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A variety of cellular proteins has the ability to recog-
nize DNA lesions induced by the anti-cancer drug cis-
platin, with diverse consequences on their repair and on
the therapeutic effectiveness of this drug. We report a
novel gene involved in the cell response to cisplatin in
vertebrates. The RDM1 gene (for RAD52 Motif 1) was
identified while searching databases for sequences
showing similarities to RAD52, a protein involved in
homologous recombination and DNA double-strand
break repair. Ablation of RDM1 in the chicken B cell line
DT40 led to a more than 3-fold increase in sensitivity to
cisplatin. However, RDM1�/� cells were not hypersensi-
tive to DNA damages caused by ionizing radiation, UV
irradiation, or the alkylating agent methylmethane sul-
fonate. The RDM1 protein displays a nucleic acid bind-
ing domain of the RNA recognition motif (RRM) type. By
using gel-shift assays and electron microscopy, we show
that purified, recombinant chicken RDM1 protein inter-
acts with single-stranded DNA as well as double-
stranded DNA, on which it assembles filament-like
structures. Notably, RDM1 recognizes DNA distortions
induced by cisplatin-DNA adducts in vitro. Finally, hu-
man RDM1 transcripts are abundant in the testis, sug-
gesting a possible role during spermatogenesis.

The cytotoxic activity of cisplatin (cis-diamminedichloro-
platinum (II)) is thought to be due to its interaction with purine
bases of our chromosomes and the various DNA adducts that
ensue, including monoadducts and interstrand cross-links
(ICLs),1 as well as the predominant (1,3- and 1,2-) intrastrand

cross-links (1, 2). Cisplatin-DNA adducts perturb replication
and transcription and trigger sophisticated repair machineries.

Cisplatin-DNA adducts are removed primarily by nucleotide
excision repair (NER), which also operates in the repair of
UV-induced lesions, DNA cross-links of various origins, and
bulky DNA adducts (3, 4). NER has been elucidated thanks in
part to the use of cell lines derived from patients with xero-
derma pigmentosum (XP) and Cockayne syndrome (CS), in
which NER was found to be deficient (5). NER has been sub-
divided in two subpathways that operate either on the tran-
scribed strand of transcriptionally active genes (transcription-
coupled repair (TCR)) or on the nontranscribed strand of active
genes and in transcriptionally silent regions of the genome
(global genome repair (GGR)) (6). The main difference between
these pathways resides in the mechanisms by which they
achieve specific recognition of a DNA lesion. In GGR, damage
recognition involves the XPC-hHR23B complex, XPA, and RPA
(7, 8), as well as the UV-damaged DNA binding complex (DDB)
(9). In TCR, DNA damage is sensed by the RNA polymerase II,
and repair is engaged by the transcription-coupled repair-spe-
cific factors CSA and CSB. Recognition of the lesion is followed
by the sequential recruitment of proteins that mediate stages
of repair common to GGR and TCR as follows: formation of an
open, “pre-incision” complex, excision of a DNA fragment con-
taining the lesion, and repair DNA synthesis (10). Although
NER is the main pathway for the removal of intrastrand DNA
cross-links, the molecular mechanisms that ensure repair of
ICLs are still unclear. Current models suggest that such repair
is initiated by DNA double-stranded breaks (DSBs) that are
generated by the collapse of replication forks at the sites of
lesion. These breaks are then acted upon by components of the
NER and homologous recombination (HR) pathways, leading to
the removal of the lesion (11). Biochemical evidence of DNA
replication-mediated DSBs at sites of cross-links has been re-
ported recently (12).

Removal of cisplatin-DNA cross-links contributes to resist-
ance of tumors to the drug, a phenomenon frequently mani-
fested during chemotherapy (2). Thus, increased expression of
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NER components and/or higher levels of cross-link excision
activities have been detected in cancers that fail to respond to
the drug (Ref. 13 and references therein). The efficiency of
cisplatin-DNA lesion removal by NER has been shown to vary
among different intrastrand cross-links, and biochemical stud-
ies have demonstrated that the major determinant in the effi-
ciency of recognition and repair was the extent of structural
distortion of the DNA caused by a given cross-link (14). It has
been suggested that poor substrates for removal by NER, such
as 1,2-intrastrand cross-links, tend to undergo replicative by-
pass, leading to the possible insertion of mispaired bases oppo-
site the cross-links and the intervention of the mismatch repair
(MMR) pathway. Consistent with this view, in vitro studies
have shown that certain types of mismatched cisplatin-DNA
adducts can be specifically recognized by the mismatch recog-
nition complex hMutS� (15, 16). These observations may pro-
vide an explanation why MMR activity is compromised in cer-
tain cell lines selected for their resistance to cisplatin. It should
be noted, however, that abrogation of MMR does not seem to
occur frequently as a mechanism by which human cells acquire
resistance to cisplatin (17).

In addition to the specific factors mentioned above, several
other proteins, such as members of the high mobility group of
proteins involved in chromatin compaction and gene expres-
sion, are capable of recognizing distortions of the double helix
caused by cisplatin-DNA adducts (1, 2). In binding to such
lesions, these proteins have the potential to mask the damaged
DNA and prevent its repair or to recruit repair machineries,
thereby facilitating the removal of the lesions. Hijacking ef-
fects, whereby binding of a factor to a cisplatin-DNA lesion is
detrimental to other processes normally mediated by this fac-
tor, have also been suggested to concur to the cytotoxicity of
cisplatin (18). The recognition of cisplatin-DNA lesions there-
fore appears to contribute greatly to the mechanisms by which
cells express resistance to this drug.

Here we report a novel gene involved in the cell response to
cisplatin in vertebrates. The RDM1 gene (for RAD52 Motif 1)
was identified while searching databases for sequences show-
ing similarities to the DNA recombination and repair gene
RAD52 (Ref. 19 and Ref. 20 and references therein), by virtue
of a small region of aa similarity, hereafter called the RD motif,
that the RDM1 protein shares with a functionally important
N-terminal region of RAD52. RDM1�/� cells, generated by ab-
lation of RDM1 in the chicken B cell line DT40, exhibited in-
creased sensitivity to cisplatin. However, these cells were not
hypersensitive to DNA damages caused by ionizing radiation, UV
irradiation, or the alkylating agent methylmethane sulfonate
(MMS). The RDM1 protein displays a nucleic-acid binding do-
main of the RNA recognition motif (RRM) type. By using gel-shift
assays and electron microscopy, we show that purified, recombi-
nant chicken RDM1 protein interacts with single-stranded DNA
(ssDNA) as well as double-stranded DNA (dsDNA), on which it
assembles filament-like structures. Most importantly, RDM1
was found to recognize distortions of the double helix induced by
cisplatin-DNA adducts. Finally, high expression of human RDM1
transcripts was detected in the testis, suggesting that RDM1
might play a role during spermatogenesis.

EXPERIMENTAL PROCEDURES

DNA and Protein Sequence Analyses—Sequence similarity searches
were carried out using the BLAST family of programs (21). The RRM
motif of RDM1 was identified by using HHMER (22) to query the PFAM
library of Hidden Markov models of protein families (23). The crystal
structure of human RAD52 was examined using Swiss PDB Viewer
(24). All programs were used with default parameters. Sequence data
have been submitted to the DDBJ/GenBankTM/EBI Data Bank under
accession numbers AB080727 (chicken RDM1) and AB080728 (human
RDM1).

Cloning of the Chicken RDM1 Gene and Its Targeted Disruption in
the Chicken B Cell Line DT40—The chicken RDM1 cDNA as well as its
5� and 3� regions were cloned using the SMART RACE cDNA amplifi-
cation kit (Clontech). The genomic DNA fragments used to construct the
RDM1 knock-out vectors were amplified using long range PCR, from
DNA extracted from chicken DT40 cells. Gene disruption vectors
(pRdm1Puro and pRdm1Bsr) were constructed as described previously
(25). Recycling of the drug resistance markers was achieved using pLox
vectors as described (26). DT40 cell culture, transfection, and genomic
Southern blots were done as described previously (25).

DT40 Colony Survival Assay—The survival of DT40 cells in cispla-
tin- and MMS-containing medium was measured by plating serially
diluted cells in chicken medium (25) containing 1% methylcellulose.
Sensitivity to �-radiation was measured by exposing plated cells to a
137Cs �-ray source. UV irradiation (254 nm) was performed on cells
suspended in phosphate-buffered saline. Survival is expressed as a
percentage, using untreated cells as the 100% value.

DNA Substrates and Proteins—Single- and double-stranded circular
�X174 DNA was purchased from New England Biolabs. Linear �X174
DNA with a unique 3�-tail (603 nucleotides in length) was constructed
by PstI digestion of gapped circular �X174 DNA containing a 603-bp
region of ssDNA, which was produced as follows: the 4783-bp PstI-
ApaLI restriction fragment of �X174 DNA was isolated by centrifuga-
tion on a neutral 5–20% sucrose gradient as described previously (27).
This fragment was heat-denatured, and the complementary strand was
annealed to circular (�) ssDNA of �X174, followed by purification of the
gapped DNA by agarose gel electrophoresis and electroelution. The
gapped DNA was precipitated, resuspended in 10 mM Tris-HCl, pH 8.0,
1 mM EDTA (TE), and dialyzed against TE for 24 h at 4 °C. The 52-mer
oligonucleotide EV044 used in this study is complementary to nucleo-
tides 130–181 of the single-stranded (�) form of �X174 DNA. Gel-
purified oligonucleotides were purchased from Proligo. DNA substrates
were 5�-32P-end-labeled using polynucleotide kinase and [�-32P]ATP.
Single-stranded �X174 DNA was 32P-labeled as described (28). All DNA
concentrations are expressed in moles of nucleotides.

Cisplatination of XhoI-cut �X174 dsDNA was carried out in a 100-�l
reaction containing 10 mM Tris-HCl, pH 7.5, 5 mM NaCl, with 5 �g of
DNA and appropriate cisplatin:DNA molar ratios by incubating at
37 °C for 16 h in the dark. Unreacted cisplatin was removed by dialysis
against TE at 4 °C.

Expression and Purification of Recombinant RDM1—Plasmid
pEVD008 was constructed by subcloning the chicken RDM1 gene into
the Escherichia coli expression vector pET15b (Novagen).

Recombinant chicken RDM1 protein was purified from 3.2 liters of E.
coli BL21(DE3)trxB� (29) (a kind gift from A. Pluckthum and P. Lind-
ner) carrying plasmid pEVD008. Cells were grown at 37 °C in Luria
broth containing 60 �g/ml ampicillin and 25 �g/ml kanamycin to an
A600 of 0.5 and induced by the addition of 1 mM IPTG, followed by a
further 2-h incubation at 30 °C. Cells were harvested by centrifugation
and resuspended in 40 ml of T buffer (20 mM Tris-HCl, pH 8.0, 0.5 M

NaCl, 10% (v/v) glycerol, 0.02% (v/v) Triton X-100) containing 5 mM

imidazole, frozen rapidly in liquid nitrogen, and stored at �80 °C.
Bacteria were thawed and lysed by sonication in the presence of phen-
ylmethylsulfonyl fluoride (1 mM), aprotinin (2 �g/ml), and leupeptin (2
�g/ml). Cell debris and insoluble materials were removed by centrifu-
gation at 40,000 rpm for 45 min in a Beckman 50.2 Ti rotor. The
supernatant was passed through a 0.45-�m filter and loaded onto a
40-ml Talon (Clontech) column equilibrated with T buffer containing 5
mM imidazole. The column was washed successively with 240 and 120
ml of T buffer containing 5 and 25 mM imidazole, respectively, and
RDM1 was eluted with a 400-ml linear gradient of 0.025–1 M imidazole
in the same buffer. To prevent possible contaminations from E. coli
exonuclease I (30), fractions containing RDM1 (identified by SDS-
PAGE) were pooled, dialyzed against R buffer (20 mM Tris-HCl, pH 8.0,
1 mM EDTA, 0.5 mM dithiothreitol, 10% glycerol) containing 50 mM KCl,
and loaded onto a 14-ml heparin-Sepharose 6 (Amersham Biosciences)
column equilibrated with the same buffer. The column was washed with
400 ml of R buffer containing 50 mM KCl before a 400-ml linear gradient
of 0.05–1 M KCl in R buffer was applied. Fractions containing RDM1
were dialyzed against R buffer containing 100 mM KCl (R100) and
loaded onto a 20-ml Q-Sepharose column (Amersham Biosciences). The
column was washed with 100 ml of the same buffer, and the protein was
eluted with a 200-ml linear gradient of 0.1–1 M KCl in R buffer. RDM1
was dialyzed against R100 and loaded onto a 1-ml MonoQ (Amersham
Biosciences) column equilibrated with the same buffer. The column was
washed with R100, and a linear gradient of 0.1–1 M KCl in R buffer was
applied. The RDM1 protein, which eluted at �350 mM KCl, was dia-
lyzed against R100 and stored at �70 °C. Protein concentrations were
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determined using the Bio-Rad protein assay kit and bovine serum
albumin as standard. The final yield of RDM1 was about 3 mg. Protein
dilutions were made in R100 buffer.

DNA Binding Assays—Reactions (20 �l) contained the 32P-labeled
DNA substrates in a standard binding buffer (20 mM MES, pH 6.4, or 20
mM sodium acetate, pH 6.0, 1 mM dithiothreitol). After 5 min at 37 °C,
1 �l of RDM1 protein (or R100 buffer) was added, and incubation was
continued for a further 10 min. Complexes were fixed by addition of
glutaraldehyde (final concentration of 0.2% (v/v)) followed by 15 min of
incubation at 37 °C. Protein-DNA complexes were resolved by electro-
phoresis through 0.8% agarose gels run in TAE buffer (or, in the case of
oligonucleotide substrates, 10% polyacrylamide gels in TBE buffer),
dried onto filter paper, and visualized by autoradiography.

In preliminary experiments, no protein-DNA complexes were de-
tected when unfixed reactions with the 52-mer oligonucleotide were
analyzed by gel-shift assays, as these were found to dissociate even
under conditions of low ionic strength electrophoresis (data not shown).
Therefore, glutaraldehyde was added to all the binding reactions ana-
lyzed in this study. It should be noted, however, that unfixed complexes
assembled on larger substrates (ss and ds �X174 DNA) were more
stable and resulted in binding patterns identical to those observed with
fixed complexes (data not shown).

Electron Microscopy—Binding reactions were fixed by addition of
glutaraldehyde to 0.2%, followed by 15 min of incubation at 37 °C.
Samples were then diluted and washed in 5 mM Mg(OAc)2 before uranyl
acetate staining as described previously (31). Complexes were observed
using a Philips CM100 electron microscope.

Northern Blot Analysis—A multiple tissue Northern blot with each
lane containing �2 �g of poly(A)� RNA from specific tissues was
purchased from Clontech. The membrane was hybridized with a 32P-
labeled probe corresponding to the human RDM1 open reading frame
according to the manufacturer’s instructions. A human �-actin cDNA
probe (Clontech) was used as a loading control.

RESULTS

Identification and Cloning of the Chicken and Human RDM1
Genes—A database of chicken bursal ESTs has been estab-
lished as a resource for the analysis of vertebrate gene function
(32). While searching this database for candidate genes in-
volved in DNA repair and/or recombination, we identified an
EST whose deduced aa sequence displayed partial similarity to
an N-terminal region of the RAD52 protein (see below). Rapid
amplification of cDNA ends was used to isolate the full-length
cDNA of this gene, revealing a single open reading frame (ORF)
of 277 aa (Fig. 1A). Further analysis indicated that the se-
quence similarity between this protein and RAD52 was re-
stricted to a short stretch of aa, hereafter called the RD motif
(see below). Because this motif was located in an important
region of RAD52, and to reflect its presence in the newly iden-
tified gene, we named this gene RDM1 (for RAD52 Motif 1).

Exons of the human RDM1 gene were first identified in
genomic DNA databases using TBlastN and the chicken gene
as query. The complete human RDM1 gene, encoding a 284-aa
polypeptide, was subsequently isolated by PCR, both from a
testis and a brain cDNA library. Identical ORFs were amplified
in both cases (data not shown). The human RDM1 gene is
located in region q11.2 of chromosome 17.

Finally, a search of SwissProt/TREMBL databases using
BLAST identified a mouse protein (Q9CQK3, RIKEN cDNA
clone 2410008M22) sharing significant sequence similarity
with chicken and human RDM1 (see below).

Sequence Analysis of the RDM1 Proteins—A multiple se-
quence alignment of human (284 aa), mouse (281 aa), and
chicken (277 aa) RDM1 proteins is shown in Fig. 1A. Human
RDM1 was found to display 71.1 and 51.2% identity and 78.9
and 62.6% similarity, respectively, with its murine and chicken
homologs.

When used to query the PFAM library of protein domains,
the RDM1 sequences revealed the presence, in their N-termi-
nal part, of a nucleic acid-binding motif of the RRM type (Fig.
1B). RRM signatures are found predominantly in various RNA-
and ssDNA-binding proteins (34–36), but their interaction

with duplex DNA has also been reported (37). It is interesting
to note that in human RDM1, the RRM motif corresponds
exactly to exon 2 (data not shown).

We next investigated the sequence similarity between the
RDM1 and RAD52 proteins. Human and yeast RAD52 proteins
form multimeric ring structures that interact with ssDNA to
mediate single-strand annealing (SSA) as well as RAD51-de-
pendent and -independent strand invasion mechanisms (Refs.
20 and 38 and references therein, 39 and 40). It has been
proposed that the ssDNA bound by RAD52 is exposed around
the outside of the ring (41, 42). Recently, the crystal structure
of RAD52 variants proficient in SSA was solved (43, 44), pro-
viding further insights into the mechanisms by which RAD52
rings interact with DNA. In a preliminary analysis, the se-
quence similarity shared by the RDM1 and RAD52 proteins
was found to be restricted to an N-terminal region of RAD52
containing its ssDNA binding and ring formation domains. We
next analyzed representative sequences of both families using
MEME, a program that detects over-represented sequence mo-
tifs in unaligned sequences (45, 46). A statistically significant
(E value 3.5 � 10�75) 29-residue-long sequence motif shared by
all sequences was identified (Fig. 1C). This motif, which we
have named RD motif, spans residues 101–130 in chicken
RDM1 and residues 104–133 in human and mouse RDM1. The
precise location of ssDNA at the surface of a RAD52 ring is still
unknown for lack of a co-crystal. However, the ssDNA is most
probably bound within a deep groove that runs continuously
around the outside of the ring (44). We noted that the N-
terminal strand of the identified motif (aa 61–65) was part of a
hairpin structure that comprises part of the proposed DNA-
binding groove (Fig. 1D). Other residues of the RD motif take
part in the interaction between the RAD52 monomers. For
example, Phe-79 whose aromatic character is conserved in both
RAD52 and RDM1 proteins forms a hydrophobic cluster with
aa Leu-115, Tyr-81, Phe-158, and Tyr-31 of the adjacent mon-
omer. Likewise, residues of helix 69–78 are in contact with
residues of the adjacent monomer.

Finally, we noted the presence of Cys-127 in the RD motif of
human RDM1, although a Trp was present at this position in
the other proteins of Fig. 1C. However, databases of single
nucleotide polymorphisms report a Cys/Trp polymorphism at
this position in human RDM1, with an allele frequency of �0.8
T (Cys) and � 0.2 G (Trp) (NCBI SNP cluster ID, rs2251660;
JSNP ID, IMS-JST047036).

Disruption of RDM1 in Chicken DT40 Cells Confers In-
creased Sensitivity to Cisplatin—To investigate the role of
RDM1 in DNA repair and recombination, we decided to disrupt
it in the chicken B cell line DT40, whose genome can easily be
modified by targeted recombination. To this end, we used a
DT40 clone (DT40Cre1) containing a tamoxifen-inducible Cre
recombinase (MerCreMer) gene that can excise loxP-flanked
(floxed) cassettes. Two RDM1 knock-out constructs
(pRdm1Bsr and pRdm1Puro, harboring a blasticidin and a
puromycin resistance marker, respectively) were made by
cloning genomic fragments of the chicken RDM1 locus up-
stream and downstream of floxed drug resistance markers
(Fig. 2A). Targeted integration of these constructs was ex-
pected to delete nearly half of the RDM1 coding region (from
codon 66 to 181).

Following transfection of pRdm1Bsr into DT40Cre1, a het-
erozygous RDM1 clone was identified (DT40 RDM1�/�), which
was subsequently transfected by pRdm1Puro to produce a ho-
mozygous RDM1 knock-out clone (DT40 RDM1�/�) (Fig. 2A),
indicating that RDM1 is not an essential gene. Both the blas-
ticidin and the puromycin resistance markers were then re-
moved from DT40 RDM1�/� by induction of the Cre recombi-
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nase, yielding the clone DT40 RDM1�/�E (where E indicates
excised). The disruption of RDM1 and the excision of the drug
resistance marker were confirmed by Southern blot analysis
(Fig. 2B).

The overall growth of RDM1�/�E cells was found to be com-
parable with that of wild-type cells. To examine the importance
of RDM1 for DNA repair, we examined the viability of cells
challenged with a variety of DNA-damaging agents using col-
ony survival assays. For comparison purposes, we also used a
DT40 cell line deficient in RAD54, a gene involved in HR and
DSB repair (11, 47–49). Cells were cultured in methylcellulose
plates either in the presence of cisplatin (DNA cross-linking
agent) or MMS (alkylation agent), or following exposure to

�-radiation (DSB inducer). Surviving colonies were counted
after a period of 10 days. Ablation of RDM1 did not impair
significantly the cell resistance to MMS or �-radiation (Fig.
2C). However, compared with wild-type cells, RDM1-deficient
cells consistently showed a more than 3-fold increase in sensi-
tivity to cisplatin, as evaluated at the LD37 dose (Fig. 2C). A
similar cisplatin-sensitive phenotype was observed following
ablation of RDM1 in RAD52-deficient cells (data not shown). As
reported previously, RAD54-deficient cells showed increased
sensitivity to all three DNA-damaging agents. Finally, al-
though RDM1�/� cells were hypersensitive to cisplatin, they
were not hypersensitive to UV light (Fig. 2C), indicating that
NER remained functional in these cells.

FIG. 1. Sequence analysis of the RDM1 proteins. A, protein sequence alignment of human (HsRDM1), mouse (MmRDM1), and chicken
(GgRDM1) proteins performed with ClustalX (33) (default parameters). Invariant and well conserved residues are highlighted in black and gray,
respectively. B, alignment of the putative RRM motif found in RDM1, with the consensus RRM sequence. Consensus residues conserved in all three
proteins are highlighted in black. Conserved residues are highlighted in gray. Similar residues are shaded in gray. C, alignment of the conserved
motif identified by MEME in the RDM1 and RAD52 proteins. RAD52 proteins from human, mouse, chicken, and Saccharomyces cerevisiae were
used for the analysis. Secondary structures were assigned according to the crystal structure of human RAD52. Identical residues are highlighted
in black. Most conserved residues with a frequency of occurrence �30% are highlighted in gray. Similar residues are shaded in gray. D, location
of the RD motif in the crystal structure of human RAD52 (Protein Data Bank code 1KNO). Displayed is a ribbon representation of two adjacent
monomers in a RAD52 ring. The RD motif within the first monomer is colored in green. A tubular representation of ssDNA in its proposed binding
site is overlaid in orange. See text for details.
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The DT40 cell line has been shown to diversify its immuno-
globulin gene by using pseudogene-templated gene conversion
(50). The DT40 Cre1 cells used in this study contain a frame-
shift mutation within the V region of their Ig light chain gene,
which allows gene conversion to be examined by monitoring the
reversion of surface IgM-negative (sIgM(�)) cells to a positive
status (sIgM(�)). When analyzed by this assay, gene conver-
sion in RDM1-deficient cells was found to be comparable with
that of wild-type cells (data not shown).

We next examined whether RDM1-deficient DT40 cells were
proficient in HR by measuring gene targeting at the MSH2 loci.
By using a specific construct to target these loci, we found that
HR-mediated integration reached more than 95% in wild-type
DT40 cells (data not shown), consistent with previous findings
(51, 52). Ablation of RDM1 did not affect this percentage (data
not shown).

Expression and Purification of Chicken RDM1 Protein—To
allow the overexpression of chicken RDM1 with an N-terminal
His6 tag, the chicken RDM1 gene was cloned into the pET15b
expression vector and transformed into E. coli strain
BL21(DE3)trxB�. Overexpression of the protein was induced
by IPTG, resulting in a 36-kDa protein that was purified to
apparent homogeneity by four chromatographic steps (Fig. 3,
see “Experimental Procedures”).

Gel-shift Analysis and Electron Microscopic Visualization of
the Interaction between RDM1 and DNA—The disruption phe-
notype of RDM1 in DT40 cells and the presence of an RRM
motif in its gene product prompted us to study the interaction
of RDM1 with DNA. To this end, we first used gel mobility
assays. Increasing amounts of RDM1 protein were first incu-
bated with a 32P-labeled 52-mer oligonucleotide, followed by
fixation with glutaraldehyde and PAGE. A series of protein-
DNA complexes with progressively retarded mobility was ob-
served, suggesting binding to multiple nonspecific sites (Fig.
4A). Western blot analysis was used to confirm that these
bands contained RDM1, indicating a greater accumulation of
RDM1 protein in complexes with lower mobility (Fig. 4B).
RDM1 was able to also interact with short ssRNA oligonucleo-
tides, resulting in gel-shift patterns identical to that observed
with ssDNA (data not shown).

Interaction of RDM1 with DNA was further explored using
32P-labeled �X174 ssDNA (5386 nucleotides) and linear �X174
duplex DNA. RDM1 displayed noncooperative binding to
ssDNA, as illustrated on agarose gel by the formation of com-
plexes with progressively reduced mobility (Fig. 4C). RDM1
was also found to interact with duplex DNA, but in this case a
more cooperative binding was observed (Fig. 4D and also see
Fig. 7). A detailed study of the reaction conditions required for

FIG. 2. Loss of RDM1 leads to hypersensitivity to cisplatin in DT40 cells. A, targeted disruption of the chicken RDM1 gene. A physical
map of the RDM1 locus, the two RDM1 knock-out constructs, and the targeted loci are shown. Open boxes represent 5�- and 3�-untranslated regions;
closed boxes represent coding regions. See text for details. B, Southern blot analysis of wild-type and RDM1-deficient DT40 cells using the probe
shown in A after BamHI digestion. C, colony survival assay of wild-type, RDM1-deficient, and RAD54-deficient DT40 cells exposed to cisplatin,
MMS, �-rays, and UVC radiation. Experiments were done in triplicate, and the results are shown with standard deviations. Gy, gray.
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DNA binding will be presented elsewhere.2

To visualize the products of binding reactions by electron
microscopy, ssDNA-RDM1 and dsDNA-RDM1 complexes were
fixed with glutaraldehyde and stained with uranyl acetate.
When incubated with ssDNA, low amounts of RDM1 led to
equal distribution of the protein among the DNA molecules and
its random spacing along each DNA string (Fig. 5A). More
active protein preparations revealed denser coating of the DNA
and the appearance of small aggregates (Fig. 5B). Aggregation
was found to increase with the protein concentration (Fig. 5C),
resulting in higher order structures where aggregates were
seen, in small numbers (4–8) and of roughly equal size, on each
DNA molecule (Fig. 5D). These globular structures were sepa-
rated by regions of DNA that were themselves coated by RDM1

(for example, see arrows in Fig. 5, C and D), suggesting that
they originated by aggregation of RDM1-ssDNA complexes me-
diated by protein-protein interaction.

Interaction of RDM1 with duplex DNA (BamHI-linearized
pBluescript II SK�) resulted in complexes that contrasted with
those obtained using ssDNA. Little binding was observed in
reactions using small concentrations of RDM1; some DNA mol-
ecules remained naked, whereas others harbored a small pro-
tein aggregate that was found at a random position along their
length (Fig. 6A). When the RDM1 concentration was increased,
we started to observe filament-like structures that were dis-
persed along the DNA, leaving regions of protein-free DNA
(Fig. 6B). At higher protein concentrations, progressive coating
of the DNA was observed (Fig. 6, C and D). These observations
are consistent with the binding pattern observed using gel-shift
assays, supporting the notion that RDM1 exhibits some degree2 S. Hamimes and E. Van Dyck, manuscript in preparation.

FIG. 3. Purification of chicken RDM1
from E. coli. A, His6-tagged RDM1 was
overexpressed in the presence of IPTG. B,
last step in the purification of RDM1, 12%
SDS-PAGE showing the peak RDM1-con-
taining fractions as eluted from a MonoQ
column using a KCl gradient (see “Experi-
mental Procedures”). Proteins were visual-
ized by staining with Coomassie Blue.

FIG. 4. Binding of RDM1 to single- and double-stranded DNA. A, the indicated concentrations of RDM1 were incubated with a 32P-labeled
52-mer oligonucleotide (2 �M) as described under “Experimental Procedures.” Following fixation with glutaraldehyde, protein-DNA complexes were
analyzed by PAGE and visualized by autoradiography. B, analysis of RDM1-ssDNA complexes with His tag antibodies. The 32P-labeled, 52-mer
oligonucleotide (4 �M) was incubated with the indicated concentrations of RDM1. Reactions identical to those shown in lanes 2 and 3 were
transferred onto a membrane (lanes 4–7), which was probed with anti-His tag monoclonal antibodies using the ECL Western blotting analysis
system (Amersham Biosciences) (lanes 6 and 7, 30-s exposure), followed by rinsing and analysis of the protein-DNA complexes by autoradiography
(lanes 4 and 5, 4-day exposure). Note that the faint signal in the band denoted by an asterisk in lane 7 (possibly resulting from the poor accessibility
of the His tag in protein-DNA complexes involving little RDM1) is clearly visible on longer exposures of the Western blot (data not shown). C and
D as described for A, except that RDM1 was incubated with 3 �M single-stranded �X174 DNA (C) or 6 �M duplex �X174 DNA (D), and complexes
were analyzed by agarose gel electrophoresis.
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of cooperativity in binding to dsDNA.
Targeting of RDM1 to Sites of Cisplatin-DNA Damage—To

investigate further the mechanisms by which RDM1 confers
resistance to cisplatin, we examined its binding to cisplatin-
damaged DNA. To this end, 32P-labeled, linear �X174 dsDNA
was modified with two concentrations of cisplatin and used in
gel-shift assays with increasing amounts of protein (Fig. 7A).
Compared with untreated DNA, interaction of RDM1 with
cisplatin-modified DNA was found to occur at lower protein
concentrations (Fig. 7A, compare lane 2 with lanes 8 and 14),
indicating preferential binding to the damaged DNA. More-
over, in contrast to undamaged control DNA, the most exten-
sively modified substrate resulted in a noncooperative binding
pattern (Fig. 7A, lanes 13–18), which is reminiscent of that
described with ssDNA (Fig. 4B). Taken together, these obser-
vations suggest the targeting of RDM1 to randomly distributed
cisplatin-DNA lesions. Consistent with this view, less extensive
modification of the substrate resulted in an intermediate bind-
ing pattern where some degree of cooperativity was still appar-
ent (Fig. 7A, lanes 7–12), indicating that the excess protein
interacts with duplex DNA, when a limited number of DNA
lesions are available to recruit RDM1. Because this cooperative
interaction is observed at lower RDM1 concentrations com-
pared with intact DNA (Fig. 7A, compare lane 2 with lane 8),
we suggest that RDM1-bound lesions serve as preferred nucle-
ation points for filament extension into the adjoining intact

duplex. To test the hypothesis that RDM1 was targeted to sites
of DNA damage, we visualized its interaction with cisplatin-
modified DNA by electron microscopy. Remarkably, images
obtained with the extensively modified substrate revealed that
each DNA molecule was decorated with multiple protein asso-
ciates (Fig. 7B). The number and distribution of these com-
plexes most likely reflect the recognition of sites of cisplatin-
DNA damage by RDM1, because at this protein concentration,
untreated DNA was hardly bound by RDM1 (data not shown).
Finally, higher concentrations of RDM1 resulted in the assem-
bly of filament-like structures both on cisplatin-modified and
untreated DNA (data not shown).

Interactions of RDM1 with Tailed DNA—In vertebrate cells,
HR contributes to the repair of DNA ICLs (11). Single-stranded
DNA tails, which serve as a scaffold for the assembly of various
recombination factors, are crucial for recombinational repair,
leading to the formation of nucleoprotein filaments and their
invasion into a homologous duplex (40, 53, 54). The different
binding patterns observed with ss- and dsDNA on gel shifts
(Fig. 4) did not allow us to determine whether RDM1 binds
preferentially to single-stranded regions. We therefore investi-
gated the interaction of RDM1 with �X174 DNA molecules
containing a unique ssDNA tail, 603 nucleotides in length. Low
amounts of RDM1 were first incubated with tailed DNA, and
the resulting complexes were analyzed by electron microscopy.
Remarkably, several DNA molecules with only their unique

FIG. 5. Electron microscopic visual-
ization of complexes made by RDM1
on single-stranded DNA. Reactions
contained �X174 ssDNA (3 �M) and the
following concentrations of RDM1: 0.2 �M

(A and B), 0.4 �M (C), and 0.8 �M (D). Note
that the complexes in A and B were ob-
tained with two different preparations of
RDM1. Arrows point to RDM1-covered re-
gions that separate the higher order
structures seen at high protein concentra-
tions. Complexes were fixed with glutar-
aldehyde and visualized after negative
staining. The magnification bar denotes
40 nm.

FIG. 6. Electron microscopic visualization of complexes made by RDM1 on double-stranded DNA. Reactions contained linear dsDNA
(9.2 �M) and the following concentrations of RDM1: 0.2 �M (A), 0.4 �M (B), 0.8 �M (C), and 2 �M (D). The magnification bar denotes 40 nm.
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single-stranded tail bound by RDM1 protein could be seen (Fig.
8A). Because the single-strand region of the tailed DNA ac-
counts for only 11% of the length of the substrate, these obser-
vations indicate that RDM1 interacts specifically with resected
DSBs in vitro. When the concentration of RDM1 was increased,
the protein was seen to also coat regions of the duplex (Fig. 8B),
displaying cooperativity and forming filament-like structures
similar to those shown in Fig. 6, B–D.

Displacement loop (D-loop) formation serves as an in vitro
model reaction to characterize the strand invasion step of re-
combinational repair (40, 53, 55). The RRM-containing protein
hPOMPp75/TSL has been shown previously (56) to exhibit
DNA pairing activity and promote D-loop formation in vitro.
Given the presence of an RRM in RDM1, and its ability to
interact with tailed DNA, we tested whether RDM1 was capa-
ble of promoting assimilation of ssDNA into homologous super-
coiled duplex DNA. However, by using both ss oligonucleotide
or tailed DNA substrates, we did not observe efficient D-loop
formation mediated by chicken RDM1 protein, under condi-
tions where it interacts with ssDNA (data not shown).

High Level Expression of Human RDM1 mRNA in the Testis—
The expression pattern of human RDM1 was determined by
Northern blot analysis, using mRNA from spleen, thymus,

prostate, testis, ovary, small intestine, colon, and peripheral
blood leukocyte (Fig. 9). A transcript of about 1200 nucleotides
was detected in testis (Fig. 9, lane 4), whereas little or no signal
was observed in the other tissues, even after a 2-week expo-
sure. The size of this transcript is in good agreement with the
length of the RDM1 cDNA (data not shown).

DISCUSSION

In this report, we have shown that ablation of RDM1 in
chicken DT40 cells leads to an increase of their sensitivity to
cisplatin. We have also revealed the DNA-binding properties of
the RDM1 protein, and we demonstrated its ability to interact
with cisplatin-damaged DNA in vitro. These studies provide
evidence that the RDM1 gene encodes a novel factor involved in
the cellular response to cisplatin.

The RDM1 protein shares a small sequence motif with mem-
bers of the RAD52 protein family. The RD motif of RAD52 is
located in the evolutionary conserved, N-terminal half of the
protein containing its self-interaction and DNA binding do-
mains, as well as its SSA and strand invasion activities (Ref. 20
and references therein). In addition to including the mutation
rad52-1 (A90V), which originally defined RAD52 (57), the im-
portance of the RD motif itself is underscored by a recent

FIG. 7. Interaction of RDM1 with cisplatin-modified DNA. A, gel-shift analysis. The indicated concentrations of RDM1 were incubated with
32P-labeled dsDNA (4 �M), and fixed protein-DNA complexes were analyzed by agarose gel electrophoresis followed by autoradiography. Lanes 1–6
contain undamaged DNA. The DNA substrates in lanes 7–12 and 13–18 were treated with cisplatin at the indicated formal drug-to-nucleotide (D/N)
ratio. B, targeting of RDM1 to cisplatin-DNA lesions. Electron microscopic visualization of complexes from a reaction containing 3.7 �M linear
dsDNA treated with cisplatin (D/N ratio � 0.7) and 200 nM RDM1. The magnification bar denotes 40 nm.
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molecular genetic dissection of yeast RAD52, showing that the
residues of this motif form a functionally important cluster,
where mutations result in severe phenotypes (58). RAD52 crys-
tal structure analysis (43, 44) and a recent alanine-scanning
mutagenesis of human RAD52 (59) have revealed a potential
function for residues of the RD motif both in ssDNA binding
and the interaction between monomers. We therefore postulate
that the RD motif of RDM1 plays a role in the interaction of the
protein with nucleic acids, possibly as a modulator of the RRM,
and/or that it is involved in the ability of RDM1 to self-interact,
as illustrated in this study by the filament-like structures
observed on dsDNA.

Differences were observed when we analyzed the binding of
RDM1 to either single- or double-stranded DNA. We found that
RDM1 bound ssDNA preferentially but with no cooperativity.
In contrast, a more cooperative binding mode, resulting in the
formation of filament-like structures, was displayed in the
presence of duplex DNA. It is likely that the DNA binding

activities of RDM1 are mediated at least in part by its RRM
motif. In addition, it is possible that other regions contribute to
the DNA binding activities of RDM1. For reasons discussed
above, a prime candidate for such a role is the RD motif.
Whether the different binding modes displayed by RDM1 re-
flect selective functions during DNA damage repair and/or
different roles in the metabolism of nucleic acids remains to be
elucidated. Finally, one of our main findings is that RDM1 is
targeted to sites of cisplatin-DNA damage in vitro. Because
cisplatin-DNA adducts result in large distortion and unwind-
ing of the double helix (1), it is likely that the interaction
between RDM1 and cisplatin-altered DNA is mediated in part
by the single-stranded character of the damaged sites.

The presence of an RRM in RDM1 but not RAD52 is but one
example of the differences that exist between these proteins, as
RDM1 also appears quite different from RAD52 with respect to
biochemical and DNA-binding properties. Thus, the structures
assembled by RDM1 on DNA, notably the filament-like struc-
tures and higher order structures, are quite unlike those de-
scribed for RAD52 (Refs. 20 and references therein, 28, 38 and
references therein, and 60). Likewise, although RDM1 inter-
acts specifically with tailed DNA, no strand invasion activity
was found associated to the protein in vitro.

Although RDM1�/� DT40 cells display an elevated sensi-
tivity to cisplatin, they are not significantly impaired in the
repair of MMS- and ionizing radiation-induced DNA damage,
and they show no apparent defect in HR. Although we cannot
exclude the existence of functional redundancies, these ob-
servations suggest that RDM1 does not contribute, directly or
indirectly, to the mechanisms of base excision repair that
eliminate alkylated bases (61) and to the pathways that
ensure repair of DSBs induced by ionizing radiation: HR and
NHEJ (19). Furthermore, NER was found to remain func-
tional in RDM1�/� mutants. Studies of the mechanisms by
which DNA interstrand cross-links are repaired have under-
lined the participation of components from several DNA dam-
age repair systems (11). In particular, the presence of XPA-
independent and ERCC1-XPF complex-dependent cisplatin
resistance in mammalian cells (Ref. 62 and references
therein) demonstrates that mechanisms other than NER also
contribute to the removal of cisplatin-DNA lesions. It thus
remains possible that the increased cisplatin sensitivity of

FIG. 8. Electron microscopic visual-
ization of complexes formed by
RDM1 on tailed DNA. A, targeting of
RDM1 to ssDNA tails. Two images from
reactions containing 3 �M linear duplex
DNA with a unique ssDNA tail (603 nu-
cleotides) and 90 nM RDM1. Black arrows
point to the RDM1-bound single-stranded
regions. B, filament-like structures ob-
served in reactions containing 3 �M tailed
DNA and 375 nM RDM1. Complexes were
fixed with glutaraldehyde and visualized
after negative staining. Magnification
bars denote 40 nm.

FIG. 9. Northern blot analysis of human RDM1. The following
human tissues were used: lane 1, spleen; lane 2, thymus; lane 3, pros-
tate; lane 4, testis; lane 5, ovary; lane 6, small intestine; lane 7, colon (no
mucosa); lane 8, peripheral blood leukocyte. A, the membrane was
hybridized with a probe corresponding to the hRDM1 ORF and exposed
for 2 weeks. Note that human RDM1 transcripts are already detected in
testis after 2 days (data not shown). B, the membrane was hybridized
with a human �-actin probe and exposed for 4 h.
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RDM1-deficient cells reflects a role in the removal of specific
DNA lesions mediated by specialized, minor repair pathways.
Another possibility is that RDM1 repair functions are re-
quired only in certain chromatin contexts. Our biochemical
studies indicate that RDM1 is endowed with the ability to
assemble various structures on DNA, including higher order
structures. It is therefore tempting to speculate that RDM1
plays a dynamic role in the context of chromatin. For in-
stance, it is possible that RDM1 alleviates cisplatin toxicity
by binding specifically to certain types of cisplatin-DNA le-
sions and recruiting factors to alter the architecture of the
chromatin and facilitate repair. A similar hypothesis has
been made for other proteins such as the functionally redun-
dant, high mobility group box containing proteins Nhp6A and
Nhp6B (63). These proteins comprise part of a nucleosome
reorganizing factor (64–66), and Nhp6A has been shown to
selectively bind to DNA containing a cisplatin intrastrand
cross-link (63). It is interesting to note that loss of Nhp6A/B
in yeast leads to an increased sensitivity to cisplatin but not
UV light (63). Therefore, preferential recognition of certain
types of lesions by RDM1 may also provide an explanation as
to why RDM1 participates in the cell response to cisplatin
without being required in the repair of UV-induced lesions.
Finally, RDM1 might modulate cellular survival to cisplatin
via a more indirect pathway. Studies have shown that chro-
matin structure has a large impact on the degree of damage
caused by cisplatin (67), and it is thus possible that loss of
RDM1 results in an alteration of the chromatin structure
leading to an increase in accessibility of the DNA to the drug.
Following the reconstitution of global NER with purified
proteins (68–70), and the characterization of the DNA dam-
age recognition factors required in vitro for this process,
recent studies (10, 71–73) have also begun to unravel the
mechanisms by which this pathway operates in the context of
chromatin. Model repair systems using nucleosome sub-
strates have been developed (Refs. 74–76 and references
therein). Future experiments should allow us to test a re-
quirement for RDM1 in reconstituted systems using well
defined cisplatin-DNA adducts and chromatin templates.

High level expression of human RDM1 mRNA was observed
in the testis, and it is therefore possible that RDM1 plays a role
in spermatogenesis and/or meiotic recombination. Cisplatin
has proven particularly effective in the treatment of testicular
cancers (77), and it has been proposed that the good response of
testicular tumors to the drug reflects their reduced capacity to
repair cisplatin-DNA damage in vitro (78, 79). It will therefore
be interesting to determine whether the pattern of expression
of RDM1 is altered in testicular tumors, and how RDM1 con-
tributes to the cellular resistance to cisplatin in the testis.
Further studies of RDM1 in relation to the cellular response to
cisplatin-DNA damage should help improve the therapeutic
effectiveness of this drug against a broader range of tumors.
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SUPPORTING INFORMATION

Table II

 Exoglycosidase digestion of dual-labeled HA chains

The table shows the results of independent repeat experiments similar to those displayed in

Table I.

For further information, see the text of Table I.

a)Expressed as percent of total 3H and 14C label recovered after gel chromatography (see Fig. 3).

xlHAS1 spHAS

Digestion
time

(Hours)

[3H]GlcAFree

% a
[14C]GlcNAcFree

%a

3H/14C [3H]GlcAFree

% a
[14C]GlcNAcFree

%a

3H/14C

Protocol 1
0.5 - - - 7.3 36.2 0.2

1 24.5 13.8 1.8 - - -

1.5 - - - 14.5 43.7 0.3

2 38.2 23.3 1.6 - - -

3 - - - 25.2 50.1 0.5

4 36.4 30.9 1.2 - - -

6 58.0 71.1 0.8 38.6 55.7 0.7

Protocol 2
0.5 - - - 11.5 12.8 0.9

1 11.9 17.7 0.7 - - -

1.5 - - - 15.0 19.9 0.8

2 20.4 23.0 0.9 - - -

3 - - 23.4 34.4 0.7

4 30.6 31.1 1.0 - - -

6 37.9 29.7 1.3 34.4 49.8 0.7
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