N-terminus, was purified by chelate
olumn chromatography as described under Materials
nd Methods. Similarly, His-forms and Trx-forms of
oRad51 were also made. His-forms of CoLim15N,
oLim15C, CoRad51N and CoRad51C were made. The
urification results are shown in Fig. 2A. Each of the
rx-forms was bound to S-protein agarose, and then
ach of the His-forms was pulled down. CoLim15,
oRad51, CoLim15N, CoLim15C, CoRad51N and
oRad51C could not be pulled down by the Trx-tag
lone. As shown in Fig. 2B, His-CoLim15 and His-
oLim15C showed substantial retention to Trx-
oLim15, and also His-CoRad51 and His-CoRad51C
howed retention to Trx-CoRad51, while none of the
-terminal fragments reacted to any of the Trx-forms.
hese in vitro results coincided well with those of the
wo-hybrid analysis in vivo (Table I).

These observations concerning the homotypic inter-
ctions at the C-terminal domains in vivo and in vitro
ere consistent with the results of mammalian DMC1
nd RAD51 reported recently (22), although in Copri-
us the strand-transfer proteins did not interacted het-
rotypically. Coprinus belongs to the fungi, and is
loser to yeasts than mammals. Nevertheless, in Sac-
haromyces cerevisiae these proteins were reported to
how self-association via the N-terminal domains (27).
he meiotic prophase of S. cerevisiae, especially at
ygotene and pachytene, is exceptional (31). Since the
east homologous chromosome pairs synapse properly
ith the formation of the synaptonemal complex only
fter they have been tightly aligned by recombination

zed in the Two-Hybrid System

5C CoRad51 CoRad51N CoRad51C

2 2 2
2 2 2
2 2 2

11 2 11
2 2 2

11 2 11

re detected within 3 d of growth at 30°C on synthetic media lacking
h of incubation at 30°C in the presence of X-gal.
above, the Ade1 and His1 phenotypes were detectable after 7 d of
bation.
aly

im1
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2
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31), the stages of zygotene and pachytene are not
orphologically discernible from each other. On the

ther hand, Coprinus as well as mammals and plants
equire homologous chromosome pairing at zygotene
nd their recombination at pachytene (10). The dif-
erences in the domains for the homotypic interac-
ion might reflect those of meiotic systems, irrespec-
ive of their phylogenetic distances. As described
bove, there was no heterotypic interaction between
oLIM15 and CoRAD51. Shinohara et al. (21) ob-
erved no heterotypic interaction between DMC1
nd RAD51 in S. cerevisiae, and concluded that un-
ike mammals they have both distinct and overlap-

FIG. 2. Protein-protein interactions determined in vitro by pull-
own assay. (A) Purification of proteins. Proteins were separated by
DS–PAGE and visualized with Coomassie Blue. M, Precision-
eight marker (Bio-Rad). (B) Pull-down assays under the presence of
rx-CoLim15 or Trx-CoRad51, or under the absence of Trx-CoLim15
r Trx-CoRad51.
100
ance may be reflected in the heterotypic interaction
etween DMC1 and RAD51.

Gelshift assay for interaction of C- and N-terminal
omains in CoLim15 and/or CoRad51. The observa-
ion that CoLim15 or CoRad51 could interact homo-
ypically at the C-terminal domain, and the fact that
hey are DNA-binding recombination enzymes,
rompted us to examine which domains bind to DNA.

gel shift assay was used for this purpose. The
egions encoding CoLIM15, CoRAD51 and their C-
nd N-terminal domains were each amplified by
CR, cloned into the pET28b expression vector and
ransformed into E. coli for protein induction. Ex-
racts prepared from the cells induced for 5 h were
hown to contain six histidine N-terminal-tagged fu-
ion proteins (data not shown). Each of the proteins
as purified to near homogeneity as shown by SDS-
AGE analysis of column fractions obtained by Hi-
rap chromatography.

Two types of DNA substrates were utilized: single-
tranded fx174 virion DNA (ssDNA), and double-
tranded EcoRV-linearized pBS DNA (dsDNA). As
hown in Fig. 3, we found that both CoLim15 and
oRad51 bound to both ssDNA and dsDNA in our
ssay. The binding to ssDNA or dsDNA of CoRad51
as observed in a dose dependent manner (left panels

n Fig. 3A or 3B). The CoLim15-ssDNA complex was
lso in a dose dependent manner, and with increasing
mount of the protein, the complex band was shifted to
he low-mobility region in the gel (left panel in Fig. 3A).
n the case of CoLim15, a high-molecular weight
rotein-dsDNA complex was formed that barely moved
nto the 0.8% agarose gel and the density of the band
eft at the well was dose-dependent (left panel in Fig.
A). CoRad51 similarly bound to dsDNA in a dose-
ependent manner (left panel in Fig. 3B).
Figure 3 also shows the binding to ssDNA or dsDNA

f each domain, CoLim15N, CoLim15C, CoRad51N, or
oRad51C. Interestingly, CoLim15 bound to ssDNA
ia the N-terminal domain (middle panel in Fig. 3A),
hile CoRad51 appeared to interact with ssDNA via

he C-terminal domain (right panel in Fig. 3A).
oLim15N also bound to dsDNA (middle panel in Fig.
B), but CoRad51C did not (right panel in Fig. 3B). The
inding of the C-terminus of CoRad51 to DNA may be
eak. In 1999, Aihara et al. reported that human
ad51 protein bound to DNA via its N-terminal do-
ain (25). Our results concerning the DNA-binding

ite of CoRad51 were different from those obtained
ith the human counterpart, and the DNA-binding

ite of CoLim15, the mushroom homolog of Lim15/
mc1, was the N-terminus.
As described previously (10), CoLIM15 might be

equired mainly for strand arrangement between ho-
ologous DNA molecules at zygotene. Terasawa et
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l. (32) reported that RAD51 was expressed at lep-
otene to zygotene in lily meiosis, suggesting that
t least it is not required for recombination at
achytene. The present results indicated clearly
ot only that CoLIM15 and CoRAD51 interact homo-
ypically at their C-terminal domains, but also
hat they do not interact heterotypically with each
ther. CoLim15 binds to DNA via its N-terminal
omain, and CoRad51 interacts with DNA via the
-terminal domain. These observations suggested

hat these molecules do not work together at the
ame site(s) on DNA. These Coprinus strand-
ransfer proteins may have both distinct and over-
apping roles in Coprinus meiosis, although they are
imultaneously present at zygotene at which stage
he homologous chromosomes pair. Although it has
een suggested that there are two possible meiotic
vents that may require RecA-like protein, i.e., ho-
ologous chromosome pairing at zygotene and their

ecombination at pachytene, the strand arrangement
etween homologous DNA molecules at zygotene
ay be separated into two events requiring distinct
ecA-like proteins.

FIG. 3. Binding of CoLim15 and CoRad51 to single- and double-
oRad51 (lanes 6–9), CoLim15N (lanes 11–14), CoLim15C (lanes 15
sDNA or (B) dsDNA. Lane 1, 10, 19 no protein. Complexes were an
101
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