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Abstract

RDM1 (RAD52 Motif 1) is a vertebrate protein involved in the cellular response to the anti-cancer drug cisplatin. In addition to an
RNA recognition motif, RDM1 contains a small amino acid motif, named RD motif, which it shares with the recombination and repair
protein, RAD52. RDM1 binds to single- and double-stranded DNA, and recognizes DNA distortions induced by cisplatin adducts in vi-
tro. Here, we have performed an in-depth analysis of the nucleic acid-binding properties of RDM1 using gel-shift assays and electron
microscopy. We show that RDM1 possesses acidic pH-dependent DNA-binding activity and that it binds RNA as well as DNA, and
we present evidence from competition gel-shift experiments that RDM1 may be capable of discrimination between the two nucleic acids.
Based on reported studies of RAD52, we have generated an RDM1 variant mutated in its RD motif. We find that the L119GF fi AAA
mutation affects the mode of RDM1 binding to single-stranded DNA.
� 2006 Elsevier Inc. All rights reserved.
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The RNA recognition motif (RRM) is a single-stranded
(ss) nucleic acid-binding domain that is widely distributed
amongst living organisms [1,2]. RRMs are about 90 amino
acids in size and contain two short, conserved elements,
RNP1 and RNP2, involved in ssRNA interaction [3,4].
While RRMs can be found in single copies, very often they
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are present in multiple copies within a single polypeptide
and/or in association with other domains, which contribute
to the protein cooperativity and/or affinity for ssRNA
[1,5]. Although predominantly found in RNA-binding
proteins, RRMs are also endowed with ssDNA-binding
properties, and a growing list of proteins has been found
to which RRMs confer both ssDNA- and RNA-binding
ability [6–8]. In addition, duplex DNA binding by RRM
domains has been documented [9–12]. RRM domains have
also been shown to mediate protein recognition [13].
RRM-containing proteins display a wide subcellular
distribution that reflects a vast spectrum of functions in
pre-mRNA processing and splicing, RNA stability,
sequestration and degradation, mRNA transport, rRNA
metabolism, and telomere metabolism [14,15,23].

We have recently identified a novel RRM-containing
protein in vertebrates [16]. Ablation of the RDM1 gene
(for RAD52Motif 1) encoding this protein in the chicken
B cell line DT40 led to an increased sensitivity to the
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anti-cancer drug cisplatin. With the exception of a single
RRM, inspection of the RDM1 protein sequence revealed
no putative DNA- or RNA-binding motif [16]. However,
adjacent to its RRM, RDM1 was found to contain a
stretch of 21 amino acids, named RD motif, conserved in
the RAD52 protein involved in homologous recombination
and the repair of DNA double-stranded breaks (DSBs)
[16–18]. In RAD52, the region comprising this motif plays
an important role in ssDNA binding ([20] and references
therein), raising the issue of whether the RD motif of
RDM1 may contribute to its DNA-binding activity. Using
gel-shift assay and electron microscopy, we have shown
that purified, recombinant chicken RDM1 protein binds
to ssDNA, as well as double-stranded (ds) DNA on which
it assembles filament-like structures. RDM1 also recogniz-
es the distortions of the double helix caused by cisplatin-
DNA adducts in vitro, suggesting that it may act as a
DNA-damage recognition factor [16].

Here, we have carried out a more in-depth analysis of
the interaction between RDM1 and nucleic acids. We show
that RDM1 protein binds to RNA as well as DNA, and
present evidence from binding competition experiments
that it may discriminate between its DNA and RNA tar-
gets. We also demonstrate that RDM1 displays acidic
pH-dependent DNA-binding activity. Finally, based on
the documented properties of the RAD52 protein, we have
generated an RDM1 variant mutated in its RD motif. We
find that the L119GF fi AAA mutation does not impair the
homotypic interactions of RDM1, as detected by the yeast
two-hybrid assay. However, gel-shift assays and electron
microscopic analyses indicate that this mutation affects
the mode of RDM1 binding to ssDNA, suggesting a role
for the RD motif in modulating the DNA-binding proper-
ties of RDM1.
Materials and methods

Plasmid construction and yeast two-hybrid analysis. The chicken
RDM1(119–121 LGF fi AAA) mutant was generated by site-directed
mutagenesis using the wild-type RDM1 cDNA [16] as template and the
QuickChange Site-Directed Mutagenesis Kit from Stratagene. In-frame
fusion of wild-type and mutant RDM1 to the GAL4 transcription-acti-
vation domain and the GAL4 DNA-binding domain was carried out using
plasmids pGADT7 (LEU2) and pGBKT7 (TRP1) (BD Biosciences,
Clontech), respectively. Constructions were transformed into the host
yeast strain AH109, which carries the reporter genes ADE2 and HIS3
driven by GAL4-responsive upstream activation sequences (BD Biosci-
ences, Clontech). Transformants were selected on synthetic dropout agar
plates lacking Trp and Leu, and individual colonies were tested for two-
hybrid interactions by replica-plating or streaking on plates containing
synthetic dropout medium lacking Trp, Leu, His, and Ade (�Trp/�Leu/
�His/�Ade).

DNA and RNA substrates. Single- and double-stranded circular /X174
DNA was purchased from New England Biolabs. The 52-mer oligonu-
cleotide used in this study (5 0-CAAAGTAAGAGCTTCTCGAGCT
GCGCAAGGATAGGTCGAATTTTCTCATTTT-3 0) is complementary
to nucleotides 130–181 of the single-stranded (+) form of /X174 DNA.
Gel-purified oligonucleotides were purchased from Proligo. DNA and
RNA oligonucleotides, as well as XhoI-linearized duplex /X174 DNA,
were 5 0-32P-end labeled using polynucleotide kinase and [c-32P]ATP.
Single-stranded /X174 DNA was 32P-labeled as described [20]. All DNA
and RNA concentrations are expressed in moles of nucleotides.

Expression and purification of wild-type and mutant RDM1. Recombi-
nant chicken RDM1 proteins with an N-terminal, His6 tag were expressed
in Escherichia coli using pET15b (Novagen)-based plasmids and purified
as described previously [16].

Gel-shift assays. Reactions (20 ll) contained the 32P-labeled DNA
or RNA substrates in a standard binding buffer (20 mM MES, pH
6.4, 1 mM DTT). After 5 min at 37 �C, 1 ll of RDM1 protein (or
protein diluent (R100 buffer: 20 mM Tris–HCl, pH 8.0, 1 mM EDTA,
0.5 mM DTT, 10% glycerol, and 100 mM KCl) 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)] fol-
lowed by 15 min incubation at 37 �C. Protein–DNA complexes were
resolved by electrophoresis through 1% (w/v) agarose gels run in TAE
buffer (or in the case of oligonucleotide substrates, 10% polyacryl-
amide gels in TBE buffer), dried onto filter paper, and visualized by
autoradiography.

Binding buffers at pH values ranging from 5.8 to 6.8 (Fig. 3) were
generated using 20 mM MES or PIPES. Binding was also tested in
more alkaline buffers generated with PIPES, HEPES or triethanola-
mine–HCl.

Densitometric analysis of the competition gel-shift assays was
performed using Scion Image (NIH). Inhibition was calculated based
on the percentage of protein complexed over total DNA obtained in
the competition reactions, relative to that obtained with no inhibitor
present.

Electron microscopy. Binding reactions were fixed by addition of glu-
taraldehyde to 0.2%, followed by 15 min incubation at 37 �C. Samples
were then diluted and washed in 5 mM Mg(OAc)2 before uranyl acetate
staining as described [21]. Complexes were observed using a Philips
CM100 electron microscope.

DNA fragmentation analysis. Apoptosis was induced in DT40 cells by
addition of 50 lM etoposide, and DNA was prepared and analyzed using
a published procedure [22].
Results

Binding of RDM1 to DNA and RNA

In previous studies, chicken RDM1 was found to
interact with short ssDNA oligonucleotides, resulting in
a ladder of protein–DNA complexes, as analyzed by
polyacrylamide gel electrophoresis ([16]; see also below).
The presence of an RRM prompted us to examine whether
RDM1 was also able to bind RNA. To this end, we car-
ried out gel-shift assays using 32P-labeled, 52-mer ssRNA
and DNA oligonucleotides of identical sequence. Unlike
their counterparts assembled on DNA, RDM1–RNA
complexes did not enter polyacrylamide gels (data not
shown). Therefore, fixed complexes were analyzed by
electrophoresis through 1% agarose gels. Discrete RNA–
RDM1 complexes were observed, which varied in mobility
and number compared to the shifted DNA–RDM1 com-
plexes (Fig. 1, compare lanes 2–6 with 8–12), probably
explaining their different behavior on polyacrylamide
gels.

The natural DNA and RNA targets of RDM1 are
presently unknown. As a first step to address this question,
we analyzed inhibition of DNA binding by the four homo-
polyribo- and homopolydeoxyribonucleotides. Unlabeled
competitors (25-mer ss oligonucleotides) were added at



Fig. 1. Binding of RDM1 to DNA and RNA oligonucleotides. The
indicated concentrations of RDM1 were incubated with a 32P-labeled
52-mer DNA (lanes 1–6) or RNA (lanes 7–12) oligonucleotide (2 lM).
Following fixation with glutaraldehyde, the complexes were analyzed by
agarose gel electrophoresis and visualized by autoradiography.
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0.1-, 1-, and 10-fold molar excess over a 32P-labeled 52-mer
DNA oligonucleotide prior to addition of RDM1. We
repeatedly observed that complex formation by RDM1
was largely unaffected by the presence of poly(dA) and
poly(dT) (Fig. 2A, lanes 3–5 and 6–8). In contrast, the
highest titration points of poly(dC) and poly(dG) in the
competition assay nearly eliminated complex formation
(Fig. 2A, lanes 11 and 14, 87% and 96% inhibition, respec-
tively), while modest inhibition was already seen at equi-
molar ratios of competitor over substrate (Fig. 2A, lanes
10 and 13, 7.4% and 13.8% inhibition, respectively).

When homopolyribonucleotides were used to challenge
the ssDNA oligonucleotide, poly(G) was found to have
an even more inhibitive effect than its deoxynucleotide
counterpart, as binding was virtually abolished already in
Fig. 2. Competition gel-shift assays. (A) RDM1 (0.75 lM) was incubated
with a 32P-labeled 52-mer DNA oligonucleotide (2 lM) and increasing
amounts (0.1-, 1-, and 10-fold molar excess) of unlabeled 25-mer
homopolydeoxyribonucleotides. Fixed protein–DNA complexes were
analyzed by electrophoresis through a 10% polyacrylamide gel and
visualized by autoradiography. Lane 2 shows the complexes assembled in
the absence of any inhibitor. (B) As described in (A), except that 25-mer
homopolyribonucleotides were used.
the presence of equimolar amounts of competitors
(Fig. 2B, lane 13, 99.5% inhibition). In contrast, poly(C),
like poly(U), was found to have little or no effect
(Fig. 2B, lanes 6–8 and 9–11). Finally, poly(A) was more
inhibitory than poly(dA), showing some degree of
inhibition at a 10-fold excess of competitor over substrate
(Fig. 2B, lane 5, 33.8% inhibition).

The effect of pH on the binding of RDM1 to DNA

Preliminary experiments indicated an acidic-pH require-
ment for RDM1 binding to DNA. We therefore investigat-
ed the binding of RDM1 to a 32P-labeled 52-mer
oligonucleotide over the pH range 5.8–6.8 in MES- or
PIPES-binding buffers (Fig. 3). We found that protein–
DNA interactions were enhanced in 20 mM MES, pH
6.4, resulting in complexes that were nicely resolved on
polyacrylamide gels (lane 5). Binding efficiency gradually
decreased as the pH was increased from 6.4 to 6.8 (lanes
6 and 7). Very little, if any, binding occurred at pH 7.0,
and above (data not shown). In contrast, significant aggre-
gation occurred in 20 mM MES, pH 6.2, and this phenom-
enon increased as the pH was further lowered (lanes 2 and
3). Similar pH effects were observed with plasmid-size ss
and dsDNA substrates (data not shown).

Analysis of apoptosis in RDM1�/� mutants

Given that RDM1 interacts with DNA at acidic pH and
since acidification is an early event in the apoptotic pro-
gram that leads to genome degradation [24,25], we tested
whether RDM1 may play a role in apoptotic DNA frag-
mentation. When compared to wild-type DT40 cells,
RDM1�/� cells appeared to undergo apoptosis normally
following exposure to etoposide; no differences were
observed in the timing or extent of internucleosomal
DNA cleavage (data not shown).
Fig. 3. Effect of pH on RDM1 binding to ssDNA. RDM1 (0.75 lM) was
incubated with a 32P-labeled 52-mer DNA oligonucleotide (2 lM) in
binding buffers covering the pH range 5.8–6.8, as described under
Materials and methods. Fixed complexes were analyzed by polyacryl-
amide gel electrophoresis and visualized as before. See text for details.
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Analysis of the DNA-binding properties of an RDM1 variant

mutated in its RD motif using gel-shit assays

RDM1 was initially identified based on a small aa motif,
named the RD motif, which is conserved in the RAD52
protein family [16]. Yeast and human RAD52 self-associ-
ate to form ring structures that interact with ssDNA and
mediate crucial reactions in genetic recombination and
DSB repair [17,26–29]. Crystal structure analyses [30,31],
together with biochemical and functional analyses of
human and yeast RAD52 [19,32], indicate that the RD
motif of RAD52 is located in a functionally important
region, containing residues involved in ssDNA binding
and/or oligomerization. In particular, substitution of
AAA for FGY at position 79–81 in HsRAD52 was shown
to completely abolish DNA-binding in vitro. Likewise, the
single mutations F79A and Y81A afforded no detectable
DNA binding [19]. The corresponding positions in
RDM1 are well conserved (Fig. 4A). To begin to elucidate
the function of the RD motif in chicken RDM1, we there-
fore examined the DNA-binding properties of a variant
containing the AAA for LGF substitution at position
119–121 (Fig. 4A). Gel-shift assays indicated that, com-
pared to wt protein, the RDM1(119–121 LGF fi AAA)
mutant required a slightly higher concentration to interact
with the 52-mer oligonucleotide and resulted in complexes
that failed to enter the gel (Fig. 4B). Further DNA-binding
assays were performed with 32P-labeled single-stranded and
double-stranded /X174 DNA. The interaction of wild-type
RDM1 protein with circular ssDNA yielded distinct com-
plexes with progressively reduced mobility (Fig. 4C, lanes
Fig. 4. DNA-binding properties of the RDM1(119–121 LGF fi AAA) muta
families, showing the position of the LGF fi AAA substitution carried out with
(asterisks) discussed in the text. Identical residues are highlighted in black. Mo
in gray. Similar residues are shaded in gray. (B) The indicated concentrations
DNA oligonucleotide (1 lM). Following fixation with glutaraldehyde, protein–
As described for (B), except that the proteins were incubated with 1 lM single-
complexes were analyzed by agarose gel electrophoresis.
1–5), as reported previously [16]. In contrast, the complexes
assembled by the mutant protein on ssDNA formed a non-
uniform pattern of diffuse bands with variable, often limit-
ed, mobility (Fig. 4C, lanes 6–10). In particular, we noted
that, at all protein:DNA ratios, part of the labeled DNA
was found at the position of the unbound probe. More-
over, certain ratios repeatedly led to the formation of dif-
fuse bands whose front migrated slightly faster than the
unbound DNA (see lane 8 for instance), while higher pro-
tein concentrations produced a smear extending towards
the origin of the gel (lane 10). Taken together, these obser-
vations suggested that the RDM1(119–121 LGF fi AAA)
mutant is affected in its ability to interact with ssDNA.
Finally, when assayed using linear duplex /X174 DNA,
the mutant protein displayed a binding pattern comparable
to that described for wild-type RDM1, with the exception
that the complexes assembled at the highest concentrations
of mutant protein failed to enter the gel (Fig. 4D, compare
lanes 4 and 5 with lanes 9 and 10).

Electron microscopic visualization of the complexes

assembled by the RDM1(119–121 LGF fi AAA) mutant on
DNA

In a previous study, we have visualized the interaction
between RDM1 and DNA using electron microscopy. On
ssDNA, low concentrations of RDM1 led to a uniform dis-
tribution of the protein among all the DNA molecules.
Higher protein concentrations progressively resulted in
denser coating of the DNA and the appearance of small
globular aggregates, which formed by aggregation of
nt. (A) Alignment of the RD motif of the RDM1 and RAD52 protein
in chicken RDM1, as well as the FGY fi AAA substitution in HsRAD52

st conserved residues with a frequency of occurrence >30% are highlighted
of wild-type and mutant protein were incubated with a 32P-labeled 52-mer
DNA complexes were analyzed by PAGE and visualized as before. (C,D)
stranded /X174 DNA (C) or 0.5 lM linear duplex /X174 DNA (D), and



Fig. 5. Electron microscopic visualization of complexes assembled by RDM1(119–121 LGF fi AAA) on single-stranded DNA. Reactions contained
/X174 circular ssDNA (1 lM) and the following concentrations of protein: 30 nM (A), 60 nM (B), and 240 nM (C). Arrows point to unbound, collapsed
ssDNA. Arrowheads point to RDM1-covered regions that assemble into higher-order, globular structures. Complexes were fixed with glutaraldehyde and
visualized after negative staining. (C) Composite image formed with several complexes observed in different fields. See text for details. The magnification
bars denote 100 nm.
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RDM1–ssDNA complexes [16]. When examined by elec-
tron microscopy, ssDNA-binding reactions containing the
RDM1(119–121 LGF fi AAA) variant revealed its
unequal distribution among the DNA molecules, as illus-
trated by the simultaneous presence of unbound ssDNA,
visible as tangles of collapsed molecules, and DNA com-
plexed with various amounts of protein (Figs. 5A and B).
Extensively bound DNA molecules could already be
observed in reactions containing 30 nM mutant protein
(Fig. 5A, upper panel). In support of the gel-shift data,
these observations suggest that, unlike wild-type protein,
the RDM1(119–121 LGF fi AAA) mutant displays some
degree of cooperativity in binding to ssDNA. Nonetheless,
the complexes assembled by the mutant protein resembled
those formed at high concentrations of wild-type RDM1,
as they consisted in small globular aggregates probably
originating from protein-coated ssDNA regions, which
were still visible on some complexes (Fig. 5). In view of
the extensive binding afforded by the mutant protein, it is
surprising that, over a large protein concentration range,
the complexes formed by the mutant protein displayed
smaller shifts in mobility than those of wild-type RDM1
(Fig. 4C). A likely explanation, provided by studies of
DNA binding by histone H1 [33], is that the triple mutation
results in conformational changes which affect the extent of
glutaraldehyde-mediated charge neutralization of the com-
plexes and hence their electrophoretic mobility. Finally,
analysis of the complexes formed by the RDM1(119–121
LGF fi AAA) variant in the presence of duplex DNA
revealed the formation of filament-like structures similar
to those described for the wild-type protein (Fig. 6) [16],
consistent with the gel-shift data.

Homotypic interactions of RDM1

The assembly of filament-like structures on dsDNA
prompted us to monitor homotypic protein–protein
interactions of RDM1 using the yeast two-hybrid assay.
Full-length wild-type and mutant RDM1(119–121 LGF
fi AAA) were fused to the GAL4 transcription-activation
domain (pGADT7) or DNA binding domain (pGBKT7)
and transformed into yeast strain AH109. The constructs
showed no self-activation of the reporter genes when
assayed on selective medium (Leu�, Trp�, His�, and Ade�)
(Fig. 7). In contrast, homotypic interactions of both wild-
type RDM1 and RDM1(119–121 LGF fi AAA) were
detected on this medium (Fig. 7), in agreement with the
gel-shifts and electron microscopy data.

Discussion

We have previously reported that RDM1 interacts with
ss- and dsDNA in vitro, resulting in filament-like structures
and other higher-order structures that might reflect a



Fig. 6. Electron microscopic visualization of complexes assembled by
RDM1(119–121 LGF fi AAA) on double-stranded DNA. Reactions
contained linear duplex /X174 DNA (0.5 lM) and 60 nM (A) or
240 nM (B) protein. (B) Composite image formed with complexes
observed in the same field. The magnification bars denote 60 nm.

Fig. 7. Yeast two-hybrid analysis of RDM1 homotypic interactions.
pGADT7 (LEU2) and pGBKT7 (TRP1) vectors expressing the following
constructions of RDM1 were transformed into AH109 and tested for two-
hybrid interactions by replica-plating on �Trp/�Leu/�His/�Ade plates:
1, pGADT7 + pGBKT7-RDM1(A119AA); 2, pGADT7-RDM1(A119AA)
+ pGBKT7-RDM1(A119AA); 3, pGADT7-RDM1(A119AA) + pGBKT7;
4, pGADT7 + pGBKT7-RDM1; 5, pGADT7-RDM1 + pGBKT7-
RDM1; 6, pGADT7-RDM1 + pGBKT7. Pictures were taken 48 h after
replica-plating. See text for details.
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dynamic role in the context of chromatin [16]. As expected
from the presence of an RRM, we have now shown that
RDM1 can bind to RNA as well as DNA. RDM1 can
therefore be added to the list of RRM-containing proteins
capable of associating with RNA and DNA [6–9,11]. Fur-
thermore, our data from competition gel-shift assays sug-
gest that RDM1 is capable of discrimination between the
two nucleic acids. Thus, the purine bases G and, to a lesser
extent, A, were efficient inhibitors of DNA binding when
present as homopolyribonucleotides, while the pyrimidine
poly(C) and poly(U) had no effect. In contrast, no base bias
was observed with polydeoxyribonucleotides as poly(dG)
and poly(dC) were found to achieve almost equal
inhibition, while poly(dA) and poly(dT) had no effect.
We noted also that poly(G) was a much more efficient
inhibitor than poly(dG). We are currently carrying out
experiments to identify the biological nucleic acid targets
of RDM1.

While RDM1 displays very little DNA-binding activity
at pH 6.8, or above, its interaction with DNA was
enhanced at more acidic pHs. This observation suggests
that RDM1 might function in acidic cellular contexts.
Acidic pH plays a critical role in processes that affect cell
survival, drug resistance, DNA repair, and tumorigenesis
[34,35]. Low pH has been shown to enhance the DNA-
binding activity of the transcription factor Sp1, as well as
its interaction with TATA-binding protein, and it has been
postulated that such modulation may provide an advan-
tage in the context of cellular acidosis [36]. The physiolog-
ical relevance of the acidic pH-dependent DNA-binding
activity of RDM1 remains to be determined.

Based on studies of the RAD52 protein, we have previ-
ously hypothesized that the RD motif of RDM1 may con-
tribute to its DNA-binding activity, possibly as a
modulator of its RRM [16]. Mutational analysis of human
RAD52 protein has shown that DNA-binding activity is
abolished in the (79–81 FGY fi AAA) mutant as well as
in the single mutants F79A and Y81A, and it has been sug-
gested that these residues are in direct contact with ssDNA
[19]. The triple alanine substitution (119–121
LGF fi AAA) within the RD motif of RDM1 still affords
binding to both ss- and dsDNA, consistent with the pres-
ence of an intact RRM as the major determinant of the
DNA-binding activity of RDM1. Moreover, this mutation
did not compromise the self-interaction of RDM1 as ana-
lyzed by the yeast two-hybrid system, gel-shift assays,
and electron microscopy. However, the L119GF fi AAA
mutation was found to affect the ssDNA-binding proper-
ties of RDM1, leading to anomalous binding to oligonucle-
otides and imparting some degree of cooperativity of
binding in the presence of /X174 ssDNA, as illustrated
by the simultaneous presence of unbound and extensively
bound DNA molecules in reactions containing low concen-
trations of protein. Previously, we have shown that the
addition of small amounts of RDM1 protein to plasmid-
size DNA led to its uniform distribution among the
DNA molecules, consistent with a non-cooperative model
comprising independent binding sites [16]. Our data indi-
cate that this mode of binding is altered by the
L119GF fi AAA mutation. The observations reported here
may reflect a role for the domain identified by this muta-
tion at the protein–ssDNA and/or protein–protein inter-
faces. An attractive hypothesis is that this domain
contributes additional nucleic acid-binding surface and
properties to the RRM. Situations where the binding sur-
face provided by a single RRM is enlarged through the
contribution of additional amino acids are well document-
ed [1,37]. Whether residues of the L119GF sequence make
direct contact with DNA or play a more structural role
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remains to be determined. Likewise, further work is
required to delineate the domain involved in the modula-
tion of RDM1 mode of interaction with ssDNA, and deter-
mine the extent to which it may overlap with the RD motif.
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