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ABSTRACT

YB-1 is a multifunctional protein involved in the
regulation of transcription, translation, mRNA spli-
cing and probably DNA repair. It contains a con-
served cold shock domain and it binds strongly to
inverted CCAAT box of different promoters. In this
study, we have found that purified YB-1 oligo-
merizes readily in solutions to form trimers, hexam-
ers and oligomers of 12 molecules. The presence of
ATP changed the conformation of YB-1 in such a
way that only dimers were detected by gel filtration
analyses. Purified YB-1 can separate different DNA
duplexes containing blunt ends, 5 or 3’ recessed
ends, or forked structures. This strand separation
activity is increased on cisplatin-modified DNA or
with duplex molecules containing mismatches. In
addition to its exonuclease activity, YB-1 exhibits
endonucleolytic activities in vitro. Finally, YB-1
affinity chromatography experiments have indicated
that in addition to prespliceosome factors like
nucleolin and ALY, YB-1 binds the DNA repair
proteins MSH2, DNA polymerase 8, Ku80 and WRN
proteins in vitro. Furthermore, immunofluorescence
studies have shown that YB-1 re-localizes from the
cytoplasm to nuclear areas containing either Ku80
or MSH2 proteins in human 293 embryonic kidney
cells. These results suggest that YB-1 is involved in
base excision and mismatch repair pathways.

INTRODUCTION

YB-1 is a member of a family of DNA-binding proteins
containing a cold shock domain. It was originally identified by
its ability to bind to the inverted CCAAT box (Y-box) in the
promoter region of MHC class II genes (1). Subsequently, YB-
1 has been shown to regulate the expression of a number of
genes including proliferating cell nuclear antigen (PCNA) (2),
thymidine kinase (3), DNA polymerase o (4), myosin light-
chain 2v gene (5), Fas antigen (6), collagen al(I) gene (7),

protein tyrosine phosphatase 1B (PTPIB) gene (8), gelatinase
A (9) and the multidrug resistance (MDRI) gene (10,11). In
addition to the regulation of transcription, YB-1 is a multi-
functional protein that also affects the splicing and the
translation of specific mRNAs. Indeed, analysis of the human
presplicesome complex has indicated the presence of YB-1 in
this complex (12). Furthermore, YB-1 interacts with the
splicing factor SRp30c and confers alternative splice site
selection in the E1A minigene model system (13). YB-1 is
also known to bind A/C-rich exon enhancers and to stimulate
splicing of the CD44 alternative exon v4 (14). YB-1 is a
component of messenger ribonucleoprotein particles which
regulate translation in COS cells (15). Consistent with this
observation, YB-1 is capable of specifically regulating the
translation of ferritin mRNA (16). Finally, YB-1 is known to
increase the stability of IL-2 specific mRNA during T-cell
activation (17).

In recent years, several laboratories have demonstrated that
YB-1 is directly involved in the cellular response to genotoxic
stress. Upon UV irradiation or cisplatin treatments, YB-1
binds to a Y-box element within the MDRI promoter and
increases its expression (11). Moreover, depletion of YB-1
expression protein with anti-sense RNA against YB-1 specific
mRNA results in increased sensitivity to cisplatin (11).
Interestingly, YB-1 is increased in cultured cell lines resistant
to cisplatin. In fact, several studies have indicated that the
level of nuclear expression of YB-1 is predictive of drug
resistance and patient outcome in breast tumors, ovarian
cancers and synovial sarcomas (18-22). Upon UV irradiation,
YB-1 translocates from the cytoplasm to the nucleus (23) and
is known to bind to modified nucleic acid (24). YB-1
preferentially binds to cisplatin-modified DNA and interacts
with PCNA (25), a component of several DNA repair systems
(26). In addition, YB-1 stimulates an endonuclease involved in
base excision repair (27). All these observations suggest that
YB-1 is important in DNA repair and in conferring drug
resistance on tumor cells.

It has been reported that YB-1 creates single-stranded
regions in the DRA promoter (28) and it is believed that this
activity is required in part for the regulation of target
promoters (29). In recent years, YB-1 has been shown to
bind preferentially to single-stranded nucleic acids and to

*To whom correspondence should be addressed. Tel: +1 418 691 5281; Fax: +1 418 691 5439; Email: michel.lebel@crhdq.ulaval.ca

Nucleic Acids Research, Vol. 32 No. 1 © Oxford University Press 2004, all rights reserved



exhibit 3’-5" exonuclease activity (30). In this report, we
investigated the strand separation activity of human YB-1
against different double-stranded DNA substrates in vitro.
Different deletion mutants of YB-1 have indicated that amino
acids 39-205 are required for the DNA strand separation
activity. We have also found that YB-1 actively promotes
strand separation of duplex DNA containing either mis-
matches or cisplatin modifications independently of the
nucleotide sequence. It also exhibits an endonuclease activity
on double-stranded DNA. Finally, in vitro YB-1 affinity
chromatography and immunofluorescence analyses have
shown that several DNA repair proteins can interact with
YB-1 reinforcing the notion that this multifunctional protein is
involved in the repair of specific DNA damage.

MATERIALS AND METHODS

Cell lines and antibodies

Human 293 embryonic kidney cells were maintained in
DMEM supplemented with 10% fetal bovine serum.
Polyclonal antibodies against the human WRN were pur-
chased from Novus Biologicals (Littleton, CO). Antibodies
against PARP-1 and DNA polymerase & were purchased from
Transduction Laboratories (Lexington, KY). Antibodies
against ALY, REF1 and XRCC1 were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Antibodies against
Ku80 were purchased from NeoMarkers (Fremont, CA).
Antibodies against DNA-PK, MLH1, MSH2 and PMS2 were
purchased from Oncogene Research Products (Boston, MA).
Antibodies against nucleolin were purchased from Medical
and Biological Laboratories Co. (Watertown, MA). Rabbit
polyclonal antibody against human YB-1 and the correspond-
ing pre-immune serum was kindly provided by Dr P. E.
DiCorleto (The Cleveland Clinic Foundation, Cleveland, OH).
Finally, all horseradish peroxidase-conjugated secondary
antibodies were purchased from Amersham Pharmacia. The
above antibodies were used as indicated by the manufacturers.
Western blots were performed as described previously (31).

Plasmids

Several GST-fusion proteins were constructed for the ‘pull
down’ or YB-1 affinity purification assay. Human YB-1
coding sequence was amplified by PCR with appropriate
oligonucleotides for subsequent cloning into the BamHI/
EcoRI sites of the pGEX-2TK vector. In addition, YB-1
cDNA was cut with Smal and EcoRI (amino acid residues
39-312 of YB-1), Smal and Sall (residues 39-205), Sall and
EcoRI (residues 205-312) and these fragments were cloned
into the appropriate modified restriction sites in the pGEX-
2TK vector. A pGEX-2TK construct coding for a GST-fusion
peptide containing the exonuclease domain of p53 (p53¢x°)
was kindly provided by the laboratory of Jacques C6té (Centre
de Recherche en Cancérologie, Québec City, Canada).
ProScan analyses on p53 have indicated that its exonuclease
domain is within amino acids 185-290. Plasmids were
transfected into BL21 bacteria for fusion protein production.
Proteins were visualized by Coomassie staining when
indicated.
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YB-1 purification and gel filtration

BL21 cells expressing GST-YB-1 fusion proteins were lysed
in NETN buffer (0.5% NP-40, 20 mM Tris—HCI pH 8.0,
100 mM NaCl and 1 mM EDTA) and incubated overnight
with glutathione—Sepharose beads. The next day, beads were
washed with NETN buffer and treated with biotinylated
thrombin (Novagen) for 2 h at room temperature in thrombin
cleavage buffer (20 mM Tris—HCIl pH 8.4, 150 mM NaCl,
2.5 mM CaCl,). Beads were spun down and the supernatant
was kept for the next step. Thrombin was captured by
incubation with streptavidine agarose (Novagen) for 2 h on a
rocking platform at room temperature. Agarose beads were
spun down and YB-1 protein from the supernatant was
concentrated onto Centricon-30 filters (Amicon). Protein
concentration was determined using the Bradford assay.
Proteins were then loaded onto a Superdex-200 column for
gel filtration analysis using an AKTA-FPLC as indicated by
the manufacturer (Amersham Pharmacia). Proteins from each
fraction of the column were visualized by Coomassie staining.

Strand separation and endonuclease assays

The DNA substrates used for the strand separation and
nuclease assays are depicted in Table 1. One strand was
labeled with T4 polynucleotide kinase and [y->’P]ATP and
annealed to its complementary strand as described previously
(32). DNA with cisplatin adducts were created by incubating
oligonucleotides with cisplatin overnight as described previ-
ously (33). DNA substrate was incubated with the recombi-
nant proteins as indicated in the figure legends for 30 min at
37°C in the reaction buffer (40 mM Tris—HCI, pH 7.5, 4 mM
MgCl,, 5 mM DTT, 2 mM ATP and 0.1 pg/ml bovine serum
albumin). Four microliters of loading buffer was added to the
reaction (40% glycerol, 50 mM sodium EDTA, 2% SDS and
1% bromophenol blue, pH 8.0) and the DNA was analysed on
native 12% polyacrylamide gel (in TBE buffer). For the
endonuclease and exonuclease assays, radioactive DNA
substrates were incubated with the indicated purified proteins
in the same reaction buffer as indicated for the strand
separation reaction. Cleaved DNA products were separated
on a denaturing gel (14% polyacrylamide, 8 M urea in TBE)
and analyzed by autoradiography.

YB-1 affinity purification or ‘pull down’ assay

Approximately 108 human 293 cells were lysed in 10 mM
Tris—HCI (pH 7.5), 1% (v/v) Triton X-100, 150 mM NacCl, 5
mM EDTA, 50 mM NaF in the presence of a protease inhibitor
cocktail (Boehringer Mannheim) at 4°C for 20 min. Cells were
sonicated three times for 5 s and cell debris were spun down.
Affinity matrices were prepared by immobilizing GST alone
or GST-YB-1 fusion proteins on glutathione—Sepharose beads
(Amersham Pharmacia) as described (34). Freshly prepared
cell lysates were incubated with the affinity matrices overnight
at 4°C. After extensive washing with lysis buffer, bound
proteins were released by boiling in SDS sample buffer and
analyzed by SDS-PAGE and western blotting.

Indirect immunofluorescence

Human 293 embryonic kidney cells were maintained in
DMEM supplemented with 10% fetal bovine serum.
They were plated on glass coverslips the day before the
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Table 1. DNA Structures

name nucleotides

TTTTTTTTTTTTTTT.
TTAGGGTTAGGGCATGCACTA
AATCCCAATCCCGTACGTGAT

TTTTTTTTTTTITITTT

FS-8/FS-4

TTAGGGTTAGGGCATGCACTA

FS-8gport/FS-4
TT TTTTAATCCCAATCCCGTACGTGAT

TAGTGCATGCCCTAACCCTAA

FS-8/FS-4short ATCACGTACGGGATTGGGATTTTTTTTTTTTTTT

FS-Bup - 1JES-4 TTAGGGTTAGGGCATGCACTA
short short  AATCCCAATCCCGTACGTGAT
FS-3cp - +/FS-4 TTAGGGTTAG C%CATGCACTA
short SMUt  AATGCCAATC 5 (GTACGTGAT
VYR ACTCTGATTGAICTCCACTCCT
TGAGACTAACQAGAGTGAGGA
GATCTAAAAGACTTGGAAAAAG
CPTshort/CPTRshort  CTAGATTTTCTGAACCTTTTTTC
CPTghort/CPTR GATCTAAAAGACTTGGAAAAA
short CTAGATTTTCTGAACCTTTTTTAAAAATTTTTTCTAG
CPT/CPTR GATCTAAAAGACTTGGAAAAATTTTTAAAAAAGATC
CTAGATTTTCTGAACCTTTTTTAAAAATTTTTTCTAG
T
CPT,,/CPTR GATCTAAAAGACTTGGAAAA T TTTTTAAAAAAGATC

CTAGATTTTCTGAACCTTTTT TAAAAAI TTTTTCTAG

immunofluorescence experiments. Cells were fixed in
cold methanol for 10 min and permeabilized with 0.15%
Triton X-100 at 4°C for 10 min. After washing with PBS, cells
were blocked with 2% milk at 4°C for 30 min. After blocking,
antibodies (1:250 for anti-Ku80, 1:50 for anti-MSH?2, 1:2000
for anti-WRN or 1:500 for anti-YB-1) diluted in blocking
buffer were applied to the coverslips and incubated overnight
at4°C. Coverslips were washed with PBS and incubated for 1 h
at room temperature with rhodamine-secondary antibody for
WRN or YB-1 detection (Santa Cruz), and FITC-secondary
antibody (Santa Cruz) for Ku80 or MSH2 detection. After
washing, coverslips were mounted on glass slides. Slides were
viewed at 60X magnification (1.4NA oil-immersion 60X
objective) and zoomed 2X for image acquisition on a Nikon
inverted diaphot confocal microscope equipped with Krypton/
Argon lasers (488 and 568 nm). Images were captured with a
BioRad MRC1024 confocal microscopy system. Finally,
images were colored and merged in Adobe photoshop.

RESULTS
Purified human YB-1 forms oligomers in solution

Recent studies have indicated that YB-1 may act as multimers
and that two C-tail domains of YB-1 are required for
homodimerization (28,30). To determine whether YB-1 can
oligomerize in solution, the GST-YB-1 fusion protein was
produced in bacteria and purified with glutathione—Sepharose
beads (Fig. 1, top left). As the GST portion of this fusion
protein could modify the behavior of YB-1 in vitro, the GST
portion was cleaved off with thrombin (see Materials and
Methods). This purified YB-1 protein has a molecular weight
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Figure 1. Characterization of purified human YB-1 on gels stained by
Coomassie. (Top, left) This gel contains GST-YB-1 and GST proteins
purified on glutathione—Sepharose beads. (Top, right) GST-YB-1 was
treated with thrombin to remove the GST portion of the fusion protein as
described in Materials and Methods. The size of YB-1 is ~42-44 kDa.
(Bottom) These gels contain YB-1 proteins eluted from a Superdex-200 gel
filtration column with or without 2 mM ATP in the buffer. The numbers
above each gel represent the position of marker proteins eluted from such a
column. The numbers below the gel represent the fraction number.

of ~42-44 kDa (Fig. 1, top right). Purified YB-1 was loaded
onto a Superdex-200 column and the eluted proteins were
analyzed on a 10% SDS-polyacrylamide gel. Coomassie
staining revealed that YB-1 eluted in fractions 12-18. In a
parallel experiment, molecular weight protein markers were
also eluted from a Superdex-200 column and analyzed on a
gel. As indicated in Figure 1, the YB-1 peptide was recovered
in multiple peaks that co-eluted with molecular weight
markers of 530, 232, 140 and 67 kDa (bottom). However,
YB-1 co-eluted with the molecular weight marker of 67 kDa
upon addition of 2 mM ATP in the solution. A dimer of YB-1
would be ~80 kDa which elutes with the 67 kDa molecular
weight marker. These results indicate that in addition to
monomers and dimers, YB-1 can form trimers, hexamers and
oligomers of 12 YB-1 molecules in solution. In the presence of
ATP, only dimers are formed.

Human YB-1 separates double-stranded DNA in the
presence or absence of ATP

YB-1 is known to create single strand regions in the DRA
promoter (28). We thus tested whether purified YB-1 can
separate the strands of different DNA duplexes (Table 1). A
forked DNA structure was first tested in the presence or



absence of ATP. ATP was also tested in these reactions
because PROSCAN analysis of YB-1 protein has indicated
that residues 28-58 form a motif with 69% homology to an
ATP-binding signature region. As shown in Figure 2A,
purified YB-1 is capable of separating the strands like a
DNA helicase enzyme. The amount of displaced radioactive
strand was YB-1 concentration dependent (Fig. 2A). YB-1
proteins from fractions 12, 15, 16 and 18 of the Superdex-200
column (Fig. 1) were tested. All these fractions showed similar
strand displacement activities (data not shown). YB-1 was
capable of separating the strands of a forked DNA structure
without ATP (Fig. 2B). However, this activity was doubled in
the presence of 2 mM ATP in the reaction (Fig. 2B and C). The
percentage of displacement was calculated from several
reactions by excising the corresponding bands from the gels
and counting the amount of radioactivity with a [-counter.
Similar results were obtained with different DNA structures
(data not shown). These observations indicate that purified
YB-1 can separate the strands of a forked DNA structure even
in the absence of ATP. Finally, ATPase assays were
performed and no ATP hydrolysis was detected with our
purified YB-1 in the presence or absence of DNA molecules
(data not shown).

Human YB-1 can separate the strands of either blunted,
5" or 3’ recessed DNA structures

The capacity of YB-1 to separate DNA strands was examined
with different duplex structures (see Table 1). As shown in
Figure 3A-E, YB-1 was equally capable of separating DNA
strands from a 22mer duplex containing either blunt ends, a 5’
recessed or a 3’ recessed end. In addition, YB-1 displaced
GC-rich or AT-rich radioactive strands equally well (see
Table 1 for oligonucleotide sequences). Overall, an 8§-16%
strand displacement was observed with different duplex
sequences and this independently of the structures at the
ends of the DNA substrates (Fig. 3C).

YB-1 is a transcription factor that binds strongly to an
inverted CCAAT box (1). A 22mer duplex containing this
sequence (Y-box sequence) was also examined. As shown in
Figure 3F, YB-1 separated the two strands of the Y-box duplex
very efficiently. Close to 50% of total duplex was separated by
YB-1 (Fig. 3G). All these results indicate that YB-1 can
separate a 22mer duplex DNA independently of the nucleotide
sequence. However, YB-1 has a very strong preference for a
duplex DNA containing an inverted CCAAT box.

Human YB-1 does not separate a 36mer DNA duplex
with no inverted CCAAT box sequence

The DNA substrates used in the strand separation reactions in
the preceding sections contained <23 bp. We therefore asked
whether the length of the DNA duplex affects YB-1 strand
separation activity. As indicated in Figure 4A (top), YB-1 was
unable to separate the strands of a 36 bp DNA duplex.

Human YB-1 separates 36mer DNA duplex treated with
cisplatin or containing mismatches

It has been shown that YB-1 binds preferentially to cisplatin-
modified DNA (25). Thus, the 36mer duplex structure was
incubated overnight with cisplatin and the resulting modified
DNA was used in YB-1-mediated strand separation reaction.
As shown in Figure 4A, YB-1 was capable of separating the
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Figure 2. Strand separation activity of human YB-1 on a forked DNA
duplex structure. (A) Increasing amounts of purified YB-1 proteins
(indicated in ng) or 40 ng of GST were incubated with a radioactive 22 bp
forked duplex under standard conditions for helicase activity (see Materials
and Methods) for 30 min at 37°C. Reactions were stopped in the appropriate
dye buffer and the DNA products were run on a 12% native polyacrylamide
gel. The double-stranded and single-stranded structures are depicted on the
left. The asterisk represents the labeled strand at its 5” end. The triangle
represents heat denatured DNA. (B) YB-1 (40 ng) was incubated with a
radioactive 22 bp forked duplex as in (A), in the presence or absence of
2 mM ATP. (C) Histogram representation of the YB-1 strand separation
reactions performed in (B). All experiments were done in duplicates with
40 ng of purified human YB-1. The percentage strand displacement is
calculated by using the formula: c.p.m. of displaced strand/(c.p.m. of
displaced strand + c.p.m. of double-stranded DNA) X 100. The c.p.m. was
calculated for each band of the gel as indicated in Materials and Methods.

strands of the 36mer DNA substrate containing cisplatin
modifications. Approximately 14% of -cisplatin-modified
strands were separated by YB-1 (Fig. 4D).
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Figure 3. Strand separation activity of YB-1 on different duplex structures.
(A-F) The indicated amounts (in ng) of purified human YB-1 proteins were
incubated with the indicated radioactive DNA substrates under standard
conditions for helicase activity (see Materials and Methods) for 30 min at
37°C. Again, 40 ng of GST proteins were used as negative controls when
indicated. Reactions were stopped in the appropriate dye buffer and the
DNA products were run on a 12% native polyacrylamide gel. The double-
stranded and single-stranded DNA structures with their sequence character-
istics are depicted on the left of each autoradiogram. The 5’-labeled strand
of the duplex is represented by an asterisk. (A) and (B) represent reactions
with blunt-ended DNA. (C) and (D) represent reactions with a structure hav-
ing a 3 recessed end. (E) represents reactions with a structure having a 5’
recessed end. In (F), the Y-box sequence is an inverted CCAAT sequence.
All DNA substrates contain 22 paired bases. (G) Histogram representation
of the YB-1 strand separation reactions performed in (A-F). The strand
displacement data were obtained from experiments done in duplicate with
40 ng of the indicated purified proteins. The percentage strand displacement
is calculated by using the formula: c.p.m. of displaced strand/(c.p.m. of
displaced strand + c.p.m. of double-stranded DNA) X 100. The c.p.m. was
calculated for each band of the gel as indicated in Materials and Methods.

YB-1-mediated strand separation reaction was also exam-
ined on duplex DNA containing one or two mispaired bases.
Figure 4B indicates that YB-1 can separate the strands of a
36mer duplex DNA containing one mismatch. Approximately
9% of the total DNA duplex was separated (Fig. 4D). Finally,
a 22mer DNA duplex structure (GC rich) with two mismatches
was tested. Up to 25% of this DNA substrate was separated
into single-stranded DNA (Fig. 4C and D). All these results
indicate that YB-1 can separate duplex DNA with either
mispaired bases or cisplatin-modified lesions.

The DNA strand separation activity of human YB-1
requires amino acids 40-205

To demonstrate that the strand separation activity was intrinsic
to YB-1, a series of GST-YB-1 fusion proteins were analyzed
(Fig. 5A). Although we did see some protein degradation, all
fusion proteins were treated with thrombin and the purified
YB-1 fragments were assayed on the Y-box duplex. These
experiments were repeated three times. As seen in Figure 5B,
full-length YB-1 separated the two strands as shown before.
YB-1 proteins lacking the first 40 amino residues (including
part of the potential ATP-binding site) showed weak activity
on the gel. Approximately 10% of the DNA duplex was
separated by this mutant compared with 27% for the full-
length YB-1 (Fig. 5C). The strand separation activity of this
mutant YB-1 (amino acids 40-313) was similar in the
presence or absence of ATP (Fig. 5B, last panel on the
right). In contrast, the C-terminus part of YB-1 (amino acids
204-313) did not exhibit strand separation activity. Finally, a
YB-1 fragment corresponding to residues 39-205 (Fig. 5B,
middle) exhibited a very weak activity (<5% strand displace-
ment in Fig. 5C). As a negative control, a GST-fusion peptide
containing the exonuclease domain of p53 (p53¢*°) was
assayed under the same conditions and no strand separation
activity was detected (Fig. 5B and C). These results indicate
that the strand separation activity is localized to the region of
YB-1 between amino acids 40 and 205. However, both the N-
terminus and C-terminus portions of YB-1 are obviously
required for optimal activity. Similar results were obtained
with a forked DNA substrate (data not shown).

Human YB-1 exhibits endonucleolytic activities on
double-stranded DNA

Exposition of the native gels in Figure 5B for an additional 3
days showed some degradation of the DNA substrates (data
not shown). This suggests that nucleolytic activity was also
present in the strand separation reactions. Consistent with this
observation, a recent report has indicated that GST-YB-1
chimeric proteins exhibit 3" to 5" exonuclease activity (30).
However, this activity was described only for single-stranded
DNA molecules. Similar analyses were thus performed with
our purified YB-1 proteins on different duplex substrates. To
determine if our purified YB-1 protein exhibited any
exonuclease activity, a single-stranded DNA substrate was
first analyzed. As shown in Figure 6A (left), YB-1 degraded
the single-stranded DNA. However, the autoradiogram had to
be exposed for 3 days to detect the exonuclease activity.

A double-stranded DNA substrate was incubated with YB-1
to examine the exonuclease activity. As shown in the second
panel of Figure 6A, the pattern of degradation was different
from the single-stranded substrate. To demonstrate that the
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exonuclease activity was intrinsic to YB-1, a series of purified
YB-1 fragments were analyzed. Full-length YB-1 exhibited
nucleolytic activity on duplex DNA (Y-box duplex) (Fig. 6A,
right). The absence or presence of ATP did not affect the
nucleolytic activities of full-length YB-1 (data not shown). A
YB-1 protein lacking the first 40 amino acid residues also
exhibited similar nucleolytic activity but at a lower efficiency
(Fig. 6B). The C-terminus portion of YB-1 (residues 204-313)
did not show nuclease activity. A peptide fragment comprising
residues 39-205 of YB-1 cleaved the 5" radioactive nucleotide
of the duplex. Finally, the exonuclease domain of p53 (p53¢*°)
showed very little nuclease activity on this Y-box DNA
duplex. These results indicate that YB-1 introduces nicks or
breaks into double-stranded DNA molecules.

Additional experiments were performed with YB-1 frag-
ments (fragments exhibiting nicking activities in the previous
section) on DNA substrates labeled on either strand to
compare the cleavage patterns. As shown in Figure 7, full-
length YB-1 also cleaved a DNA duplex containing a 3’
overhang. However, the cleavage pattern was different from
the patterns obtained with duplex DNA possessing blunt ends
(compare Figs 6A with 7A). Interestingly, the cleavage pattern

was stronger with a YB-1 molecule lacking the first 40 amino
acid residues. These results indicate that the first 40 amino
acid residues of YB-1 will affect its nicking activity. In
contrast, a YB-1 fragment comprising residues 39-205 did not
exhibit nuclease activity on this DNA substrate. As expected,
the exonuclease domain of p53 exhibited a strong nuclease
activity with a cleavage pattern similar to the N-terminus
truncated YB-1 peptide (Fig. 7A). Similar experiments were
performed on the same DNA substrate except that the opposite
strand was labeled at the 5" end (Fig. 7B). Although labeling of
the short strand did show some heterogeneity of the probe,
only the full-length YB-1 exhibited a weak nucleolytic
activity. Less than 2% of the probe was cleaved with 40 ng
of YB-1. The cleavage pattern indicated nicking near the
labeled 5" end of the strand. None of the mutated YB-1 peptide
showed nicking on the shorter stand of the duplex. The p53¢x°
peptide cleaved the labeled 5" of this substrate (Fig. 7B, last
lane on the right panel). These results suggest that YB-1 can
introduce double-stranded breaks and exhibit endonucleolytic
activities. However, this activity was weak as the autoradio-
grams had to be exposed for 3 days to detect the cleavage
products.
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Figure 5. Strand separation activity of different mutant YB-1 on a DNA duplex structure. (A) Characterization of the different mutant GST-YB-1 fusion
proteins (before thrombin treatments) on gels stained by Coomassie. The YB-1 amino acids present in the fusion proteins are indicated above each lane.
(B) The different GST-fusion proteins were cleaved with thrombin as described in the Materials and Methods and the cleaved products were used in strand
displacement reactions. Approximately 40 ng of the purified YB-1, mutant YB-1 proteins or p53°*° peptide (exonuclease domain) were incubated with a
radioactive 22 bp duplex containing a Y-box sequence under standard conditions for helicase activity (see Materials and Methods) for 30 min at 37°C in the
absence or presence of 2 mM ATP. Reactions were stopped in the appropriate dye buffer and the DNA products were analyzed on a 12% native
polyacrylamide gel. The double-stranded and single-stranded structures are depicted on the left. The asterisk represents the labeled strand at its 5" end. The
triangle represents heat denatured DNA. (C) Histogram representation of the strand separation reactions performed in (B). All experiments were done in
duplicate with 40 ng of purified YB-1, mutant YB-1 proteins or p53¢*® (exonuclease domain) in reaction buffer containing 2 mM ATP. The percentage of
strand displacement is calculated by using the formula: c.p.m. of displaced strand/(c.p.m. of displaced strand + c.p.m. of double-stranded DNA) X 100. The

c.p.m. was calculated for each band of the gel as indicated in Materials and Methods.

Several DNA repair proteins bind to human YB-1
immobilized on a matrix

YB-1 binds to cisplatin-modified DNA (25) and can separate
the strands of such modified DNA (preceding sections). It also
interacts with PCNA (25) and an endonuclease involved in
base excision repair (27). These observations suggest that YB-
1 may be involved in certain aspects of DNA repair. To
identify other DNA repair proteins that may interact with YB-
1, whole cell extracts from the human 293 embryonic kidney
cell line were loaded on affinity column containing the GST-
YB-1 fusion protein immobilized on glutathione—Sepharose
beads. GST immobilized on glutathione—Sepharose beads was
used as a control. Bound proteins were analyzed by western
blots with antibodies specific to different DNA repair proteins.
Western blots were first examined with antibodies against
proteins known to interact with YB-1 or known to be in the
same cellular complex. Nucleolin and ALY were analyzed as
both are found in prespliceosomes with YB-1 (35). As shown
in Figure 8, both nucleolin and ALY bound to the GST-YB-1
beads but not to the GST control beads. These results indicate

that the GST-YB-1 fusion construct can be used for affinity
chromatography experiments.

Poly(ADP-ribose) polymerase-1 (PARP-1), REF1 endonu-
clease (also known as APEIl), and XRCC1 are proteins
involved in short or long patch excision repair pathways (36—
38). Western blot analyses revealed that none of these proteins
bound to the GST-YB-1 matrix (Fig. 8 and data not shown).

As YB-1 can separate the strands of a duplex DNA
containing mismatches, antibodies against proteins known to
be involved in the mismatch repair pathway were also tested.
The presence of MLH1, MSH2 and PMS2 was examined. As
indicated in Figure 8, only MSH2 bound to the GST-YB-1
beads but not to the GST control beads.

Proteins involved in homologous recombination and non-
homologous end-joining were also examined. These include
RADS51, RADS1C and RADS2 for the homologous recombi-
nation pathway and DNA-PK, Ku80 and WRN for the non-
homologous end-joining pathway (39—41). RAD51, RADS1C,
RADS52 and DNA-PK did not bind the GST-YB-1 beads (data
not shown). In contrast, Ku80 and WRN proteins bound
strongly to the GST-YB-1 matrix but not to the GST control.
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Figure 6. Exonuclease and DNA nicking activity of YB-1. (A) Forty
nanograms of full-length, mutant YB-1 or p53¢*® (exonuclease domain of
p53) were incubated for 30 min at 37°C as described in Materials and
Methods with the different DNA substrates indicated above each gel.
Reactions were stopped in the appropriate dye buffer and cleaved DNA
products were analyzed on 14% denaturing polyacrylamide gels to analyze
the exonuclease activity. (B) Histogram representation of the YB-1 nuclease
activity performed in (A) with the duplex DNA substrate. The percentage
nuclease activity was calculated by scanning the figures and using the
formula: intensities of cleaved products/(intensities of cleaved products +
intensity of uncleaved probe) X 100. Results were calculated from duplicate
experiments.
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Finally, an antibody against DNA polymerase & was also
tested on the western blots. As indicated in Figure 8, DNA
polymerase & bound to the GST-YB-1 matrix with low affinity
as suggested by the weak signal observed on the blot.
Altogether, these results indicate that several proteins
involved in DNA repair bind YB-1 in vitro. These findings
strongly support the involvement of YB-1 in specific DNA
repair pathways.

Re-localization of YB-1 to nuclear areas containing DNA
repair proteins in cisplatin-treated cells

Co-localization experiments with antibodies against Ku80 and
YB-1 were performed on intact 293 cells that had been treated
with or without 7.5 mg/ml of cisplatin for 2 h. FACS analyses
revealed no evidence of an increase in apoptotic figures in
cisplatin-treated cultures compared with untreated cells at the
2 h time point (data not shown). Thus, we were analyzing cells
before the onset of apoptosis. As shown in Figure 9A, YB-1 is
found mainly in the cytoplasm of untreated 293 cells with
some nuclear localization. In contrast, Ku80 is only localized
to the nucleus of untreated cells in a diffuse pattern (Fig. 9B).
Immunofluorescence images for both antibodies were
captured in separate channels and overlaid to see the extent
of co-localization. As shown in Figure 9C, few nuclear foci
contained both proteins. In the presence of cisplatin, some
YB-1 proteins translocated to the nucleus (Fig. 9D). The Ku80
distribution pattern was similar in both cisplatin-treated and
untreated cells (compare Fig. 9B with E). Interestingly, >90%
of YB-1 proteins found in the nucleus of cisplatin-treated cells
co-localized with Ku80 (yellow fluorescence in Fig. 9F).
These results indicate that upon cisplatin treatment, YB-1
re-localizes into multiple nuclear foci containing Ku80
proteins. Pre-immune serum from the YB-1 immunized rabbit
did not show such results (data not shown). Western analysis
on 293 whole cell lysates indicated that the rabbit immune
serum used in the immunofluorescence study recognizes only
one band specific to YB-1 (Fig. 9G). However, the anti-YB-1
antibody immunoprecipitated YB-1 from 293 cell lysate only
poorly (data not shown). Hence, co-immunoprecipitation
could not be performed with this antibody.

Co-localization experiments were also performed with
antibodies against MSH2 and YB-1 (Fig. 10). Again, YB-1
is found in the cytoplasm of untreated 293 cells. There are few
foci in the nucleus containing YB-1 (Fig. 10A). Upon cisplatin
treatment, YB-1 re-localizes into the nucleus of 293 cells
(Fig. 10D). As shown in Figure 10B and E, MSH2 is found in
the nucleus of untreated and cisplatin-treated 293 cells in a
weak diffuse pattern. Merging the images shows that there are
few nuclear foci containing both YB-1 and MSH2 proteins
(yellow fluorescence in Fig. 10C) in untreated 293 cells.
However, the number of nuclear foci containing both MSH2
and YB-1 proteins increased substantially in cisplatin-treated
cells (Fig. 10F). Approximately 30% of MSH2 nuclear foci
contained YB-1 proteins upon cisplatin treatment. These
results indicate that upon cisplatin treatment, a proportion of
cellular YB-1 re-localizes into multiple nuclear areas con-
taining MSH?2 proteins.

Both anti-WRN and YB-1 antibodies were generated in
rabbits. Consequently, to detect co-localization of YB-1 with
WRN proteins in treated 293 cells, a specific epitope-tagged
version of the proteins will be constructed. This is part of
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Figure 7. Endonucleolytic activity of YB-1. (A and B) Forty nanograms of full-length, mutant YB-1 or p53%*° (exonuclease domain of p53) peptides were
incubated with the indicated DNA substrates in reaction buffer for 30 min at 37°C as described in Materials and Methods. DNA products were analyzed on
14% denaturing polyacrylamide gels. The brackets on the right side of each gel indicate the cleavage products of each probe by the proteins. Experiments
were repeated twice. (C) Histogram representation of the YB-1 nuclease activity performed in (B). The percentage nuclease activity was calculated by
scanning the figures and using the formula: intensities of cleaved products/(intensities of cleaved products + intensity of uncleaved probe) X 100. Results

were calculated from duplicate experiments.

another study. Finally, the antibody against DNA polymerase
4 used in this study does not work in immunofluorescence.

DISCUSSION

Recent studies have implicated YB-1 in genome stability as it
interacts with proteins involved in DNA repair such as PCNA
(25), human endonuclease III (27) and p53 (42,43). YB-1 also
exhibits exonuclease activities on single-stranded DNA (30).
In this report, we investigated the strand separation and
nucleolytic properties of YB-1 on different DNA duplex
substrates in vitro. For such analysis, we produced GST-YB-1
in bacteria and designed a purification scheme involving the
removal of the GST portion of the fusion construct with
thrombin and a gel filtration step. Elution from the Superdex-
200 gel filtration column has indicated that YB-1 can readily
form trimers, hexamers and oligomers of 12 molecules in
solution. However, the presence of ATP changed the con-
formation of the protein as YB-1 mainly formed dimers, a
complex more likely to be present in vivo. This confirms
earlier reports suggesting that YB-1 is acting as an oligomer
in vivo (28,30). PROSCAN analyses of YB-1 amino acid
sequence have indicated that it possesses an ATP-binding
signature at its N-terminus (residues 28-58). ATPase assays

were performed with our purified YB-1 and it did not
hydrolyze ATP even in the presence of DNA.

Our purified YB-1 can separate the strands of different
DNA duplex molecules under buffer conditions used for
helicase assays (44). The strand separation activity of YB-1 is
increased 2-fold in the presence of ATP (Fig. 2). Importantly,
a mutant YB-1 lacking part of the potential ATP-binding
domain did not exhibit increased strand separation activity in
the presence of ATP (Fig. 5B). Thus, our data indicate that
binding of ATP changes the conformation of YB-1 and affects
its strand separation activities. YB-1 does not seem to have a
preferred directionality like an helicase. It can separate the
strands from a duplex molecule with either a 3" or 5 recessed
end, blunt-ended DNA, or a forked DNA structure equally
well. The strongest strand separation activity was observed
with DNA duplexes containing an inverted CCAAT box.
Additional analyses with deletion mutants have indicated that
the DNA strand separation activity is intrinsic to YB-1 protein
and the active site is situated between amino acid residues 40
and 205. Importantly, this region of YB-1 is known to contain
the DNA-binding domain (30). The length of the duplex
structure affects YB-1 strand separation activities. YB-1 can
separate a 22 bp molecule but not a 36 bp molecule. However,
it will separate a 36mer containing one or two base
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Figure 8. Immunoblots against DNA repair proteins bound to GST-YB-1
affinity Sepahrose beads. Human 293 embryonic kidney whole cell extracts
(WCE) were incubated with either 50 pug of GST-YB-1 or GST linked
glutathione—Sepharose beads overnight. Proteins bound to the affinity beads
were analyzed by SDS-PAGE with antibodies against the indicated proteins
on the left of each blot.

mismatches or cisplatin modifications. This strongly suggests
that YB-1 will bind and process DNA molecules with such
lesions.

YB-1 is not only capable of separating the strands, but it can
also cleave double-stranded DNA molecules. However, this
YB-1 nicking activity is weaker than the strand separation
activities. Unlike the strand separation activity, it takes several
days of exposition to see the nucleolytic cleavage pattern on
an autoradiogram. This suggests that the DNA strand separ-
ation activity of YB-1 is stronger than its nucleolytic activity
under the in vitro conditions employed in this study. Our
preliminary observations indicate that YB-1 cleavage activ-
ities seem to be sequence and/or structure dependent.
Noticeably, the exonucleolytic activity on a DNA duplex
substrate containing a 3’ overhang increased dramatically
when YB-1 lacked the first 40 N-terminus amino acid
residues. This increased nucleolytic activity was not observed
on blunt duplex. The reason for the enhanced nucleolytic
activity with the mutant YB-1 (40-313) peptide is unknown.
Presumably the deletion of the first 40 amino acids of YB-1
has affected its interaction with different DNA structures
in vitro.

Our data on the enzymatic activities of YB-1 toward duplex
with mismatches and cisplatin modifications suggest that YB-
1 might be involved in base excision repair and mismatch
repair pathways. It was thus logical to ask whether YB-1 can
bind to proteins involved in such DNA repair pathways.
Accordingly, affinity chromatography experiments were
performed on a YB-1 matrix with 293 whole cell lysates.
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Figure 9. Co-localization of YB-1 and Ku80 by immunofluorescence.
Human 293 embryonic kidney cells were untreated (A—C) or incubated with
7.5 pg/ml of cisplatin for 2 h (D-F), then fixed and subsequently incubated
simultaneously with rabbit anti-YB-1 and mouse anti-Ku80 as described in
Materials and Methods. Anti-rabbit rhodamine-labeled and anti-mouse
FITC-conjugated secondary antibodies were used to visualize YB-1 and
Ku80 by confocal microscopy at 568 and 488 nm, respectively. Images de-
pict representative cells from each of the non-treated and cisplatin-treated
cultures. In the merged images (C and F) a yellow color appears where
YB-1 (red) and Ku80 (green) fluorescence signals coincide. In (G), western
analysis of 293 total cell lysate with anti-YB-1 and pre-immune sera.

The only repair proteins that bound the YB-1 matrix in our
study were DNA polymerase 8, MSH2, Ku80 and WRN. In
addition, immunofluorescence studies have indicated re-
localization of YB-1 to regions of the nucleus containing
either Ku80 or MSH2 proteins in cisplatin-treated cells (Figs 9
and 10).

The MSH2/YB-1 interaction is an interesting observation as
cancer cell lines with a mutation in the MSH2 gene are also
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Figure 10. Co-localization of YB-1 and MSH2 by immunofluorescence.
Human 293 embryonic kidney cells were untreated (A—C) or incubated with
7.5 pg/ml of cisplatin for 2 h (D-F), then fixed and subsequently incubated
simultaneously with rabbit anti-YB-1 and mouse anti-MSH2 as described in
Materials and Methods. Anti-rabbit rhodamine-labeled and anti-mouse
FITC-conjugated secondary antibodies were used to visualize YB-1 and
MSH?2 by confocal microscopy at 568 and 488 nm, respectively. Images de-
pict representative cells from each of the non-treated and cisplatin-treated
cultures. In the merged images (C and F) a yellow color appears where YB-
1 (red) and MSH2 (green) fluorescence signals coincide.

resistant to platinum-containing compounds (45). This pro-
vides a link between the activity of YB-1 and the mismatch
repair protein MSH2 in the processing of cisplatin-modified
DNA. Future experiments with purified MSH2 will determine
whether it can bind directly to YB-1 and alter its activities.
DNA polymerase 0 is another factor (with PCNA and EXO1)
associated with mismatch repair (46). It is interesting to note
that DNA polymerase & bound our GST-YB-1 matrix and that
PCNA interacts with YB-1 in vivo (25). Again, these results
point to a potential role for YB-1 in the mismatch repair
pathway.

Ku80 has been reported to have a role in transcriptional
reinitiation by RNA polymerase II in addition to double-strand
break repair (47). As YB-1 is a transcription factor, it is
possible that the observed interaction with Ku80 is in the
context of transcription in cells and not DNA repair. However,
Ku antigen has also been shown to down regulate the activity
of the base excision repair protein endonuclease III in
the context of DNA molecules with closely opposed
lesions (48). Thus, Ku antigen will also affect some aspects
of base excision repair in cells. Additional analyses on a
Ku/YB-1 complex are required to distinguish between these
possibilities.

It is believed that WRN protein is a dual exonuclease/
helicase enzyme not only involved in non-homologous end-
joining, but also in long patch base excision repair (42).
Mutations in the WRN gene are responsible for the human
progeroid disorder Werner syndrome. Importantly, WRN
protein translocates to specific nuclear foci upon UV treatment
(49). These foci are believed to be sites of DNA repair. The co-
localization of WRN and YB-1 and their direct interaction at
sites of DNA repair upon UV treatment require experiments
with good antibodies against both proteins.

In summary, we have found that YB-1 can separate
different DNA duplex structures and this activity is increased
when duplex molecules contain either mispaired bases or
cisplatin modifications. YB-1 exhibits endonucleolytic activ-
ity in addition to its exonuclease. Finally, YB-1 binds in vitro
proteins involved in both base excision repair and mismatch
repair pathways suggesting an involvement of YB-1 in these
repair pathways. Additional in vitro as well as in vivo analyses
are required to confirm the functional interactions between
YB-1 and these DNA repair proteins.
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