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To understand the regulation mechanism of fission yeast telomeric DNA, we analysed
the structural properties of Gn: d(G,TTAC) (n=2-6) and 4Gn: d(G,TTAC),
(n=3 and 4), and their interaction with the single-stranded telomeric DNA binding
domain of telomere-binding protein Potl (Pot1DBD). G4, G5 and G6 formed a parallel
tetraplex in contrast with no tetraplex formation by G2 and G3. Also, 4G4 adopted
only an antiparallel tetraplex in spite of a mixture of parallel and antiparallel
tetraplexes of 4G3. The variety of tetraplex structures was governed by the number
of consecutive guanines in a single copy and the number of repeats. The antiparallel
tetraplex of 4G4 became unfolded wupon the interaction with PotlDBD.
The interaction with mutant Pot1DBD proteins revealed that the ability to unfold
the antiparallel tetraplex was strongly correlated with the specific binding affinity
for the single-stranded telomeric DNA. The result suggests that the decrease in
the free single strand upon the complex formation with Pot1DBD may shift the
equilibrium from the tetraplex to the single strand, which may cause the tetraplex
unfolding. Considering that the antiparallel tetraplex inhibits telomerase-mediated
telomere elongation, we conclude that the ability of Potl to unfold the antiparallel
tetraplex is required for telomerase-mediated telomere regulation.

Key words: CD spectroscopy, fluorescence resonance energy transfer, telomeric DNA,
telomeric DNA binding protein, tetraplex.

Abbreviations: EMSA, electrophoretic mobility shift assay; Fam, 6-carboxyfluorescein; FRET, fluorescence
resonance energy transfer; GST, glutathione S-transferase; IPTG, isopropyl-B-p-thiogalactopyranoside; ITC,
isothermal titration calorimetry; Pot1DBD, single-stranded telomeric DNA binding domain of fission yeast

telomere-binding protein Pot1l; WT, wild-type Pot1DBD.

The telomere is the nucleoprotein complex located
at the ends of linear eukaryotic chromosomes (I1-5).
It is essential for maintaining chromosomal stability to
inhibit DNA degradation, preventing fusion between
chromosomes, and achieving accurate and complete
replication of the chromosomal ends (I-5). Telomeric
DNA consists of tandemly repeated sequences, one
strand being rich in guanines. The G-rich strand
terminates with a single-stranded 3 overhang. The
telomeric DNA sequences are either composed of perfect
repeats, such as d(TeGy) in Tetrahymena (6), d(T4Gy)
in Oxytricha and Stylonychia (7, 8), and d(T5AGj3) in
more than 100 vertebrates including human (9), or show
some sequence heterogeneity, for example d(Gi3T) in
Saccharomyces cerevisiae (10) and d(G;gTTACA.1Co.1)
in Schizosaccharomyces pombe (11, 12). The length of
telomeric DNA decreases with cell age, and when the
telomeric DNA is significantly degraded, the cell dies
(13-16). It has been suggested that immortalized cells
have sufficient telomerase activity to preserve their
telomeric DNA indefinitely, and that this activity is
important for maintaining the immortalized state (1-5).

*To whom correspondence should be addressed: Tel: 81-3-5228-
8259, Fax: 81-3-5261-4631, E-mail: htorigoe@ch.kagu.tus.ac.jp

Vol. 141, No. 1, 2007

This possible relation to cell aging and cancer has
recently led to considerable interest in the G-cluster
telomeric DNA.

The G-cluster telomeric DNA sequences have the ability
to form defined tetraplex structures (17-19). The funda-
mental structural unit of the tetraplex structure is
composed of four guanine residues aligned with each
other in a square planar configuration (17-21).
Each guanine interacts with each of the two adjacent
guanines through two non-Watson—Crick GeG base
pair hydrogen bonds (17-21). The tetraplex structures of
G-cluster sequences can be formed tetramolecularly via
the parallel alignment of four strands (22), bimolecularly
via the association of two hairpins (23) or monomolecu-
larly via intramolecular folding (24), and are stabilized
by cations such as Na™ or K (24). Although the tetraplex
structures of the perfectly repetitive telomeric DNA
sequences from Tetrahymena (23-27), Oxytricha (24, 26),
and vertebrates (27-30) have been well-characterized,
few studies have been reported on the tetraplex formation
by the irregularly repetitive telomeric DNA sequences
from budding and fission yeasts.

The biological role of the tetraplex structure formation
remains unknown. Nevertheless, evidence has been
obtained, suggesting that the tetraplex structure may
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exist in vivo (17, 19, 31). Tetraplex DNA-binding proteins
have been identified in several organisms (32-39), and
some DNA-binding proteins have the ability to unfold the
tetraplex structure (40-46), although the biological role
of these proteins needs to be established. No fission yeast
proteins have been reported to bind with or unfold the
tetraplex structure.

Fission yeast Potl is a single-stranded telomeric
DNA-binding protein (47). The N-terminal region of
fission yeast Potl ranging from amino acids 1-185
is a single-stranded telomeric DNA-binding domain
(Pot1DBD) (12, 48, 49). A six-base single-stranded
DNA, d(GGTTAC), is the minimum telomeric DNA
sequence for the specific binding of Pot1DBD (12, 48,
49). Previous studies revealed that overexpression of
fission yeast Potl led to modest but significant telomere
lengthening in vivo (12, 50). On the other hand, tetraplex
formation is known to inhibit the telomerase-mediated
telomere elongation (51-53). We hypothesize that
Pot1DBD may promote telomerase-mediated telomere
elongation by unfolding the tetraplex, if the fission
yeast telomeric DNA forms the tetraplex. The possibility
should be examined to discuss the biological role of
fission yeast Potl in vivo.

In the present study, we analysed the structural
properties of a series of fission yeast telomeric DNA
sequences, Gn: d(G,TTAC) (n=2-6) and 4Gn:
d(G,TTAC); (n=3 and 4), to reveal the tetraplex
formation ability of the fission yeast telomeric DNA
with some sequence heterogeneity in vivo. We have
found that the telomeric DNA sequences with more
consecutive G bases (G4, G5, G6, 4G3 and 4G4) in
the presence of the sodium cation formed a tetraplex
structure with different folding topology. The tetraplex
topology of the irregularly repetitive telomeric DNA from
fission yeast was governed by the number of consecutive
guanines in a single copy and the number of repeats
similar to that of the perfectly repetitive telomeric
DNAs from Tetrahymena, Oxytricha and vertebrates.
We further examined the interaction of the tetraplex
structure with the wild-type or a series of mutant
Pot1DBD proteins. We have demonstrated that the
tetraplex structure became unfolded upon the interaction
with Pot1DBD. The study of the interaction with a series
of mutant Pot1DBD proteins revealed that the ability
to unfold the tetraplex was strongly correlated with
the specific binding affinity for the single-stranded DNA.
On the basis of these results, the mechanism and
the biological role of the unfolding ability of Pot1DBD
will be discussed.

MATERIALS AND METHODS

Preparation of Oligonucleotides—The oligonucleotides
used in this study are listed in Table 1. Crude
oligonucleotides of a series of telomeric DNAs,
Gn: d(G,TTAC) (n=2-6) and 4Gn: d(G,TTAC),
(n=3 and 4), and ones of control nontelomeric DNAs,
Tn: dT, (n =28 and 32) were purchased from Nisshinbo
Corp. (Japan), and purified by a reverse-phase
HPLC on a Wakosil DNA column by the standard
procedure. Purified dye-labelled oligonucleotides,
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Table 1. Oligonucleotide DNA sequences used in this
study.

Name DNA sequence
G2 5-d(GGTTAC)-3'
G3 5-d(GGGTTAC)-3
G4 5-d(GGGGTTAC)-3
G5 5-d(GGGGGTTAC)-3’
G6 5-d(GGGGGGTTAC)-3
4G3 5-d(GGGTTAC),-3
4G4 5-d(GGGGTTAC)4-3'
T28 5'-dTes-3’
T32 5-dT35-3'
F4G4D 5'-Fam-d(GGGGTTAC),-Dabcyl-3’
FT32D 5-Fam-dT3,-Dabcyl-3’

Fam, 6-carboxyfluorescein.

F4G4D: Fam-d(G4TTAC)s;-Dabcyl and FT32D: Fam-
dT3.-Dabeyl [where 6-carboxyfluorescein (Fam) is a
fluorophore and Dabcyl is a quencher], were purchased
from Thermo Electron Corp. (Germany). The purified
oligonucleotide solutions in the experimental buffer were
heated at 95°C for 10 min, followed by gradual cooling to
room temperature, and were then kept at room tempera-
ture for at least 2 days before the experiments. The
concentrations of the oligonucleotide solutions were
determined from the absorbance at 260 nm.

Preparation of Wild-type and Mutant Pot1DBD
Proteins—The gene fragment coding for Pot1DBD was
cloned into the EcoRI and Smal sites of an Escherichia
coli  expression vector, pGEX6P-1 (Amersham
Biosciences), fused with the glutathione S-transferase
(GST) gene. The expression plasmid was transferred into
E. coli BL21 cells. Cells were grown in LB medium
containing ampicillin (50 mg/l) at 25°C, up to an ODggq of
1.0. Production of the protein was induced by the
addition of isopropyl-f-np-thiogalactopyranoside (IPTG)
to 0.4mM, and the cells were grown for an additional
5h. The cells were harvested by centrifugation, and
suspended in BugBuster Protein Extraction Reagent
(Novagen) containing Benzonase Nuclease (Novagen).
After incubation for 20min at room temperature, cell
debris was removed by centrifugation. The supernatant
containing the GST-Pot1DBD fusion protein was first
purified by Glutathione Sepharose 4B affinity open
column (Amersham Bioscience). PreScission Protease
(Amersham Biosciences) was added to remove the
GST tag. The Pot1DBD protein was further purified on
a HiPrep 16/10 CM Sepharose Fast Flow column
(Amersham Bioscience) with AKTA purifier system
(Amersham Bioscience). The protein at this stage was
>99% pure, and the N-terminal amino acid sequence and
molecular weight of the final product of the Pot1DBD
protein were confirmed by amino acid sequencing and
mass spectrometry, respectively. Site-directed mutations
were introduced into the gene coding for Pot1DBD using
suitable primers and a QuikChange site-directed muta-
genesis kit (Stratagene). The presence of the desired
mutations was confirmed by DNA sequencing of the gene
constructs. Mutant Pot1DBD proteins were prepared
in the same way as the wild-type Pot1DBD protein
described earlier.
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Electrophoretic  Mobility Shift Assay (EMSA)—
Oligonucleotides were labelled with [y->2P] ATP
(6000 Ci/mmol, Amersham Biosciences) using T4 poly-
nucleotide kinase (Toyobo). The 32P-labelled oligonucleo-
tides of Gn (n =2-6) were mixed with the corresponding
unlabelled oligonucleotides to achieve a final concentra-
tion of 5uM, heated at 95°C for 10min, followed by
gradual cooling to room temperature, and were then kept
at room temperature for at least two days. To analyse the
interaction with the wild-type or mutant Pot1DBD, the
protein was mixed with the *?P—labelled oligonucleotides,
and then incubated at 25°C for 30 min. Then, only the
oligonucleotides or the interaction mixture was loaded
on a 10 or 15% nondenaturing polyacrylamide gel.
Electrophoresis was carried out in 0.5 x TBE at 10 V/em
and 4°C for 5h.

CD Spectroscopy—CD spectra (25, 26) of the DNA and
DNA-protein complexes in buffer A (20mM Tris—HCI
and 1mM DTT) containing 150 mM NaCl at 25°C were
recorded on a Jasco J-725 spectropolarimeter interfaced
with a microcomputer. The cell path length was 1cm.
The scanning speed was 50 nm/min, and each spectrum
was the average of subsequent eight scans. The DNA
concentration was 5uM for Gn (n=2-6) and 3uM for
4Gn (n=3 and 4), T28 and T32, respectively. Either the
wild-type or mutant Pot1DBD or GST was added step by
step to each DNA sample in the indicated DNA/protein
ratio, and the resulting complex was incubated at 25°C
for 60 min before the measurements.

Fluorescence Resonance Energy Transfer (FRET)
Analyses—FRET measurements (54, 55) in buffer
A containing 150 mM NaCl at 25°C were carried out on
a JASCO FP-6300 spectrofluorometer interfaced with a
microcomputer. A 1cm x 1ecm quartz cuvette was used.
For emission spectra, the excitation wavelength was set
at the wavelength where the absorption of the donor,
6-carboxyfluorescein, was maximal (495nm). The DNA
concentration was 100 nM for F4G4D and FT32D. Either
the wild-type or mutant Pot1DBD was added step by
step to each DNA sample in the indicated DNA/protein
ratio, and the resulting complex was incubated at 25°C
for 60 min before the measurements.

RESULTS

Electrophoretic Mobility Analyses of a Series of Fission
Yeast Telomeric DNA Sequences—The electrophoretic
mobilities of a series of fission yeast telomeric DNA
sequences (Table 1), Gn: d(G,TTAC) (n =2-6) and 4Gn:
d(G,TTAC), (n =3 and 4), and control nontelomeric DNA
sequences (Table 1), Tn: dT, (n =28 and 32), at pH 7.5 in
buffer A (20mM Tris-HCl and 1mM DTT) containing
150mM NaCl were analysed on a 15% nondenaturing
polyacrylamide gel (Fig. 1). Figure 1A shows that G2 and
G3 each migrated as a single band corresponding to a
single-stranded structure. In contrast, G4, G5 and G6
each migrated as two distinct bands exhibiting different
electrophoretic mobilities. The faster migrating band
is assigned to a single-stranded structure, but the
slower migrating one likely corresponds to an inter-
molecular polymeric structure with an apparently high
molecular weight. This indicates that a part of each of
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Fig. 1. Electrophoretic mobility of Gn (n =2-6) (A), 4Gn
(n=3 and 4) (B), and Tn (n =28 and 32) (B) on a 15% non-
denaturing polyacrylamide gel. The 3?P-labelled DNA
samples were prepared at pH 7.5 in buffer A (see ‘Materials
and Methods’) containing 150mM NaCl. The DNA concentra-
tions in (A) and (B) were 5uM and 200uM, respectively.
The gels were run in 0.5 x TBE at 10 V/em and 4°C for 5h.

G4, G5 and G6 forms an intermolecular polymeric
structure. Figure 1B shows that, regardless of having
the same number of base pairs, 4G3 migrated faster
than T28, and 4G4 exhibited enhanced electrophoretic
mobility compared to T32. The higher mobilities of 4G3
and 4G4 indicate that 4G3 and 4G4 form more compact
structures than T28 and T32, respectively, which
presumably involves intramolecular folding.

CD Spectroscopy of a Series of Fission Yeast Telomeric
DNA Sequences—To reveal the conformational properties
of the intermolecular polymeric structures of G4, G5 and
G6, and those of the more compact structures of 4G3
and 4G4 (Fig. 1), we measured CD spectra of Gn
(n=2-6) (Fig. 2A) and 4Gn (n=3 and 4) (Fig. 2B) at
25°C and pH 7.5 in buffer A containing 150 mM NaCl.
The CD spectrum of G2 exhibits a positive peak
at 276 nm and a negative one around 250 nm. This type
of spectrum is typical of unstructured single-stranded
DNA (25, 26). The CD spectrum pattern of G3 is similar
to that of G2, although the ellipticity at 260nm is
increased. These CD spectra indicate that G2 and G3
form an unstructured single-strand, which is consistent

2102 ‘62 Jequeldss uo eled op [eiepa- apepsieAlun e /Bio'sfeulnolpioxo-ql//:dny wo.j papeoumod


http://jb.oxfordjournals.org/

60
A
= — G2
2 ——— G3
E | [ N  =ee-- G4
= &t N e - G5
S G6
=
73]
5 i . ; . .
220 240 260 280 300 320 340
Wavelength (nm)
B 20
—~ 10
=111
=
= :
= OF™Y A\ Tl T
&
)
810
= sieieid (33
ST D
—20} R T28

220 240 260 280 300 320 340
Wavelength (nm)

Fig. 2. CD spectra of Gn (n =2-6) (A), 4Gn (n =3 and 4) (B)
and Tn (n =28 and 32) (B) at 25°C and pH 7.5 in buffer A
(see ‘Materials and Methods’) containing 150 mM NaCl.
The DNA samples were prepared as described under ‘Materials
and Methods’. The DNA concentrations in (A) and (B) were 5 pM
and 3 uM, respectively.

with the results of the electrophoretic mobility analyses
in Fig. 1A. On the other hand, the CD spectra of G4 and
G5 exhibit a positive peak at 260 nm and a negative one
at 240nm. This type of spectrum is typical of a parallel
tetraplex DNA consisting of a parallel four-stranded
tetrameric structure (25, 26). The CD spectrum of G6
shows the highest positive peak at 260 nm and the lowest
negative one at 240nm among the five examined
oligonucleotides, which is the most typical CD pattern
of parallel tetraplex DNA (25, 26). These results indicate
that G4, G5 and G6 have the ability to form the parallel
tetraplex DNA under the present experimental condi-
tions with 150 mM sodium cation. The slower migrating
band of each of G4, G5 and G6 observed in Fig. 1A
corresponds to the parallel tetraplex DNA.

The CD spectra of both T32 and T28 exhibit a positive
peak at 276 nm and a negative one at 250 nm, which is
typical of unstructured single-stranded DNA. This result
shows that neither T32 nor T28 forms any higher-order
structure under the present experimental conditions.
On the other hand, the CD spectrum of 4G4 exhibits a
positive peak at 295nm and a negative one at 264 nm.
This type of spectrum is typical of an antiparallel
tetraplex DNA consisting of an intramolecular anti-
parallel four-stranded structure (25, 26), indicating that
4G4 forms intramolecular antiparallel tetraplex DNA
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under the present experimental conditions with 150 mM
sodium cation. In the CD spectrum of 4G3, a small
positive peak around 260nm and a negative one at
240nm appear in addition to a large positive peak near
290nm corresponding to an antiparallel tetraplex DNA.
As in the cases of G4, G5 and G6, the positive peak
around 260nm and the negative one at 240nm are
ascribed to a parallel tetraplex DNA (25, 26). Thus, the
conformation of 4G3 is a mixture of parallel and
antiparallel tetraplex DNA, although the electrophoretic
mobility of the two species may be almost identical
(Fig. 1B). These results indicate that 4G3 and 4G4 have
the ability to form parallel or antiparallel tetraplex DNA
under the present experimental conditions with 150 mM
sodium cation. The faster migration bands of 4G3 and
4G4 relative to those of T28 and T32, respectively,
observed in Fig. 1B correspond to the parallel or
antiparallel tetraplex DNA, which may be more compact
than unstructured single-stranded DNA.

EMSA of the Interaction between the Fission Yeast
Telomeric DNAs and Pot1DBD—The interaction between
Pot1DBD and each of the fission yeast telomeric DNAs
(G2, G6, T32 and 4G4) at pH 7.5 in buffer A with or
without 150mM NaCl was analysed on a 10% or 15%
nondenaturing polyacrylamide gel by EMSA (Fig. 3). G2
was the unstructured single strand in both the absence
and presence of 150mM sodium cation (G2 in Fig. 1a,
and lanes 1 and 2 in Fig. 3A). When Pot1DBD was
added, Pot1DBD was able to interact with G2 (lane 3 in
Fig. 3A), which is consistent with the previously reported
finding that G2 is the minimum telomeric DNA sequence
for the specific binding of Pot1DBD (12, 48, 49). On the
other hand, the addition of the sodium cation induced
the formation of the parallel tetraplex DNA of G6 (G6 in
Fig. 1A, and lanes 4 and 5 in Fig. 3A). Pot1DBD was
capable of interacting with both the unstructured
single strand and the parallel tetraplex of G6 (lane 6 in
Fig. 3A). The interaction of Pot1DBD with the unstruc-
tured single strand of G6 is quite reasonable, because
the DNA sequence of G6 contains the minimum DNA
sequence, d(GGTTAC), for the specific binding of
PotlDBD (12, 48, 49). These results indicate that
Pot1DBD has the ability to interact with parallel
tetraplex DNA as well as unstructured single strand
DNA. In contrast, Pot1DBD was unable to interact with
the unstructured single strand of T32 (T32 in Fig. 1B,
and lanes 1 and 2 in Fig. 3B), which does not contain the
minimum DNA sequence, d(GGTTAC), for the specific
binding of PotlDBD. On the other hand, Pot1DBD
was able to interact with the antiparallel tetraplex of
4G4 (4G4 in Fig. 1B, and lanes 3 and 4 in Fig. 3B).
Overall, we have concluded that Pot1DBD is capable
of interacting with both parallel and antiparallel
tetraplex DNA.

CD Spectroscopy of the Interaction between the Fission
Yeast Telomeric DNAs and Pot1DBD—The CD spectral
change of G2 wupon the addition of Pot1DBD was
measured at 25°C and pH 7.5 in buffer A containing
150 mM NaCl (Fig. 4A). An increase in the ellipticity in
the range of 240-260nm and a decrease in that in the
range of 260-290 nm were observed upon the addition of
Pot1DBD. On the basis of the previously reported X-ray
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Fig. 3. EMSA for the complex formation between
Pot1DBD and each of G2, G6, T32, and 4G4 on a non-
denaturing polyacrylamide gel. (A) 32P-labelled G2 and G6
were prepared at pH 7.5 in buffer A (see ‘Materials and
Methods’) without (lanes 1 and 4) or with (lanes 2 and 5)
150 mM NaCl. The 3?P-labelled G2 and G6 (500 nM) at pH 7.5
in buffer A containing 150mM NaCl was incubated with
Pot1DBD (12.4uM) in the same buffer at 25°C for 30min
(lanes 3 and 6). The 10% nondenaturing gel was run in
0.5 x TBE at 10 V/em and 4°C for 5h. (B) *?P-labelled T32 and
4G4 were prepared at pH 7.5 in buffer A (see ‘Materials and
Methods’) containing 150mM NaCl (lanes 1 and 3). The
32p_labelled T32 and 4G4 (20nM) at pH 7.5 in buffer A
containing 150mM NaCl were incubated with Pot1DBD
(3.2uM) in the same buffer at 25°C for 30 min (lanes 2 and 4).
The 15% nondenaturing gel was run in 0.5 x TBE at 10 V/cm
and 4°C for 5h.

crystallographic structure of the complex between G2
and PotlDBD (49), these changes in ellipticity may
result from the highly compact, folded conformation of
G2 upon the complex formation with Pot1DBD. However,
the details of the structural distortion causing these
changes in ellipticity remain to be established.
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To examine the properties of the interaction between
Pot1DBD and the parallel tetraplex of G6 (lane 6 in
Fig. 3A), the CD spectral change of G6 upon the addition
of Pot1DBD was examined at 25°C and pH 7.5 in buffer
A containing 150mM NaCl (Fig. 4B). The addition
of PotlDBD to G6 decreases the ellipticity in the
range of 260-290nm. G6 forms both the unstructured
single-strand and the parallel tetraplex under the
present experimental conditions (lane 5 in Fig. 3A).
Because the DNA sequence of G6 contains the minimum
DNA sequence, d(GGTTAC), for the specific binding of
Pot1DBD (12, 48, 49), the single-stranded component
of G6 has the ability to bind with Pot1DBD, which
may produce a CD spectral change similar to that
observed for the Pot1DBD-G2 binding (Fig. 4A). Thus,
the observed decrease in the ellipticity in the range of
260-290nm (Fig. 4B) includes the effect of the CD
spectral change for the binding between Pot1DBD and
the single-stranded component of G6. Therefore, the
change in the ellipticity at 260nm for the binding
between Pot1DBD and the parallel tetraplex component
of G6 is not significant. This indicates that Pot1DBD
does not appreciably decrease the amount of the parallel
tetraplex of G6.

To examine the properties of the interaction between
Pot1DBD and the antiparallel tetraplex of 4G4 (lane 4 in
Fig. 3B), the CD spectral change of 4G4 upon the
addition of Pot1DBD was measured at 25°C and pH 7.5
in buffer A containing 150 mM NaCl (Fig. 4C) or 30 mM
KCl (Fig. 4D). Without Potl1DBD, 4G4 formed the
antiparallel tetraplex both in the presence of sodium
and potassium cation. The ellipticity of the positive peak
at 295nm was decreased upon the addition of Pot1DBD
in a concentration-dependent manner both in the
presence of sodium and potassium cation. The decrease
in the ellipticity of the positive peak at 295nm (Fig. 4C
and D) was not obtained for the CD spectral change
observed for the Pot1DBD-G2 binding (Fig. 4A). Thus,
the decrease in the ellipticity at 295 nm corresponds not
to the specific binding with Pot1DBD, but to the decrease
in the amount of the antiparallel tetraplex on the
interaction with Pot1DBD. In contrast, no significant
change in the CD spectrum of 4G4 was observed upon
the addition of GST (Fig. 4E). These results indicate that
Pot1DBD has the ability to decrease the amount of the
antiparallel tetraplex of 4G4, and the ability to reduce
the amount of the antiparallel tetraplex is specific for
Pot1DBD. Furthermore, the addition of Pot1DBD did not
induce any significant change in the CD spectrum of T32
(Fig. 4F). This result is consistent with the inability of
Pot1DBD to bind with T32 (lane 2 in Fig. 3B). This
shows that Pot1DBD did not have any effect on the
structure of the single-stranded DNA, which does not
bind with Pot1DBD. Based on all the results in Fig. 4, we
have concluded that the interaction with Pot1DBD
decreases the amount of the antiparallel tetraplex DNA.

FRET Analysis of the Interaction between the Fission
Yeast Telomeric DNAs and Pot1DBD—To reveal why the
addition of PotlDBD reduced the amount of the
antiparallel tetraplex DNA (Fig. 4), the structural
change of 4G4 upon the addition of Pot1DBD (Fig. 5A)
was examined by FRET analysis (54, 55) at 25°C and
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Fig. 4. CD spectral changes wupon the DNA-protein
interaction. The DNA at pH 7.5 in buffer A (see ‘Materials
and Methods’) containing 150 mM NaCl (A-C, E, F) or 30mM KCl
(D) was incubated in the indicated molar ratio with the protein in

pH 7.5 in buffer A containing 150 mM NaCl (Fig. 5B) or
30mM KCl (Fig. 5C). The fluorophore, 6-Fam, and
the quencher, dabcyl, were attached to the 5 and 3
termini of 4G4, respectively, to give the dual-labelled
F4G4D (Table 1). Because the intramolecular folding of
the antiparallel tetraplex structure of F4G4D in the
presence of the sodium or potassium cation should bring
the fluorophore and the quencher into close enough
proximity for energy transfer, FRET-mediated quenching
between the fluorophore and the quencher was observed
(Fig. 5A). Thus, F4G4D showed low fluorescence due to
FRET-mediated quenching. The addition of Pot1DBD
enhanced the intensity of 6-Fam emission at 520 nm in
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the same buffer at 25°C for 60 min before the CD measurements.
(A) 5uM G2 titrated with Pot1DBD. (B) 5uM G6 titrated with
Pot1DBD. (C, D) 3uM 4G4 titrated with Pot1DBD. (E) 3 uM 4G4
titrated with GST. (F) 3uM T32 titrated with Pot1DBD.

a concentration-dependent manner both in the presence
of the sodium and potassium cation (Fig. 5B and C).
The increase in the fluorescence intensity corresponds to
the increase in the distance between the fluorophore and
the quencher, indicating unfolding of the antiparallel
tetraplex structure of F4G4D. This result is consistent
with the decrease in the amount of the antiparallel
tetraplex of 4G4, observed as the CD spectral change
upon the addition of PotlDBD (Fig. 4C and D).
Furthermore, dual-labelled FT32D (Table 1) was also
prepared by attaching the fluorophore, 6-Fam, and the
quencher, dabcyl, to the 5 and 3 termini of T32,
respectively. The addition of Pot1DBD did not induce
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Fig. 5. FRET analyses of the interaction with Pot1DBD.
(A) Experimental scheme for the FRET analyses. The exact
structure of the antiparallel tetraplex of F4G4D is unknown.
(B-D) 100nM F4G4D (B, C) or 100nM FT32D (D) at pH 7.5 in
buffer A (see ‘Materials and Methods’) containing 150 mM NaCl

any significant change in the fluorescence emission
spectra of FT32D (Fig. 5D). This result is consistent
with the inability of Pot1DBD to bind with T32 (lane 2 in
Fig. 3B). This result shows that Pot1DBD did not cause
any significant structural change of FT32D, which does
not bind with Pot1DBD. Combining the results in Fig. 5,
we have concluded that Pot1DBD has the ability to
unfold the antiparallel tetraplex DNA.

Analyses of the Interaction between the Fission Yeast
Telomeric DNA and a Series of Mutant Pot1DBD
Proteins—To investigate the mechanism underlying the
ability of Pot1DBD to unfold the antiparallel tetraplex
DNA (Fig. 5B and C), we have studied the interaction
between the antiparallel tetraplex of 4G4 and a series of
mutant Pot1DBD proteins by EMSA (Fig. 6B). We have
also examined the binding affinity of the series of mutant
Pot1DBD proteins for the single strand of G2, the
minimum DNA sequence for the specific binding of
wild-type Pot1DBD (12, 48, 49) (Fig. 6C). Point muta-
tions were introduced at S58, D64, K90, Q120, K124
and D125, which are involved in the specific recognition
of G2 (Fig. 6A), as judged in a previously reported
X-ray crystallographic study of the complex between G2
and Pot1DBD (49). The interacting activity of S58A,
K90A and D125A with the antiparallel tetraplex of 4G4
(Fig. 6B and data not shown) or the single strand of G2
(Fig. 6C and data not shown) was of similar magnitude
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(B, D) or 30mM KCI (C) was incubated in the indicated molar
ratio with Pot1DBD in the same buffer at 25°C for 60 min before
the fluorescence measurements. The excitation wavelength was
495 nm.

to that in the case of the wild-type Pot1DBD (WT)
(Table 2). Lower interacting activity with the antiparallel
tetraplex of 4G4 (Fig. 6B) or the single strand of G2
(Fig. 6C) was observed for Q120L (Table 2). D64A and
K124A completely lost the interacting activity with the
antiparallel tetraplex of 4G4 (Fig. 6B and data not
shown) or the single strand of G2 (Fig. 6C and data not
shown). The binding constants between these mutant
Pot1DBDs and the single strand of G2at 25°C in the
same buffer were also measured by isothermal titration
calorimetry (ITC). The large binding constants for WT,
S58A, K90A and D125A were in the order of 107 M™%
A binding constant of about 10°M~! was obtained for
Q120L. Binding constants smaller than 10°M ™! were
observed for D64A and K124A. These binding constants
were consistent with the results in Fig. 6C. The details of
the ITC experiments will be given elsewhere. These
results indicate that the mutant Pot1DBD proteins with
the higher binding affinity as to the single strand of G2
have greater ability to interact with the antiparallel
tetraplex of 4G4 (Table 2).

Next, the CD spectral change of the antiparallel
tetraplex of 4G4 upon the addition of the wild-type
or the series of mutant Pot1DBD proteins was measured
at 25°C and pH 7.5 in buffer A containing 150 mM
NaCl (Fig. 6D). The magnitudes of the decrease in the
ellipticity at 295nm upon the addition of S58A, K90A
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Fig. 6. Interaction analyses of 4G4 or G2 with the
wild-type or a series of mutant Pot1DBD proteins. (A)
A schematic model of the complex between G2 and Pot1DBD.
Each amino acid of Pot1DBD binds with each base of G2 by
hydrogen-bonding interaction. (B) 20nM 4G4 at pH 7.5 in buffer
A (see ‘Materials and Methods’) containing 150 mM NaCl was
incubated with 1.5uM wild-type or a mutant Pot1DBD in the
same buffer at 25°C for 30min. A 15% nondenaturing poly-
acrylamide gel was run in 0.5 x TBE at 10 V/cm and 4°C for 5h.
(C) 500nM G2 at pH 7.5 in buffer A (see ‘Materials and Methods’)
containing 150 mM NaCl was incubated with 1.5 uM wild-type or

and D125A were similar to that upon the addition of WT
(Fig. 6D and data not shown). The decrease in the
ellipticity at 295nm corresponds to a reduction in the
amount of the antiparallel tetraplex, as discussed earlier
in Fig. 4C and 4D. A smaller magnitude of the decrease
in the ellipticity at 295nm was observed for the addition
of Q120L (Fig. 6D). D64A and K124A have little ability
to decrease the ellipticity at 295nm (Fig. 6D and data
not shown). These results indicate that the mutant
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a mutant Pot1DBD in the same buffer at 25°C for 30 min. A 10%
non-denaturing polyacrylamide gel was run in 0.5 xTBE at
10V/cm and 4°C for 5h. (D) 3uM 4G4 at pH 7.5 in buffer A (see
‘Materials and Methods’) containing 150 mM NaCl was incubated
with a 3 molar excess of the wild-type or a mutant Pot1DBD in
the same buffer at 25°C for 60 min before the CD measurements.
(E) 100nM F4G4D at pH 7.5 in buffer A (see ‘Materials and
Methods’) containing 150 mM NaCl was incubated in an equimo-
lar ratio with the wild-type or a mutant Pot1DBD in the same
buffer at 25°C for 60 min before the fluorescence measurements.
The excitation wavelength was 495 nm.

Pot1DBD proteins with the higher binding affinity as
to the single strand of G2 have greater ability to reduce
the amount of the antiparallel tetraplex by decreasing
the ellipticity at 295nm (Table 2).

In addition, the structural change of F4G4D upon the
addition of the wild-type or the series of mutant
Pot1DBD proteins was examined by FRET analyses at
25°C and pH 7.5 in buffer A containing 150 mM NaCl
(Fig. 6E). The magnitudes of the increase in the intensity
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Table 2. Comparison of properties of the wild-type or a
series of mutant Pot1DBD proteins.

Protein Affinity to Affinity to Ability to Ability to
interact interact with decrease the unfold the
with the the single amount of antiparallel
antiparallel strand® the antiparallel tetraplex?
tetraplex® tetraplex®

WT ++ ++ ++ ++

S58A 4+ ++ ++ ++

D64A — - - —

K90A ++ e ++ —t

Q120L + + +

K124A - — — -

D125A ++ ++ ++ ++

++, strong activity; +, medium activity; —, weak or no activity;

*Estimated from Fig. 6B. Estimated from Fig. 6C. “Estimated from
Fig. 6D. %Estimated from Fig. 6E.

at 520nm upon the addition of S58A, K90A and D125A
were similar to that upon the addition of WT (Fig. 6E
and data not shown). The increase in the intensity at
520nm corresponds to the unfolding of the antiparallel
tetraplex, as discussed earlier in Fig. 5B and C.
A smaller magnitude of the increase in the intensity at
520 nm was observed for the addition of Q120L (Fig. 6E).
D64A and K124A have little ability to increase the
intensity at 520nm (Fig. 6E and data not shown). These
results indicate that the mutant Pot1DBD proteins with
the higher binding affinity as to the single strand of G2
have greater ability to unfold the antiparallel tetraplex
by increasing the intensity at 520nm (Table 2).
Combining the results in Fig. 6, we have concluded
that the specific binding affinity for the single strand of
G2 is strongly correlated with the abilities to reduce the
amount of the antiparallel tetraplex and to unfold the
antiparallel tetraplex.

DISCUSSION

G2 and G3 only form the unstructured single strand, but
G4, G5 and G6 have the ability to form the four-stranded
parallel tetraplex in the presence of a cation (Figs 1A and
2A). As the number of consecutive guanines increases,
the magnitude of the four-stranded parallel tetraplex
increases. This indicates that the increase in the number
of consecutive guanines in a single copy may induce the
formation of the four-stranded parallel tetraplex.
Previous studies revealed that, as the number of
consecutive guanines increased in the oligonucleotide
sequence d(TG,T), the thermodynamic stability of the
four-stranded parallel tetraplex increased (56), which is
consistent with the results obtained in this study.
Although G4 has the ability to form the four-stranded
parallel tetraplex (Figs 1A and 2A), 4G4, i.e. four repeats
of G4, forms the antiparalleltetraplex in the presence
of a cation (Figs 1B and 2B). This observation
shows that the tetraplex topology is dependent on the
number of repeats. Previously reported spectroscopic
studies in solution showed that a single copy of human
telomeric sequence d(TTAGGG) adopted a four-stranded
parallel tetraplex (27), but that d[GGG(TTAGGG)s,
d[AGGG(TTAGGG)3] and d(TTAGGG); formed an
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antiparallel tetraplex (28-30), whose dependence on the
number of repeats is similar to that observed in
this study. Combining these results, we conclude that
the tetraplex topology of the fission yeast telomeric
DNA is governed by the number of consecutive
guanines in a single copy and the number of repeats,
which is consistent with the results obtained for the well-
characterized  telomeric = DNA  sequences from
Tetrahymena (23-27), Oxytricha (24, 26), and vertebrates
(27-30).

Previous studies involving sequence analyses of the
fission yeast telomeric DNA (11, 12) revealed that the
d(GGTTAC) sequence was clearly emerged as the most
common motif, and v 20% of the telomeric sequence
contains three or four consecutive guanines preceding
the TTAC sequence, which is equivalent to G3 or G4 in
this study. 4G3 and 4G4, i.e. four copies of G3 and G4,
respectively, form the compact parallel or antiparallel
tetraplex structure in the presence of a cation (Figs 1B
and 2B). Thus, we suggest that at least 20% of the fission
yeast telomeric DNA may have the potential to form the
compact parallel or antiparallel tetraplex structure,
which may inhibit the telomerase-mediated telomeric
DNA elongation (51-53) discussed subsequently.

The CD spectral change of 4G4 upon the addition of
Pot1DBD indicates that Pot1DBD has the ability to
decrease the amount of the antiparallel tetraplex DNA
(Figs 4C and D). Furthermore, FRET analyses of F4G4D
upon the addition of Pot1DBD indicated that Pot1DBD
has the ability to unfold the antiparallel tetraplex
DNA (Figs 5B and C), which is quite consistent with
the ability of PotlDBD to reduce the amount of
the antiparallel tetraplex observed in Figs 4C and D.
A decrease in the amount of the antiparallel tetraplex
upon the addition of Potl1DBD and wunfolding of
the antiparallel tetraplex upon the addition of Pot1DBD
were also observed both in the presence of 150 mM
sodium cation (Figs 4C and 5B) or 30mM potassium
cation (Figs 4D and 5C). The ability to decrease the
amount of the antiparallel tetraplex and that to unfold
the antiparallel tetraplex may not be significantly
influenced by the kind of the coexisting cation. These
results suggest that, although Pot1DBD interacts with
the antiparallel tetraplex, a stable complex between
Pot1DBD and the antiparallel tetraplex cannot be
formed. In general, hydrogen bonding and base stacking
are important interaction forces for the stable complex
formation between DNA-binding proteins and their
interacting DNAs (57, 58). However, each of the four
guanines in the G-quartets of the tetraplex DNA
interacts with each of the two adjacent guanines through
hydrogen bonding (17-19), and each G-quartet is stacked
with the neighbouring G-quartets through base stacking
(17-19). Thus, the interaction with the G-quartets
through hydrogen bonding and base stacking from the
outside may be difficult, which may result in the inability
of Potl1DBD to form a stable complex with the anti-
parallel tetraplex. Comparison of the CD spectral
changes of 4G4 upon the addition of Pot1DBD (Fig. 4C)
and GST (Fig. 4E) indicates that the ability to reduce the
amount of the antiparallel tetraplex is specific for
Pot1DBD. In addition, the interaction between a series
of mutant Pot1DBD proteins and each of the antiparallel
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tetraplex of 4G4 or the single-strand of G2 shows that
the specific binding affinity for the single strand
(Fig. 6C) is strongly correlated with the abilities to
reduce the amount of the antiparallel tetraplex (Fig. 6D)
and to unfold the antiparallel tetraplex (Fig. 6E). The
specific unfolding of 4G4 by Pot1lDBD (Fig. 4), and
the strong correlation between the binding affinity for
the single strand and the ability to unfold the anti-
parallel tetraplex (Fig. 6) suggest that the antiparallel
tetraplex of 4G4 may change into an unstructured single
strand after the specific interaction with Pot1DBD,
although the exact structure of the complex with
Pot1DBD remains to be determined. The higher binding
affinity of the wild-type or a part of the mutant
Pot1DBDs for the wunstructured single strand may
decrease the larger amount of the unstructured single
strand in the free state. The decrease in the amount of
the unstructured single strand in the free state may
induce the shift of the equilibrium from the antiparallel
tetraplex to the unstructured single strand. This equilib-
rium shift can cause the unfolding of the antiparallel
tetraplex. Such a mechanism may be possible for the
unfolding of the antiparallel tetraplex of 4G4 wupon
the interaction with Pot1DBD (Figs 5B and C).

Previous studies revealed that the antiparallel tetra-
plex structure did not serve as a good substrate of
telomerase (51-53). When the fission yeast telomeric
DNA forms the antiparallel tetraplex in the presence of a
cation (Figs 1B and 2B), the telomerase-mediated
telomere elongation may be inhibited. The ability of
Pot1DBD to unfold the antiparallel tetraplex (Figs 5B and
C) may change the antiparallel tetraplex into the
unstructured single strand, which can be a substrate of
telomerase. The participation of fission yeast Potl in the
unfolding of the antiparallel tetraplex may provide a
possible means for telomerase-mediated telomere elonga-
tion. In fact, overexpression of the fission yeast Potl led
to modest but significant telomere lengthening in vivo
(12, 50). However, the purified fission yeast Potl
inhibited telomerase by sequestering the template telo-
meric DNA in vitro (12). The stimulation and inhibition
of telomerase by the fission yeast Potl need not be
exclusive, as evidenced by the telomere length regulation
in budding yeast. A single-stranded telomeric DNA
binding protein, Cdcl3, has the ability to denature the
tetraplex (41) and recruits the catalytic subunit of
telomerase Est2 for the telomere elongation by interact-
ing with the telomerase subunit Estl (59). Unidentified
fission yeast proteins with the Estl-like activity may be
involved in the telomerase-mediated telomere elongation
in vivo. The unfolding of the antiparallel tetraplex by
the fission yeast Potl may constitute the basic mechan-
ism for the telomerase-mediated telomere elongation.
A previous study revealed that inhibition of telomere
elongation activity of telomerase by the tetraplex forma-
tion of human telomeric DNA was significantly reduced
by the addition of human Potl (53). Both fission yeast
and human may employ a similar strategy of tetraplex
unfolding by Pot1 to allow telomerase-mediated telomere
elongation.

The present study has demonstrated that the fission
yeast telomeric DNA sequences with more consecutive G
bases formed a tetraplex structure in the presence of
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a cation similar to the well-characterized telomeric DNA
sequences from Tetrahymena, Oxytricha and vertebrates.
The tetraplex topology is governed by the number of
consecutive guanines in a single copy and the number of
repeats. The present study has also demonstrated that
the antiparallel tetraplex structure became unfolded
upon the interaction with Pot1DBD. The study of the
interaction with the series of mutant Pot1DBD proteins
revealed that the ability to unfold the antiparallel
tetraplex was strongly correlated with the specific bind-
ing affinity for the single strand. The result suggests a
possible unfolding mechanism that the decrease in the
amount of the single strand in the free state upon the
single strand-Pot1DBD complex formation may induce a
shift in the equilibrium from the antiparallel tetraplex to
the single strand, which may cause the unfolding of the
antiparallel tetraplex. Considering that the antiparallel
tetraplex is known to inhibit telomerase-mediated telo-
mere elongation, we conclude that the ability of fission
yeast Potl to unfold the antiparallel tetraplex of the
telomeric DNA is required for regulation of telomerase-
mediated telomere elongation. Our results certainly
support the idea that unfolding of the tetraplex by
telomeric DNA binding proteins could be a key strategy
for regulation of telomerase-mediated telomere elonga-
tion and may eventually lead to progress in the under-
standing of telomere length regulation mechanism by
telomere-binding proteins and telomerase.
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