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The mouse hypervariable minisatellite (MN) Pc-1 consists of tan-
dem repeats of d(GGCAG) and flanked sequences. We have previ-
ously demonstrated that single-stranded d(GGCAG), folds into the
intramolecular folded-back quadruplex structure under physiolog-
ical conditions. Because DNA polymerase progression in vitro is
blocked at the repeat, the characteristic intramolecular quadruplex
structure of the repeat, at least in part, could be responsible for the
hypermutable feature of Pc-1 and other MNs with similar repetitive
units. On the other hand, we have isolated six MN Pc-1 binding
proteins (MNBPs) from nuclear extracts of NIH 3T3 cells. Here, we
describe one of those MNBPs, MNBP-B, that binds to the single-
stranded d(GGCAG),. Amino acid sequences of seven proteolytic
peptide fragments of MNBP-B were determined, and the cDNA
clones were isolated. MNBP-B was proven identical to the single-
stranded DNA-binding protein, UP1. Recombinant UP1 bound to
single-stranded d(GGCAG), and other G-rich repetitive sequences,
such as d(GTCAGG), and d(GTTAGG),. In addition, UP1 was dem-
onstrated by CD spectrum analysis to unfold the intramolecular
quadruplex structure of d(GGCAG)s and d(TTAGGG), and to abro-
gate the arrest of DNA synthesis at the d(GGG), site. This ability of
UP1 suggests that unfolding of quadruplex DNA is required for
DNA synthesis processes.

M inisatellites (MNs), also called variable number of tandem
repeats, are arrays of 5-to 100-bp repeats widely dispersed
in eukaryotic genomes (1). Some have been suggested to be
implicated in genetic predisposition to various human diseases.
Although MNs are known to be hot spots for meiotic recombi-
nation in germ cells (1, 2), they are considered to be genetically
stable in somatic cells (3). However, they also have been
demonstrated to be altered in somatic cells with exposure to
chemical carcinogens, vy irradiation, or UV irradiation (4-7).
They also exhibit alterations in a range of tumors of humans and
experimental animals (8-10).

The MN Pc-1, located on mouse chromosome 4, consists of
tandem repeats of d(GGCAG) (11, 12). The germ-line mutation
rate for Pc-1 is 15% per gamete, whereas the mutation rate in
somatic cells is 2-3% per 22-24 population doublings (12-14).
Many hypervariable MNs, consisting of G-rich repeat units
similar to Pc-1, have been found in the mouse and other
mammalian genomes, and mouse MNs containing d(GGCAG),
or d(GGCAGG), motifs are very unstable in germ-line cells
(11). Pc-1 and Pc-1-like MNs were demonstrated to be strikingly
unstable by DNA fingerprint analysis, both in fibroblasts defi-
cient in DNA-dependent protein kinase activity and in NIH 3T3
cells treated with okadaic acid, an inhibitor of protein phospha-
tases (13, 14).

Although the molecular mechanisms underlying the induction
of MN mutations are largely unknown, the G-rich strand of Pc-1
is known to form an intramolecular folded-back quadruplex
structure under physiological conditions and cause arrest of
DNA synthesis (15). We have isolated six MN Pc-1 binding
proteins (MNBPs) from NIH 3T3 cells (16). Two of them,
MNBP-A and MNBP-B, bind to the G-rich strand of Pc-1, and
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the other four, MNBP-D, MNBP-E, MNBP-F, and MNBP-G, to
the complementary C-rich strand.

In this article, we document isolation of cDNA clones encod-
ing MNBP-B and characterization of a recombinant MNBP-B.
Sequences of seven proteolytic peptides of purified MNBP-B
were determined, and cDNA clones were subsequently isolated.
MNBP-B was revealed to be identical to the single-stranded
DNA binding protein, UP1 (17), which is a proteolytic product
corresponding to the N-terminal 195 aa of the 34-kDa hetero-
geneous nuclear ribonucleoprotein (hnRNP) A1 (18, 19). DNA
binding specificity and in vitro effect on quadruplex structures of
UP1 were analyzed to cast light on its biological roles.

Materials and Methods

Oligonucleotides and Plasmids. All synthetic oligonucleotides were
purified by reverse-phase cartridge or HPLC chromatography
[Sawady Technology (Tokyo), Takara Biomedicals (Kyoto), and
Grainer (Tokyo)]. The names and nucleotide sequences of oligo-
nucleotides for electrophoretic mobility-shift assay (EMSA) are as
follows: pG8, d(GGCAG)s; pGS, d(GGCAG)s; pG4, d(GGCAG)4;
pG3, d(GGCAG);; pG4R, d(CAGGG)s; pG3R, d(CAGGG)s;
pG5.6, d(GGCAGG)s; pG5+a, d(GACAGG)s; pGS5.+c, d(GC-
CAGG)s; pG54r1, d(GTCAGG)s; pG5teL, d(GTTAGG)s;
poly(dA), d(A)zo; poly(dT), d(T)z; poly(dC), d(C)zs; poly(dG),
d(G)2s; pC8, d(CTGCC)s; rGS5, r(GGCAG)s; and rG5.y,
r(GUCAGG)s. Poly(dI-dC)/poly(dI-dC) and poly(dT)c were pur-
chased from Amersham Pharmacia. pG8 and pRandom40
[d(GATCCTAGAGCTTCGATAGCCGATCAGTTGAC-
ACTGGTCA)] were used for analysis performed by the surface
plasmon resonance (SPR) system (Biacore, Uppsala, Sweden).
pGS, pTRM4 [d(TTAGGG)s], and pTPs [d(TAGCAGCTAT-
GGGGGAGCTGGGGAAGGTGGGAATGTGA)] were used
for CD analysis. pSub15 [d(CAGGG);sTCTAGTACTGGCCGT-
CGTTTTACAACGTCG] and its 3" complementary 24-mer se-
quence pM13-20 were used for primer extension experiments. The
plasmid pYA-3 was a derivative of pUC119 (20) carrying 12 repeats
of d(GGCAG) (15). Single-stranded DNA of pYA-3 was generated
as described (20). Double-stranded oligonucleotide DS12
[d(GGCAG);2]/[d(CTGCC);,] was prepared as described (16).

EMSA. EMSA and analyses of oligonucleotide competition using
EMSA were performed as detailed (16) with 3?P-labeled pG8
(final concentration 2 nM) applied as a probe. ICsq values, the
concentrations of competitors at which the complex yield is
halved, were estimated from the inhibition curves when the
relative amount of complex was plotted against concentration of
competitor oligonucleotides. Kp values were estimated as the
concentrations of the proteins at which free pG8 is halved, when

Abbreviations: MN, minisatellite; MNBP, MN Pc-1 binding protein; hnRNP, heterogeneous
nuclear ribonucleoprotein; EMSA, electrophoretic mobility-shift assay; SPR, surface plas-
mon resonance; TE, Tris-EDTA.
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a relative amount of free DNA was plotted against protein
concentration.

cDNA Cloning for MNBP-B. MNBPs were purified from NIH 3T3
cells as described (16), and partial polypeptide sequences were
determined according to the methods described by Shinohara et
al. (21). Seven polypeptide sequences of MNBP-B were deter-
mined by a method of Edman degradation under a contract with
APRO Science (Naruto, Japan). cDNA fragments for the
MNBP-B were amplified with a set of degenerated primers,
5'-GAYGGNMGNGTNGTNGARCC-3" and 5'-ACNSWRT-
CRTGRTCRTCRAA-3’, using cDNAs from NIH 3T3 cells as
templates. To isolate a full-length MNBP-B cDNA, an NIH 3T3
cDNA library in Lambda ZAP II (Stratagene) was screened by
plaque hybridization (22) with the partial cDNA fragment
described above as a probe. Finally, one clone, MNBP-B CI-24,
containing the full-length cDNA was identified. Detailed pro-
cedures are provided in additional Materials and Methods, which
are published as supporting information on the PNAS web site,
WWW.pnas.org.

Expression and Purification of Recombinant UP1. UP1 was expressed
in Escherichia coli as a GST-fusion protein, affinity-purified on
glutathione Sepharose (Amersham Pharmacia), and further
purified on ion exchange and gel filtration columns. Release of
the UP1 portion from the GST-fusion protein was performed by
PreScission Protease (Amersham Pharmacia), and further pu-
rifications were performed by several column chromatographies.
Purifications of GST-hnRNP A1l protein and release of hnRNP
Al from the GST-fusion protein were performed following the
procedure similar to that for GST-UP1. Detailed procedures are
provided in Supporting Materials and Methods.

Protein-DNA Interaction Analysis by SPR-Based Biosensor. Binding
experiments were performed by monitoring the association and
dissociation reactions in real time by using the SPR Biosensor,
BIACORE3000 system (Biacore). UP-1 was diluted to various
concentrations with HBS-EP buffer (10 mM Hepes, pH 7.4/150
mM NaCl/3 mM EDTA/0.005% Tween 20, pH 7.4) and injected
to the oligonucleotide-immobilized sensor chip at a constant
flow rate of 20 ul/ml. The kinetic parameters of the interactions
were calculated by nonlinear curve fitting analysis of the asso-
ciation and dissociation curves by using BIAEVALUATION 3.0
software (Biacore). Detailed procedures are provided in
Supporting Materials and Methods.

Formation and Purification of Intramolecular Quadruplex DNA. Oli-
gonucleotide pG8 labeled at its 5 end with 3P in Tris-EDTA
(TE) buffer (10 mM Tris*HCl/1 mM EDTA, pH 8.0) containing
100 mM KCl (final 20 nM) was heated at 95°C for 3 min, followed
by gradual cooling to room temperature, and stored at 4°C for
more than 2 days to allow sufficient formation of intramolecular
quadruplex structures. Sample solutions containing both in-
tramolecular quadruplex and single-stranded forms were sepa-
rated by 7.5% PAGE in 0.5 X TBE buffer containing 10 mM
KCI. Single-stranded forms were purified from a gel as described
(23) and dissolved in TE. Intramolecular quadruplex forms were
purified as described above with the following modification: KCI
was added to all solutions used for the elution and purification
procedures to give a final concentration of 100 mM.

CD Analysis. For CD measurement, lyophilized DNA, pGS,
pTRM4, and pTPs were dissolved in 20 mM sodium phosphate
buffer (pH 7.0) containing 150 mM KCIl. The strand concentra-
tion was 10 uM. Each sample was heated at 90°C for 5 min,
followed by gradual cooling to room temperature, and stored at
4°C for at least 2 days. Either GST-UP1 or GST, dissolved in 20
mM sodium phosphate buffer (pH 7.0) containing 1 mM EDTA,
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Table 1. Amino acid sequence of proteolytic peptides of MNBP-B

Fragment Amino acid sequence
1 IFVGGIK

2 RGFAFVTFDDHDSV

2c* IEVIEIMTDRGSGK

3 DGRVVEPK

3c* VIQK

4 RAVSREDSQRPGAHLTVK
5 EDTEEHHLRDYFEQYGK

*Fragments 2c and 3¢ were minor peptides coexisting with fragments 2 and 3,
respectively.

1mM DTT, 1 mM PMSF, 1 mM benzamidine and 0.2% acetone,
was added step by step to each DNA sample with DNA to protein
ratios of 1:0.5, 1:1, and 1:2. CD spectra of the DNA and
DNA-protein complexes were recorded with a Jasco J-720
spectropolarimeter and a 1-mm cell. CD spectra of GST-UP1
and GST were also recorded. From the CD spectrum of the
DNA-protein complex, that for the corresponding protein was
subtracted.

In Vitro DNA Synthesis Assay. Primer extension reaction was
performed as described (15) with some modifications. Single-
stranded pYA-3 (final 100 nM) in TE buffer containing 100 mM
KCl was stored at 7°C for a few days to allow the sufficient
formation of the quadruplex structure, after heat denaturing at
95°C for 3 min. Five microliters of this sample was mixed with 7.5
wl of Milli-Q water (Millipore) and 5 ul of the pUC/M13
forward (—40) primer (Promega) labeled with 32P at the 5’ end
(0.5 uM) in TE buffer. The mixture was heated at 60°C for 7 min
and incubated at 37°C for more than 30 min to allow annealing
and sufficient quadruplex formation. An aliquot of 1.75 ul of this
primer-annealed template (final 23 nM) was mixed with 0.75 ul
of 10 X BcaBEST buffer (200 mM TrisHCI, pH 8.5/100 mM
MgCl,) and 0.5 ul of ANTPs mixture (50 uM each). After adding
4 wl of GST-UPI suspended in buffer P (20 mM sodium
phosphate, pH 7.0/0.5 mM DTT), the mixture was incubated at
37°C for 5 min, and then the primer extension reaction was
carried out at 37°C for 8 min in the presence of BcaBEST DNA
polymerase (final 66 units/ml, Takara Biomedicals).

A primer extension reaction using a synthetic oligonucleotide
pSubl5 as a template was also performed in the presence and
absence of GST-UP1 as described above with some modifica-
tions. A mixture of the pSub15 and the pM13-20 primer, which
was labeled with 32P at the 5’ end (final 100 nM each), in TE
buffer containing 150 mM KCl was heated at 95°C for 5 min and
then at 72°C for 5 min, followed by gradual cooling to room
temperature, and stored at 7°C for more than 24 h. The
concentrations of BcaBEST DNA polymerase, the primer-
annealed template, and dNTPs were 18 units/ml, 10 nM, and 1.7
uM, respectively. The reaction was stopped by adding 1.5 ul of
a solution (160 mM EDTA, 0.7% SDS, 6 mg/ml proteinase K),
and then the samples were incubated at 37°C for 30 min.

Results

Cloning of cDNA for MNBP-B. A 24-kDa MNBP-B is known to bind
to the pG8 [d(GGCAG)s], representing the G-rich strand of Pc-1
(16). MNBP-B was purified from the NIH 3T3 cells as described
(16) and digested with lysyl endopepetidase in a gel. Amino acid
sequences of five peak fractions of the proteolytic peptide
fragments separated by reverse-phase HPLC were determined
(Table 1). Two of the five fractions also contained minor
peptide-fragments (2c and 3c). The N-terminal sequence of the
purified MNBP-B could not be determined, suggesting protec-
tion from the Edman modification. Partial cDNA sequences for
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Fig. 1.  Structural features of hnRNP A1/UP1 (A) and purification of the
recombinant proteins (B). (A) The RBD segments are RNA binding domain (25).
(B) An SDS 4-12% polyacrylamide gel showing purified GST-UP1 (lane 1), UP-1
(lane 2), GST-hnRNP A1 (lane 3), and hnRNP A1 (lane 4). Lane M, Kaleidoscope
prestained standards (244, 139, 80, 43, 32, 19, 7.7 kDa, top to bottom). Note
that hnRNP A1 shows faster electrophoretic mobility than that expected from
its molecular mass, probably because of the characteristic amino acid compo-
sition in its C-terminal region.

MNBP-B were amplified with a set of degenerated primers
designed from the peptide sequences of the fragments 2 and 3,
subcloned into a pCRII vector, and sequenced. Using this cDNA
fragment as a probe, a cDNA clone, MNBP-B CI-24, containing
the full-length cDNA sequence was isolated from the NIH 3T3
cDNA library.

The nucleotide sequence of cDNA for MNBP-B was identical
to that reported for hnRNP Al (see Fig. 6, which is published as
supporting information on the PNAS web site). Although
hnRNP Al is a 34-kDa protein and differs from MNBP-B in size,
the size of UPI1, a proteolytic product of hnRNP Al, was
equivalent to that of MNBP-B, 24 kDa (18, 19, 24). N-terminal
and C-terminal sequences of MNBP-B were not determined.
However, all of the squences of proteolytic peptide fragments of
MNBP-B were coincident with the UP1 sequence (see Fig. 6).
UP1 is composed mainly of two copies of single-stranded
nucleotide binding domains (25), along with short amino acid
sequences at both terminal and internal regions (Fig. 14).
Taking these results together, it was concluded that MNBP-B is
identical to UP1. We hereafter refer MNBP-B as UP1.

Kinetic Analysis of the Interaction between UP1 and pG8. A recom-
binant protein of UP1 expressed in E. coli as a GST fusion
protein was purified (Fig. 1B, lane 1). After releasing GST tag,
recombinant UP1 was purified to homogeneity through affinity
and gel filtration chromatographies (Fig. 1B, lane 2). In a similar
way, recombinant hnRNP A1 was purified to homogeneity (Fig.
1B, lane 4). From EMSA (data not shown), the value of Kp
(equilibrium dissociation constant) for UP1 to pGS8 was esti-
mated to be 7 X 1078 M. The affinity of UP1 for pG8 was almost
equivalent to that of GST-UP1 and slightly lower than that of
hnRNP A1 (data not shown). The UP1 portion appears essential
for the specific binding of hnRNP Al to pGS8, whereas the
C-terminal portion of hnRNP A1, which is deleted in UP1, may
have a stabilizing effect on its interaction with pG8. Both
associating and dissociating processes were monitored in real
time with an SPR system. pG8 was immobilized on the sensor
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Fig. 2. Interaction between UP1 and oligonucleotides monitored by the

SPR-based biosensor system. (A) Sensorgrams showing the interaction be-
tween pG8 and GST-UP1 at concentrations of 140 pM (a), 70 pM (b), 35 pM (c),
and 17 pM (d). (B) Sensorgrams showing the interaction between GST-UP1 and
pRandom40. Concentrations of GST-UP1 were 560 pM (a), 280 pM (b), 140 pM
(c), and 70 pM (d).

chip surface and its binding reaction with GST-UP1 was studied
after injecting the latter at various concentrations (Fig. 24). The
values for k, (association rate constant), kq (dissociation rate
constant), and Kp were 2 X 10* M~1s71 1 X 107*s7!, and 5 X
1072 M, respectively. Although this Kp value is several times
lower than that evaluated by EMSA, the difference could be due
to the assay systems. The k; value and the sensorgrams in the
dissociation phase indicated that the complex between UP1 and
pG8 is stable. The association of GST-UP1 with pGS8 is four
times faster than that with pRandom40, a random 40-mer
oligonucleotide sequence, and the dissociation from pGS8 is 20
times slower than that from pRandom40 (Fig. 2B).

Sequence Specificity for DNA Binding of UP1. Binding of UP-1 and
hnRNP A1 to the double-stranded oligonucleotide DS12, single-
stranded oligonucleotide pC8, poly(dC), poly(dA), or poly(dT)
was not detected by EMSA (data not shown). Oligonucleotide
competition assays using EMSA revealed that UP1 bound to
PGS+t and pGS5tgr. with a higher affinity than to pGS, but not
to pGS.4c (Table 2). The affinity of UP1 for pGS was less than
for pG8 (Table 2). These data are in good agreement with our
previous results regarding binding properties of UP1 purified
from NIH 3T3 cells (16). The affinity of UP1 for pG3R
[d(CAGGG);] was 10 times higher than for pG3 [d(GGCAG)s]
and the increase of the repeat number of d(CAGGG) enhanced
the binding (Table 2). The affinities of UP1 for oligo RNAs, rG5
and rGS5 .y, were four times stronger than for corresponding
oligo DNAs, pG5 and pG5 ., respectively (Table 2), suggesting
that UP1 binds to not only single-stranded DNA but RNA with
similar sequence specificity. Sequence specificity of hnRNP Al
was similar to that of UP1 (data not shown).

UP1 Binds to Intramolecular Quadruplex DNA. NMR and CD anal-

yses of pG8 and pGS5 indicated that the G-rich strand of Pc-1 with
five or more d(GGCAG) repeats folds into an intramolecular

Table 2. I1C5o values for formation of pG8-UP1 complexes

Competitor I1Cso Competitor 1Cso Competitor 1Cso
pG57eL 3nM pG5.c >1uM  pG3 1 uM
pG54r 4nM pG8 4 nM poly(dG) 100 nM
pG5 20 nM pG4R 40 nM rG5 5nM
pG5:a 30 nM pG4 50 nM rG5.y 1nM
pG5.c 40 nM pG3R 100 nM

ICs0 values, the concentrations of unlabeled competitor oligonucleotide at
which the labeled pG8-UP1 complex yield is halved, were estimated from the
inhibition curves when the relative amount of complex was plotted against
the concentration of a competitor.
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Fig. 3. Binding of UP1 to intramolecular quadruplex DNA. (A) An EMSA

showing the binding of rMNBP-B to single-stranded (SS) and intramolecular
quadruplex (G4’) form of oligonucleotide pG8. Concentrations of SS and G4’
forms of pG8 were 20 nM and 10 nM, respectively. Concentrations of UP1 were
18 uM (lanes 1 and 6), 3.6 uM (lanes 2 and 7), 0.72 uM (lanes 3 and 8), 0.14 uM
(lanes 4 and 9), and 0 uM (lanes 5 and 10). (B) Graphs showing the result of
quantitative analysis of a similar experiment to A. UP1-pG8 complex forma-
tions with single-stranded and intramolecular quadruplex forms are indicated
by ® and O, respectively. Concentrations of both SS and G4’ forms of pG8 were
10 nM. Each point represents the mean of two separate experiments.

folded-back quadruplex structure under physiological conditions
(15). The intramolecular quadruplex form of pG8 oligonucleo-
tide shows faster mobility than the single-stranded form on
PAGE, and each could be separated as described in Materials
and Methods. UP1 bound to both the intramolecular quadruplex
and single-stranded form of pG8 (Fig. 34). This was also the case
for GST-hnRNP Al (data not shown). The affinity of UP1 for
the single-stranded form was about 20 times as high as for the
intramolecular quadruplex form by evaluating Kp values of these
two forms of DNA (Fig. 3B).

UP1 Unfolds Intramolecular Quadruplex DNA. To investigate the
effect of UP1 on the intramolecular folded-back quadruplex
structure of the pGS5 oligonucleotide, d(GGCAG)s, CD analysis
of the pG5 in the presence or absence of GST-UP1 was
performed. The pGS5 oligonucleotide gave the positive CD band
at 290-295 nm after incubating with 150 mM KCI, which is
characteristic for the quadruplex with the folded-back structure
(Fig. 44). The CD band at 290-295 nm of the pG5 was decreased
by addition of GST-UP1 in a concentration-dependent manner,
and twice the molar excess of GST-UP1 protein could halve the
peak (Fig. 44). No change in the CD band was observed on
addition of GST protein (Fig. 4B). It is therefore concluded that
UP1 has the capacity to unfold the intramolecular folded-back
quadruplex form of the d(GGCAG) repeat.

UP1 also binds to pGS5tgr, which contains four telomeric
repeats, d(TTAGGG)4. Because the d(TTAGGG), oligonucle-
otides, representing the G-rich strand of telomere repeats, were
demonstrated to form quadruplex structures in vitro (26), we
investigated the effect of UP1 on this ability. Oligonucleotide
pTRM4 [d(TTAGGG)4] gave a positive CD band at 290-295
nm, like pGS5, after incubating with 150 mM KClI, and the band
was also decreased by GST-UP1 dose-dependently (Fig. 4C). No
change was again observed with GST protein (Fig. 4D). These
results indicate the intramolecular quadruplex structure of the
pTRM4 oligonucleotide to be unfolded by GST-UP1 and suggest
a possibility that UP1 plays a role in telomere maintenance by
destroying the quadruplex structure of telomere ends in vivo.
Four-stranded parallel quadruplex DNA constructed by oligo-
nucleotide TPs was not appreciably unwound by GST-UP1
(Fig. 4E).

Abrogation of DNA Synthesis Arrest on Single-Stranded d(GGCAG)n

Template by UP1. We have reported arrest of DNA synthesis
in vitro on a d(GGCAG), template (15). Because UP1 unfolded
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Fig. 4. CD spectra showing unfolding of DNA quadruplex by UP1. (A) pG5

titrated with GST-UP1. (B) pG5 with GST. (C) pTRM4 with GST-UP1. (D) pTRM4
with GST. (E) pTPs with GST-UP1. From each spectrum, the spectrum of the
corresponding protein is subtracted. Solid line, a DNA/protein ratio of 1:0;
dotted line, 1:0.5; dashed line, 1:1; centered, 1:2.

the intramolecular quadruplex structure of d(GGCAG)s, we
examined the effect of UP1 on the DNA synthesis arrest in vitro.
Single-stranded phagemid pYA-3 carrying d(GGCAG);» was
used as a template. Primer extension reaction with BcaBest DNA
polymerase was obstructed mainly at the first d(GGG) present
in d(GGCAG),, with additional weaker stops at the second,
third, fourth, fifth, and sixth d(GGG) sequences (Fig. 54, lane
1). Other bands showed pausing of the primer exension reaction
at d(GGG) present in multiple cloning sites of the vector plasmid
(indicated by an asterisk in Fig. 54). Because pausing of DNA
synthesis was not observed at the same site on the vector plasmid
without the insert (data not shown), this d(GGG) site in the
multiple cloning site could have made some interaction with the
d(GGG) sequences of d(GGCAG);, repeat. This pausing was
weakened dose-dependently by addition of UP1 to the reaction
(Fig. 54, lanes 2 and 3). Abrogation of DNA synthesis arrest was
demonstrated quantitatively by scanning radioactivity in the gel
(Fig. 5B). UP1 reduced the arrest of DNA synthesis in vitro at
d(GGCAGQG),. In Fig. 5B, lane 2, where the amount of UP1 was
1/8 as much as lane 3, showed bands of intensity between the
profiles of lanes 1 and 3 (data not shown).

To confirm the above results, we prepared a synthetic 105-mer
oligonucleotide containing d(CAGGG);s repeat and used it as
a template for the primer extension reaction (Fig. 5C). Progres-
sion of a DNA polymerase was obstructed mainly at the first
d(GGQG) site with additional weaker stops at the second, third,

Fukuda et al.
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Fig. 5.

Effect of UP1 on the arrest of DNA synthesis at d(GGCAG) repeats. (A) Results of PAGE indicating the primer extension reaction with or without UP1,

using the single-stranded phagemid pYA-3 carrying d(GGCAG)1;. The concentrations of UP1 were 0 M (lane 1), 6.0 uM (lane 2), and 48 uM (lane 3). Horizontal
arrow indicate the direction of the DNA synthesis. (B) Scanning profiles of lanes 1 and 3 of the gel shown in A. (C) Schematic representation of oligonucleotides
used for the primer extension depicted in D. The synthetic oligonucleotides, pM13-20 of 24 mer and pSub 15 of 105 mer carrying d(CAGGG)1s, were used as primer
and template, respectively. The zigzag line indicates d(CAGGG)15 on pSub15. (D) Results of the primer extension reaction with or without GST-UP1, using the
pSub15 (final 10 nM) as a template. The concentrations of GST-UP1 were 0 M (lane 1) and 750 nM (lane 2). The sizes of the fragments are indicated in nt.

fourth, fifth, and sixth d(GGG) sequences, which corresponded
to 30-, 35-, 40-, 45-, 50-, and 55-nt fragments, respectively (Fig.
5D, lane 1). Addition of a 75-fold molar excess of GST-UP1 over
the template reduced the arrest of DNA synthesis in vitro by
24-60% at the first, second, third, fourth, fifth, and sixth
d(GGQG) sites in d(CAGGG);s, and enhanced the synthesis of
complete length DNA (105 nt) by 100% (Fig. 5D, lane 2 and Fig.
7, which is published as supporting information on the PNAS
web site). GST-UP1 reduced the arrest of DNA synthesis in vitro
at d(TTAGGG), when a synthetic oligonucleotide containing
d(TTAGGG), was used as a template (data not shown). Similar
results were obtained in the case of other bacterial DNA
polymerases, Taq and Klenow fragment, as well as BcaBest DNA
polymerase.

Discussion

Sequence Preference of DNA Binding Activity of UP1. MNBP-B, first
detected as an MNBP, was here demonstrated to be identical to
UP-1 originally isolated from calf thymus as a single-stranded
DNA binding protein with a low sequence preference (27).
However, recombinant UP1 bound preferentially to single-
stranded d(GGCAG), and similar sequences, such as d(GT-
TAGG), and d(GTCAGG),, in agreement with our previous
results obtained with UP1 purified from NIH 3T3 cells (16).
Although the function of UP1 in vivo is unknown, UP1 was
demonstrated to be a proteolytic product of 34-kDa hnRNP Al,
and it corresponds to the N-terminal 195 aa of hnRNP Al (18,
19, 24). The latter was first isolated as a major constituent
protein of a hnRNP complex and is suspected to be involved in
pre-mRNA transport, protection, and splicing (for reviews, see
ref. 28). It has also been reported that hnRNP Al binds to the
telomeric repeat sequence and promotes telomere elongation
(29-32). Several members of the hnRNP family are thought to
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play roles in transcriptional regulation, recombination, and
telomere maintenance as a DNA binding protein, in addition to
their action as RNA binding proteins (for review, see refs. 33 and
34). The results of our current study strongly suggest further
significance of hnRNP Al and UP1 as DNA binding proteins.
hnRNP Al is very abundant, with an estimated 7 X 107
molecules in a HeLa cell (35). Although the affinity of UP1 for
DNA was estimated to be only about one-fourth of that for RNA,
it is reasonable, by taking its apparent abundance into account,
that it could have through DNA binding.

Binding and Unfolding Activities of UP1 for Quadruplex Oligonucleo-
tides. Many proteins have been reported to bind to quadruplex
DNA and some of them, including the Ku antigen, demonstrated
an ability to stabilize the quadruplex structure (36). In addition,
only some proteins, such as BLM helicase, WRN helicase, and
murine telomeric DNA binding proteins, qTBP42 and uqTBP25,
were reported to unwind tetra- or bi-molecular quadruplex DNA
(37-39). UP1 efficiently unfolds unimolecular folded-back qua-
druplex DNA and does not appreciably unwind tetramolecular
parallel quadruplex DNA. NTP hydrolysis energy is not required
for unfolding the quadruplex by UP1, and a mechanism for the
unfolding is unknown. However, the mechanism may be pro-
vided by the result that UP1 bound with higher affinity to
single-stranded d(GGCAG)g than the intramolecular quadru-
plex form of the same oligonucleotide. It is possible that binding
of UP1 changes the equilibrium constant between the intramo-
lecular quadruplex and single-stranded DNA, and the UP1-
quadruplex DNA complex is converted to a UPl-single-
stranded DNA complex.

hnRNP A1 is suspected to be involved in pre-mRNA processing.
We indicate that UP1 and hnRNP A1 binds to both single-stranded
DNA and RNA with similar sequence specificity. These results
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strongly suggest that hnRNP A1 and UP1 have an unfolding activity
of intramolecular quadruplex RNA and could be involved in
pre-mRNA processing through this activity. Further study about the
effects of hnRNP A1/UP1 on quadruplex RNA is necessary to
verify whether this hypothesis is true or not.

Possible Involvement of UP1 in Stable Maintenance of GC-Rich Re-
petitive Sequences and Telomere. MNs are genetically unstable even
in somatic cells, although much more unstable in germ cells (1-3).
They are altered in various tumors and somatic cells exposed to
various carcinogens (4—10). Many MNss, consisting of G-rich repeat
units similar to Pc-1, have been found in the mouse and other
mammalian genomes (11). Pc-1 and Pc-1-like MNs have also been
demonstrated to be strikingly unstable both in fibroblasts deficient
in DNA-dependent protein kinase, and in NIH 3T3 cells treated
with okadaic acid, an inhibitor of serine/threonine protein phos-
phatases (13, 14). These findings suggest that there is a certain
molecular mechanism involved in stable maintenance of MNs in
somatic cells, and this mechanism could be modulated by the
phospholylation status of certain cellular proteins. Dysfunction or
misfunction of this mechanism or large amounts of DNA damage
surpassing repair capacity may cause MN mutations. It would be
interesting to determine whether particular tumors contain muta-
tions in MNBPs, including UP1, thus accounting for the high
frequency of mutations observed in these sequences.

Based on our knowledge that the G-rich strand of MN Pc-1
and other short tandem repeats such as d(CGG), triplet repeat
and insulin-variable number of tandem repeat fold into a qua-
druplex structure and causes the arrest of DNA synthesis in vitro,
the characteristic structure of the repeats could be responsible
for the hypermutable feature of Pc-1 and other tandem repeats
with similar repetitive units (15, 40, 41). In the case of d(CGG),
triplet repeat, WRN helicase was demonstrated to facilitate
copying of the quadruplex structure of the triplet repeat by DNA
polymerase 8 in vitro (42). Our finding that UP1 has the activity
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to unfold the intramolecular quadruplex form of d(GGCAG)s in
vitro and to abrogate the pausings of DNA polymerase progres-
sion at the repeat strongly suggests that UP1 may prevent MN
mutations by unfolding the quadruplex structure cooperating
with or making up for WRN helicase in vivo. Although we did
not use eukaryotic DNA polymerases, we assumed that these
bacterial DNA polymerases could be representatives of poly-
merases that occur in cells.

Loss of hnRNP Al in mouse cells correlated with short
telomeres and expression of hnRNP A1l or UP1 restored the
normal length of telomeric repeats (30). In the present study,
UP1 was demonstrated to bind to oligonucleotide sequences
harboring the mammalian telomeric repeat d(TTAGGG), and
unfold the intramolecular folded-back quadruplex structure. It is
possible that UP1 could play a role as a modulator of a tertial
structure of telomeric repeats, as revealed in this study, by
converting the intramolecular quadruplex form of telomere end
into the single-stranded form.

As noted above, hnRNP A1/UP1 is an abundant protein in
cells, and considered to have multiple physiological functions,
including pre-mRNA processing and telomere maintenance. The
present study revealed that MNBP-B/UP1 also has two impor-
tant activities: (i) unfolding the intramolecular quadruplex struc-
ture of d(GGCAG) repeat and abrogating the arrest of DNA
synthesis in vitro at this repeat and (if) unfolding the quadruplex
structure of d(TTAGGG) repeats, that could facilitate telomere
replication or elongation.
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