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Abstract: Macrocyclic hexaoxazole dimer of L2H2-60TD-dimer (3) was newly
synthesized as a telomeric G-quadruplex (G4) ligand, and interaction with long telomeric
DNAs telo48, 72, and 96 was evaluated by means of electrophoresis mobility shift assay,
CD spectra analysis, and CD melting experiments. The L2H2-60TD-dimer (3) interacted
with the long telomeric DNAs by inducing anti-parallel type G4 structure of each unit of
24 bases, i.e., (TTAGGG)s sequences. Dimer 3 stabilizes long telomeric DNAs more
efficiently than the corresponding monomer of L2H2-60TD (2). It showed potent
inhibitory activity against telomerase, with an ICsy value of 7.5 nm.
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1. Introduction

At the end of chromosomes, there exists a characteristic region called the telomere. The telomere is
composed of double-stranded tandem repeats of (TTAGGG/AATCCC), sequence amounting to 2—30 kb,
to which telomere binding proteins are bound [1-4]. These sequences are shortened at each cell
division, ultimately inducing cell senescence. At the extreme end of these duplex repeats there is a
single-stranded 3' overhang, termed the 3' G-tail, consisting of ca. 50—-250 nucleotides in total. The
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G-tail sequence is considered to form G-quadruplexes (G4s), one of the higher-order structures of
polynucleotides [5]. The G4s are stacked structures of planar G-quartets, consisting of four guanine
residues, and these structures are in equilibrium with random structures in the presence of monovalent
cations such as Na" and K" (Figure 1) [6-9]. In most cancer cells, the enzyme telomerase is
over-expressed. This enzyme catalyzes elongation of telomeric DNA by adding (TTAGGG) repeats in
the 3' terminus direction, leading to immortalization of the cells [10,11]. On the other hand, the
telomeric G4 structures in cancer cells inhibit telomerase activity, leading to cellular senescence and
apoptosis [12—14]. Thus, stabilization of telomeric G4 structure by small molecules, i.e., G4 ligands, is
considered to be a promising strategy for cancer chemotherapy, and various G4 ligands, both natural
and synthetic, have been explored [15,16]. Among them, telomestatin (Figure 2a), a secondary
metabolite isolated from Streptomyces anulatus, was found to show extremely potent telomerase
inhibitory activity with an ICsy value of 5 nm in TRAP assay [17-22]. Consequently, various
telomestatin-related macrocyclic polyoxazole compounds have been synthesized [23-30]. We have
independently developed macrocyclic hexaoxazole-type telomestatin derivatives of 60TDs as G4
ligands, and some of them showed potent telomerase-inhibitory activity, as well as G4-stabilizing
activity (Figure 2a) [31-41].

Figure 1. Induction of G-quadruplex formation on telomeric DNA by monovalent cations.
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For evaluations of interaction and stabilization of telomeric DNA with G4 ligands, telo24 DNA,
i.e., four sets of (TTAGGQ) repeats consisting of 24 bases in total, has been usually used as a
telomeric DNA model, because it is a minimum length able to form one unit of G4 structure [7,8].
L2H2-60TD (2) (Figure 2), a derivative of the 60TD series with an amine group on the side chain,
strongly interacts with telo24 to form anti-parallel-type G4 structure in an end-stacking mode with two
molecules of 2 (Figure 2). However, telomeric DNA possesses ca. 50—250 bases, so that longer
telomeric DNA models are required to mimic the behavior of telomeres in living cells [42-52]. Quite
recently, we examined the interaction of L2H2-60TD (2) with long telomeric DNAs telo48, 72, and
96, and these were found to be stabilized in a similar manner to telo24, i.e., each telo24 unit in the long
telomeric DNAs interacted with two molecules of L2ZH2-60TD (2) in an end-stacking mode, and were
induced to take anti-parallel-type topology, as shown in Figure 3b [53]. Based on this schematic
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interacting model of L2H2-60TD (2) with long telomeric DNAs, we expected that the dimer-type of
60TD might more effectively stabilize the “flexible” long telomeric DNA by interaction of one
molecule of 60TD-dimer with each telo24 unit in a sandwich manner (Figure 3) [36-38]. In the
present work, we evaluated the interaction mode and efficacy of L2H2-60TD-dimer (3) with long
telomeric DNAs by means of electrophoresis mobility shift assay (EMSA), circular dichroism (CD)
titration analysis, CD melting experiments and TRAP assay.

Figure 2. Structures of telomestatin (1), L2ZH2-60TD (2) and L2H2-60TD-dimer (3).
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Figure 3. (a) Schematic interaction model of telomestatin (1), L2H2-60TD (2) and
L2H2-60TD-dimer (3) with telo24; (b) Schematic interaction model of L2H2-60TD (2)
with long telomeric DNA.
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2. Results and Discussion

We designed the L2ZH2-60TD-dimer (3) based upon our previous findings, which suggested that it
requires about 10—15 A linker length to interact with one unit of telomeric G4 of telo24 [36]. We chose
the triethylene glycol unit as the linker because of its flexibility and hydrophilic nature. Synthesis of
L2H2-60TD dimer (3) is depicted in Scheme 1. The Cbz group in diamine 4 [37] was selectively
deprotected with hydrogen in the presence of Pd(OH),, and the resulting amine was protected with
a 2-nitrobenzenesulfonyl (Ns) group to give 5 in 69% yield from 4. The diamine 5 was linked with
1,2-bis(2-iodoethoxy)ethane in the presence of potassium carbonate to give dimer 6 in 53% yield.
After conversion of the two Ns groups into Boc groups by treatment with thiophenol followed by
(Boc),0 (71% yield in 2 steps), all four Boc groups in 7 were deprotected with TFA to give
L2H2-60TD-dimer (3) in 99% yield. With dimer L2H2-60TD (3) in hand, we next examined the
interaction mode and efficacy of 3 with the long telomeric DNA models.

Scheme 1. Synthesis of the L2H2-60TD-dimer (3).

—— 6:Ry=Ns, R, =Boc

——*>7:R, =Boc, R, =Boc

-—3:R;=H,R,=H

Reagents and conditions: (a) Pd(OH),, H,, MeOH: THF (1:1), rt, 5 h; (b) NsCl, EtN,
CH,Cl,:MeOH (9:1), =78 °C to rt, 16 h, 2 steps 69%; (c¢) 1,2-bis(2-iodoethoxy)ethane, K,COs,
DMF, r.t. 23 h, 53%; (d) PhSH, K,CO;, DMF, rt, 1.5 h; then (Boc),0O, rt, 12 h, 71%; (e) TFA,
CH,Cl,, rt, 3 h, 99%.
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First, interaction of L2H2-60TD-dimer (3) with the short telomeric DNA model of telo24 was
confirmed by EMSA (Figure 4a). In this case, the original band of telo24 was transformed to a smear
with increasing equivalents of dimer 3 [54]. Then, the long telomeric DNA models telo48, telo72 and
telo96 were subjected to complexation with dimer 3, and the results are summarized in Figure 4b—d [55].
In all cases, the original bands of telomeric DNAs migrated further in proportion to the increment of
the ligand 3. Thus, even the longer telomeric DNAs were clearly interacted with dimer type G4 ligand
3. Since each band converged to a single band with a long migration distance in the presence of a
sufficient amount of ligand 3, the L2H2-60TD-dimer (3) was suggested to form a unimolecular

ligand-G4 complex with every size of telomeric DNA examined.

Figure 4. Evaluation of the interaction of telomeric DNAs (a) telo24, (b) telo48, (c¢) telo72,
and (d) telo96 with 3 by EMSA.
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Then, the topologies of the G4s obtained from interaction of every size of telomeric DNA with
dimer 3 were evaluated by means of CD titration experiments [56]. Telomeric DNAs are known to
form multiple G4 topologies, such as parallel, anti-parallel, and hybrid types, and these are usually
present as a mixture or in equilibrium, depending upon the conditions [7,8]. When telo24 (10 uM) was
titrated with L2H2-60TD-dimer (3), typical spectral changes indicating a change from hybrid-type to
anti-parallel topology were observed, i.e., a shoulder at 268 nm disappeared and a positive Cotton
effect at 240 nm and a negative effect at 255 nm appeared (Figure 5a). The topologies of the longer
DNAs were also examined by CD spectral titration with 3 in the presence of 100 mM KCI. All the
longer telomeric DNAs showed spectral changes quite similar to those of telo24, indicating that dimer
3 induced the increment of the anti-parallel form of the longer telomeric DNAs as well (Figure 5). In
these experiments, similar degrees of CD intensity (y-axis in Figure 5) were observed with each length
of telomeric DNA in the presence of an excess amount of the ligand 3. Since the concentrations of the
DNAs used in the titration were 10 um for telo24, 5 um for telo48 (half the concentration of telo24),

3.3 uM for telo72 (one-third of telo24), and 2.5 um for telo96 (a quarter of telo24), the number of
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anti-parallel G4 units in telo48, telo72 and telo96 were suggested to be two, three and four,
respectively, based upon the case of telo24, which should form one G4 unit (Figure 3).

Figure 5. CD spectra of telomeric DNAs in the presence of KCI (100 mM) upon titration
with 3, (a) telo24 (10 uM) + 3 (0-5 eq.), (b) telo48 (5 uM) + 3 (0-10 eq.), (c) telo72
(3.3 w) +3(0-15 eq.) and (d) telo96 (2.5 uM) + 3 (0-20 eq.).
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Next, the stabilization of the topologies obtained from each size of telomeric DNA with
60TD-dimer 3 was evaluated by means of CD melting experiments, in comparison with the
corresponding monomer L2H2-60TD (2). Each size of telomeric DNA, i.e., telo24, telo48, telo72 and
telo96, was incubated with 3 (a half equivalent versus the monomer 2), and the melting temperatures
(Ty) for those DNAs were determined (Table 1). The T3, values for telo24, telo48, telo72 and telo96
were found to be 73, 74, 70, and 69 °C, respectively, which are all quite high values compared with
that obtained under the ligand-free conditions. In addition, dimer 3 stabilizes every length of telomeric
G4 to approximately the same extent as a half equivalent of monomer L2H2-60TD (2) [53].

Finally, we examined the telomerase inhibitory activities of the L2H2-60TD monomer (2) and its
dimer 3 in a cell-free system by telomerase repeat amplification protocol (TRAP) assay using PC3 cell
lysate [10]. Telomerase is known to elongate various lengths of telomere sequences, and the
stabilization ability of each ligand can be evaluated with TRAP assay. In this assay, the monomer 2
and dimer 3 showed telomerase inhibitory activity with ICsy values of 15 nM and 7.6 nm, respectively,
and the dimer 3 was also found to be more effective than the monomer 2 at the in vitro level.
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Table 1. T}, values (°C) of telomeric DNAs in the absence or presence of G4 ligands 2 and 3 *"*,

DNA oligomers Ligands Tm
absence 59

telo24 2(4eq.) 75
3(2eq.) 73

absence 57

telo48 2(8eq.) 76
3(4eq.) 74

absence 55

telo48 2(12eq.) 73
3(6eq.) 70

absence 55

telo48 2(16¢eq.) 70
3(8eq.) 69

* Tw values were obtained by monitoring the CD bands at 295 nm in the presence of KCI (100 mM).
® Melting temperature is defined as the temperature at 0.5 value of normalized CD [mdeg]. ¢ Values for the
monomer 2 were previously reported [53].

3. Experimental
3.1. General

Flash chromatography was performed on silica gel 60 (spherical, particle size 0.040-0.100 mm; Kanto,
Tokyo, Japan). Optical rotations were measured on a P 2200 polarimeter (JASCO, Tokyo, Japan), using the
sodium lamp (589 nm). 'H and "*C-NMR spectra were recorded on INM-ECX 300 and 400 instruments
(JEOL, Tokyo, Japan). The spectra are referenced internally according to the residual solvent signals of
CDCl; (‘"H-NMR; & = 7.26 ppm, “C-NMR; &= 77.0 ppm), DMSO-ds; ("H-NMR; & = 2.50 ppm,
BC-NMR; &= 39.5 ppm). Data for NMR are recorded as follows; chemical shift (&, ppm), multiplicity
(s, singlet; d, doublet; t, triplet; m, multiplet; br, broad), integration, coupling constant (Hz). Data for
BC-NMR are reported in terms of chemical shift (&, ppm). Mass spectra were recorded on JEOL JMS-
T100X spectrometer with ESI-MS mode using MeOH.

3.2. Synthesis

Compound 5: To a solution of 4 (1.13 g, 1.26 mmol) in MeOH (100 mL) was added Pd(OH),/C
(700 mg) and the reaction mixture was stirred at room temperature under an atmosphere of hydrogen
gas (balloon). After 5 h, the reaction mixture was filtered through a pad of Celite and filtrates were
concentrated in vacuo to give the corresponding amine. The crude amine was dissolved in a mixture of
CH,CI,-MeOH (9:1, 150 mL), and triethylamine (353 uL, 2.53 mmol) and NaCl (560 mg, 2.53 mmol)
was added at 78 °C. After being stirred for 16 h, H;O was added to the reaction mixture, and the
aqueous layer was extracted with CHCI;. The extracts were dried over MgSQ,, filtered, and
concentrated in vacuo. The residue was purified by silica gel column (EtOAc) to give 5 as a white
solid (0.85 g, 0.90 mmol, 69%). [a]*b = —18.6 (¢ 1.5, CHCl3); 'H-NMR (400 MHz, CDCl3) ¢ 8.43 (d,
J=18.0 Hz, 1H), 8.26 (d, J = 8.0 Hz, 1H), 8.23-8.07 (m, 8H), 7.94-7.88 (m, 1H), 7.70-7.63 (m, 1H),
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5.46 (t, J = 5.5 Hz, 1H), 5.40-5.26 (m, 2H), 4.68 (br, 1H), 3.12-2.88 (m, 4H), 2.08-1.69 (m, 4H),
1.56-0.94 (m, 17H); >C-NMR (100 MHz, CDCl3) § 164.6, 164.1, 159.6, 159.5, 155.8, 155.7, 154.6,
154.5, 147.6, 141.0, 140.9, 140.8, 139.4, 139.3, 139.2, 138.7, 138.6, 136.6, 136.4, 134.6, 132.8, 132.7,
130.5, 130.3, 129.3, 129.2, 125.7, 78.7, 47.6, 47.5, 47.4, 47.3, 43.3, 40.1, 34.5, 33.7, 29.3, 28.6, 28.2,
28.1,21.7,21.0; HRMS (ESI, M+Na) calcd for C41HiN;;014SNa 966.2453, found 966.2413.

Compound 6: To a solution of § (1.28 g, 1.36 mmol) in DMF (10 mL) was added K,COs (9.40 g,
68.0 mmol) and 1,2-bis(2-iodoethoxy)ethane (0.25 g, 0.68 mmol) in DMF (1 mL), and the mixture was
stirred at room temperature for 23 h. To the reaction mixture was added H,O, and aqueous layer was
extracted with CHCI;. The extracts were dried over MgSOs, filtered, and concentrated in vacuo. The
residue was purified by silica gel column (EtOAc: MeOH = 9: 1) to give 6 (0.75 g, 0.36 mmol, 53%).
[a]*p =—17.2 (¢ 1.5, CHCl3); 'TH-NMR (300 MHz, CDCl3) 6 8.61-8.51 (m, 2H), 8.47-8.36 (m, 4H),
8.28-8.05 (m, 16H), 7.88-7.81 (m, 2H), 7.61-7.52 (m, 2H), 5.45-5.25 (m, 4H), 4.63 (br, 2H), 3.59-2.90
(m, 20H), 2.15-1.68 (m, 8H), 1.65-0.62 (m, 34H); *C-NMR (100 MHz, CDCl3) § 164.9, 163.9, 159.7,
159.5, 156.0, 155.9, 154.7, 154.6, 147.6, 141.0, 140.9, 139.5, 139.3, 138.5, 136.8, 136.7, 135.6, 132.6,
131.7, 130.9, 130.8, 130.2, 129.6, 129.3, 125.6, 78.9, 77.2, 70.3, 69.7, 47.7, 46.9, 45.0, 40.9, 40.2,
34.8, 33.4, 29.4, 28.3, 26.8, 21.9, 20.2; HRMS (ESI, M+Na) calcd for CsgHgpN22030S,Na 2023.5689,
found 2023.5678.

Compound 7: To a solution of 6 (31 mg, 15.4 umol) in DMF (2 mL) was added K,CO; (213 mg,
1,540 pmol) and PhSH (17 pL, 154 pmol), and mixture was stirred at room temperature for 1.5 h. To
the reaction mixture was added (Boc),O (68 mg, 308 pumol), and mixture was stirred at room
temperature for 12 h. To the reaction mixture was added H,O, and aqueous layer was extracted with
CHCI;. The extracts were dried over MgSOs, filtered, and concentrated in vacuo. The residue was
purified by preparative TLC (CHCl3/MeOH = 15: 1) to give 7 (20 mg, 10.9 umol, 71%). [a]*p = —4.7
(¢ 1.0, CHCl3); 'TH-NMR (400 MHz, CDCl3) 6 8.59-8.51 (m, 4H), 8.27-8.18 (m, 12H), 5.47-5.32 (m,
4H), 4.63 (br, 2H), 3.85-3.01 (m, 20H), 2.50—1.90 (m, 8H), 1.57-0.79 (m, 52H); *C-NMR (100 MHz,
CDCl) o 164.8, 164.7, 159.8, 159.7, 156.0, 155.9, 154.6, 140.9, 139.1, 138.4, 136.8, 130.9, 129.6,
128.8, 79.3, 79.0, 77.2, 70.5, 70.2, 69.6, 69.5, 47.9, 47.8, 40.3, 34.6, 29.7, 29.5, 28.4, 28.3, 21.9;
HRMS (ESI, M+Na) calcd for CggH;02N20026Na 1853.7172, found 1853.7160.

L2H2-60TD-dimer 3: To a solution of 7 (18 mg, 9.67 umol) in CH,Cl,/TFA (1: 1, 10 mL) was stirred
at room temperature for 3 h. The resulting mixture was concentrated in vacuo to give 3 (18 mg, 9.56 umol,
99%). [a]*p = +72.0 (c 0.6, MeOH); 'H-NMR (400 MHz, DMSO-ds) § 9.18-9.11 (m, 8H), 8.95-8.91
(m, 4H), 8.60 (br, 2H), 8.35 (d, J = 7.3 Hz, 4H), 7.72 (br, 4H), 5.47-5.38 (m, 4H), 3.63-3.45 (m, 8H),
3.09-2.99 (m, 4H), 2.94-2.83 (m, 4H), 2.77-2.69 (m, 4H), 2.14-1.87 (m, 8H), 1.68-0.71 (m, 16H);
BC-NMR (100 MHz, DMSO-dg) 6 164.4, 158.8, 158.7, 155.6, 155.5, 154.5, 154.4, 142.5, 141.9,
141.2, 136.0, 129.7, 128.4, 69.4, 65.5, 47.3, 46.6, 46.0, 38.6, 33.5, 33.3, 26.6, 25.0, 21.2, 20.9; HRMS
(ESI, M+Na) calcd for CgsH79N20013Na 1453.5075, found 1453.5071.
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3.3. Electrophoresis Mobility Shift Assay (EMSA)

EMSA was performed as follows; oligonucleotides (2.0 pL, 50 uM of telo24, 25 uM of telo48,
16.7 uM of telo72 and 12.5 uM of telo96) in TE buffer was added to Tris-HCI buffer (5.0 pL, 50 mM,
pH 7.1) with 250 mM of KCIl. This solution was heated at 94 °C for 2 min and then slowly cooled to
25 °C. Corresponding concentration of 2 and 3 in DMSO was added to the DNA solution. After a 14 h
incubation period, the samples were mixed with Ficoll 400 solution (2.0 uL, 100 mg/mL). Next, each
mixture (0.5 puL) was run on 12% nondenatured polyacrylamide gels in 1 x TBE buffer (100 V for
10 min, then 200 V for 15 min for telo24, 30 min for telo48, 45 min for telo72 and 60 min for telo96,
respectively), and stained with GelStar”. The gels were scanned with a phosphorimager (Typhoon
8600, GE Healthcare, Buckinghamshire, UK) using a 580—640 band pass filter.

3.4. CD Spectrometry

CD spectra was recorded on a J-720 spectropolarimeter (JASCO, Tokyo, Japan) using a quartz cell
of 1 mm optical path length and an instrument scanning speed of 500 nm/min with a response time of 1 s,
over a wavelength range of 220-320 nm. The nucleotides purified (Sigma Genosys, Hokkaido, Japan)
were dissolved as 1.0 mM stock solutions in sterilized water to be used without further purification.
These nucleotides were diluted to 10 uM (telo24), 5.0 uM (telo48), 3.3 uM (telo72) and 2.5 uM
(telo96) with 50 mM Tris—HCI1, pH 7.5, 100 mM KCI buffer, respectively. Subsequently, these
solution were annealed by heating at 96 °C for 2 min, then slowly cooled to room temperature, and
then corresponding concentrations of 2 and 3 were titrated into these DNA solutions. Finally the CD
spectra are representative of ten scans taken at 25 °C.

3.5. CD Melting Experiments

A solution of all DNA (10 pM: telo24, 5.0 uM: telo48, 3.3 uM: telo72, 2.5 uM: telo96) was
prepared in 50 mM Tris—HCI, pH 7.5, 100 mM KCI buffer. Subsequently, corresponding concentration
of 2 and 3 were added. Melting curves were obtained by monitoring the CD intensity at 295 nm on a
JASCO J-720 spectropolarimeter using a quartz cell of 1 mm optical path length; the temperature was
changed as follows: 25 to 99 °C then 99 to 25°C at 1.0 °C/min.

3.6. Telomerase Repeat Amplification Protocol (TRAP) Assay

Telomerase repeat amplification protocol (TRAP) assays were conducted as follows; 1 x 10° of
PC3 cells were lysed with 200 uL. of TRAP lysis buffer [57], placed on ice for 30 min, and centrifuged
for 20 min (15,000 rpm, 4 °C). This TRAP lysate (2.0 uL) was mixed with 10xT-PCR buffer (5.0 uL),
25 mM dNTPs (1.0 pL), 50 ng/uL TS primer (5'-d[AATCCGTCGAGCAGAGTT]-3', 2.0 pL),
0.2 pM TSNT (5'-d[AATCCGTCGAGCGAGTTAAAAGGCCGAGAAGCGAT]-3", 0.5 uL), DEPC
(Diethylpyro carbonate) solution in MilliQ water (30 pL), compounds (DMSO solution, 5.0 pL), and
placed on ice for 30 min. After the telomerase reactions (30 min, 20 °C), the reacting solution was
placed on ice, 2.0 uL of 10 uM NT primer (5'-d[ATCGCTTCTCGGCCTTTT]-3"), 2.0 uL of 10 puL
ACX primer (5'-d[GCGCGG (CTTACC);CTAACC]-3") and 0.5 puL of Gene Taq (Nippon Gene,
Tokyo, Japan) were added. The three-step PCR was performed: 27 cycles of 94 °C for 25 s, 50 °C for
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25 s, and 72 °C for 45 s. PC3 cell lysates were used as a negative control, and lysis buffer as a positive
control. Approximately 5.0 uL of each PCR reacting solution and 1.0 pL of 10 x loading buffer
(Takara Bio Inc., Shiga, Japan) were loaded onto a 10% nondenaturing polyacrylamide gel (Perfect NT
Gel, D.R.C. Co., Ltd., Tokyo, Japan) and run for 10 min at 100 V, then 55 min at 200 V. Gels were
stained with SYBR® Green I (Takara Bio Inc., Shiga, Japan), and visualized with Fuji FLA-2000
(Fujifilm, Tokyo, Japan). Each sample was examined in duplicate by the TRAP assay on different
occasions and the reproducibility was confirmed. ICsy value was calculated from average of two
independent experiments.

4. Conclusions

In summary, we have newly synthesized a dimer-type G4 ligand 3, and evaluated its binding
properties with long telomeric DNAs, telo48, 72 and 96, by means of EMSA and CD titration. The
L2H2-60TD-dimer (3) interacted with the long telomeric DNAs by forming an anti-parallel type G4
structure with each 24-base unit. The stabilization efficacy of 3 with long telomeric DNAs was
superior to that of the monomer L2H2-60TD (2) at both the molecular level (CD melting assay) and
the enzymatic level (TRAP assay).

Supplementary Materials
Supplementary materials can be accessed at: http://www.mdpi.com/1420-3049/18/4/4328/s1.
Acknowledgments

This work was supported in part by the Mukai Science and Technology Foundation, Tokyo, Japan,
Grants-in-Aid for Scientific Research (B) from JSPS (No. 23310158), and a Grant-in-Aid for Scientific
Research on Innovative Areas “Advanced Molecular Transformations by Organocatalysts” from The
Ministry of Education, Culture, Sports, Science and Technology, Japan.

References and Notes

1. Blackburn, E.H. Switching and Signaling at the Telomere. Cell 2001, 106, 661-673.

2. Hemann, M.T.; Greider, C.W. G-strand overhangs on telomeres in telomerase-deficient mouse
cells. Nucleic Acids Res. 1999, 27, 3964-3969.

3. de Lange, T. Shelterin: the protein complex that shapes and safeguards human telomeres.
Genes Dev. 2005, 19, 2100-2010.

4. de Lange, T. How Shelterin solves the telomere end-protection problem. Cold Spring Harbor
Symp. Quant. Biol. 2010, 75, 167-177.

5. Tsai, Y.C.; Qi, H.; Liu, L.F. Protection of DNA Ends by Telomeric 3* G-Tail Sequences. J. Biol.
Chem. 2007, 282, 18786—18792.

6. Davis, J.T. G-Quartets 40 years later: From 5'-GMP to molecular biology and supramolecular
chemistry. Angew. Chem. Int. Ed. 2004, 43, 668—698.



Molecules 2013, 18 4338

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Patel, D.J.; Phan, A.T.; Kuryavyi, V. Human telomere, oncogenic promoter and 5'-UTR
G-quadruplexes: Diverse higher order DNA and RNA targets for cancer therapeutics.
Nucleic Acids Res. 2007, 35, 7429-7455.

Neidle, S.; Parkinson, G.N. Quadruplex DNA crystal structures and drug. Biochimie 2008, 90,
1184-1196.

Phan, A.T. Human telomeric G-quadruplex: Structures of DNA and RNA sequences. FEBS J.
2010, 277, 1107-1017.

Kim, N.W_; Piatyszek, M.A.; Prowse, K.R.; Harley, C.B.; West, M.D.; Ho, P.L.; Coviello, G.M.;
Wright, W.E.; Weinrich, S.L.; Shay, J.W. Specific association of human telomerase activity with
immortal cells and cancer. Science 1994, 266, 2011-2015.

Shay, J.W.; Wright, W.E. Telomerase therapeutics for cancer: challenges and new directions.
Nat. Rev. Drug Discov. 2006, 5, 577-584.

Zahler, A.M.; Williamson, J.R.; Cech, T.R.; Prescott, D.M. Inhibition of telomerase by G-quartet
DNA structures. Nature 1991, 350, 718-720.

Fumagalli, M.; Rossiello, F.; Clerici, M.; Barozzi, S.; Cittaro, D.; Kaplunov, J.M.; Bucci, G.;
Dobreva, M.; Matti, V.; Beausejour, C.M.; et al. Telomeric DNA damage is irreparable and
causes persistent DNA-damage-response activation. Nat. Cell Biol. 2012, 14, 335-365.

Neidle, S. Human telomeric G-quadruplex: The current status of telomeric G-quadruplexes as
therapeutic targets in human cancer. FEBS J. 2010, 277, 1118-1125.

Monchaud, D.; Teulade-Fichou, M.-P. A hitchhiker’s guide to G-quadruplex ligands.
Org. Biomol. Chem. 2008, 6, 627-636

Ou, T.M.; Lu, Y.J.; Tan, J.H.; Huang, Z.S., Wong, K.Y.; Gu, L.Q. G-Quadruplexes: Targets in
Anticancer Drug Design. ChemMedChem 2008, 3, 690713

Shin-ya, K.; Wierzba, K.; Matsuo, K.; Ohtani, T.; Yamada, Y.; Furihata, K.; Hayakawa, Y.;
Seto, H. Telomestatin, a Novel Telomerase Inhibitor from Streptomyces anulatus. J. Am. Chem. Soc.
2001, 723, 1262—-1263.

Kim, M.Y.; Vankayalapati, H.; Shin-Ya, K.; Wierzba, K.; Hurley, L.H. Telomestatin, a Potent
Telomerase Inhibitor That Interacts Quite Specifically with the Human Telomeric Intramolecular
G-Quadruplex. J. Am. Chem. Soc. 2002, 124, 2098-2099.

Kim, M.Y.; Gleason-Guzman, M.; Izbicka, E.; Nishioka, D.; Hurley, L.H. The different biological
effects of telomestatin and TMPyP4 can be attributed to their selectivity for interaction with
intramolecular or intermolecular G-Quadruplex structures. Cancer Res. 2003, 63, 3247-3256.
Rosu, F.; Gabelica, V.; Shin-ya, K.; Pauw, E.D. Telomestatin-induced stabilization of the human
telomeric DNA quadruplex monitored by electrospray mass spectrometry Chem. Commun. 2003,
2702-2703.

Rezler, E.M.; Seenisamy, J.; Bashyam, S.; Kim, M.Y.; White, E.; Wilson, W.D.; Hurley, L.H.
Telomestatin and Diseleno Sapphyrin Bind Selectively to Two Different Forms of the Human
Telomeric G-Quadruplex Structure. J. Am. Chem. Soc. 2005, 127, 9439-9447.

Doi, T.; Shibata, K.; Yoshida, M.; Takagi, M.; Tera, M.; Nagasawa, K.; Shin-ya, K.; Takahashi, T.
(S)-Stereoisomer of telomestatin as a potent G-quadruplex binder and telomerase inhibitor.
Org. Biomol. Chem. 2011, 9, 387-393.



Molecules 2013, 18 4339

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Minhas, G.S.; Plich, D.S.; Kerrigan, J.E.; LaVoie, E.J.; Rice, J.E. Synthesis and G-quadruplex
stabilizing properties of a series of oxazole-containing macrocycles. Bioorg. Med. Chem. Lett.
2006, 16, 3891-3895.

Barbieri, C.M.; Srinivasan, A.R.; Rzuczek, S.G.; Rice, J.E.; LaVoie, E.J.; Pilch, D.S. Defining the
mode, energetics and specificity with which a macrocyclic hexaoxazole binds to human telomeric
G-quadruplex DNA. Nucleic Acids Res. 2007, 35, 3272—-3286.

Rzuczek, S.G.; Pilch, D.S.; LaVoie, E.J.; Rice, J.E. Lysinyl macrocyclic hexaoxazoles: Synthesis
and selective G-quadruplex stabilizing properties. Bioorg. Med. Chem. Lett. 2008, 18, 913-917.
Satyanarayana, M.; Rzuczek, S.G.; LaVoie, E.J.; Pilch, D.S.; Liu, A.; Liu, L.F.; Rice, J.E.
Ring-closing metathesis for the synthesis of a highly G-quadruplex selective macrocyclic
hexaoxazole having enhanced cytotoxic potency Bioorg. Med. Chem. Lett. 2008, 18, 3802—3804.
Pilch, D.S.; Barbieri, C.M.; Rzuczek, S.G.; LaVoie, E.J.; Rice, J.E. Targeting human telomeric
G-quadruplex DNA with oxazole-containing macrocyclic compounds Biochimie 2008, 90,
1233-1249.

Tsai, Y.C.; Qi, H.; Lin, C.P.; Lin, R.K.; Kerrigan, J.E.; Rzuczek S.G.; LaVoie, E.J.; Rice, J.E.;
Pilch, D.S.; Lyu, Y.L.; et al. A G-quadruplex Stabilizer Induces M-phase Cell Cycle Arrest.
J. Biol. Chem. 2009, 284, 22535-22543.

Rzuczek, S.G.; Pilch, D.S.; Liu, A.; Liu, L.; LaVoie, E.J.; Rice, J.E. Macrocyclic Pyridyl
Polyoxazoles: Selective RNA and DNA G-Quadruplex Ligands as Antitumor Agents. J. Med.
Chem. 2010. 53. 3632-3644.

Satyanarayana, M.; Kim, Y.A.; Rzuczek, S.G.; Pilch, D.S.; Liu, A.A.; Liu, L.F.; Rice, J.E;
LaVoie, E.J. Macrocyclic hexaoxazoles: Influence of aminoalkyl substituents on RNA and DNA
G-quadruplex stabilization and cytotoxicity Bioorg. Med. Chem. Lett. 2010, 20, 3150-3154.

Tera, M.; Sohtome, Y.; Ishizuka H.; Doi, T.; Takagi, M.; Shin-ya, K.; Nagasawa, K. Design and
synthesis of telomestatin derivatives and their inhibitory activity of telomerase. Heterocycles
2006, 69, 505-514.

Tera, M.; Ishizuka, H.; Takagi, M.; Suganuma, M.; Shin-ya, K.; Nagasawa, K. Macrocyclic
Hexaoxazoles as Sequence- and Mode-Selective G-Quadruplex Binders. Angew. Chem. Int. Ed.
2008, 47, 5557-5560.

Majima, S.; Tera, M.; lida, K.; Shin-ya, K.; Nagasawa, K. Design and synthesis of telomestatin
derivatives containing Methyl Oxazole and their G-Quadruplex stabilizing activities. Heterocycles
2011, 82, 1345-1357.

lida, K.; Majima, S.; Ohtake, T.; Tera, M.; Shin-ya, K.; Nagasawa, K. Design and synthesis of
G-Quadruplex ligands bearing macrocyclic hexaoxazoles with four-way side chains. Heterocycles
2012, 84, 401-411.

Nakamura, T.; lida, K.; Tera, M.; Shin-ya, K.; Seimiya, H.; Nagasawa, K. A Caged Ligand for a
Telomeric G-Quadruplex. ChemBioChem 2012, 13, 774-777.

lida, K.; Tera, M.; Hirokawa, T.; Shin-ya, K.; Nagasawa, K. G-quadruplex recognition by
macrocyclic hexaoxazole (60TD) dimer: greater selectivity than monomer. Chem. Commun.
2009, 6481-6483.



Molecules 2013, 18 4340

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

lida, K.; Tera, M.; Hirokawa, T.; Shin-ya, K.; Nagasawa, K. Synthesis of Macrocyclic
Hexaoxazole (60TD) Dimers, Containing Guanidine and Amine Functionalized Side Chains, and
an Evaluation of Their Telomeric G4 Stabilizing Properties. J. Nucleic Acids 2010, 2010, 217627.

Amemiya, Y.; Furunaga, Y.; lida, K.; Tera, M.; Nagasawa, K.; Ikebukuro, K.; Nakamura, C.
Analysis of the unbinding force between telomestatin derivatives and human telomeric
G-quadruplex by atomic force microscopy Chem. Commun. 2011, 47, 7485-7487.

Tera, M.; lida, K.; Ishizuka, H.; Takagi, M.; Suganuma, M.; Doi, T.; Shin-ya, K.; Nagasawa, K.
Synthesis of a Potent G-Quadruplex-Binding Macrocyclic Heptaoxazole ChemBioChem 2009, 10,
431-435.

Tera, M.; lida, K.; Ikebukuro, K.; Seimiya, H.; Shin-ya, K.; Nagasawa, K. Visualization of
G-quadruplexes by using a BODIPY-labeled macrocyclic heptaoxazole. Org. Biomol. Chem.
2010, 8, 2749-2755.

We named the core structure of macrocyclic hexaoxazole of 2 as 60TD (6 Oxazoles Telomestatin
Derivative).

Xu, Y.; Ishizuka, T.; Kurabayashi, K.; Komiyama, M. Consecutive formation of G-quadruplexes
in human telomeric-overhang DNA: A protective capping structure for telomere ends.
Angew. Chem. Int. Ed. 2009, 48, 7833—-7836.

Petraccone, L.; Trent, J.O.; Chaires, J.B. The tail of the telomere. J. Am. Chem. Soc. 2008, 130,
16530-16532.

Renciuk, D.; Kejnovska, I.; Skolakova, P.; Bednarova, K.; Motlova, J.; Vorlickova M.
Arrangements of human telomere DNA quadruplex in physiologically relevant K™ solutions.
Nucleic Acids Res. 2009, 37, 6625-6634.

Vorlickova, M.; Chladkova, J.; Kejnovska, 1., Fialova, M.; Kypr J. Guanine tetraplex topology of
human telomere DNA is governed by the number of (TTAGGG) repeats. Nucleic Acids Res.
2005, 33, 5851-5860.

Singh, V.; Azarkh, M.; Drescher, M.; Hartig, J. S. Conformations of individual quadruplex units
studied in the context of extended human telomeric DNA. Chem. Commun. 2012, 48, 8258-8260.

Petraccone, L.; Spink, C.; Trent, J.O.; Garbett, N.C.; Mekmaysy, C.S.; Giancola, C., Chaires, J.B.
Structure and stability of higher-order human telomeric quadruplexes. J. Am. Chem. Soc. 2011,
133,20951-20961.

Yu, H.Q.; Miyoshi, D.; Sugimoto, N. Characterization of structure and stability of long telomeric
DNA G-quadruplexes. J. Am. Chem. Soc. 2006, 128, 15461-15468.

Yu, H.; Gu, X.; Nakano, S.; Miyoshi, D.; Sugimoto, N. Beads-on-a-string structure of long
telomeric DNAs under molecular crowding conditions. J. Am. Chem. Soc. 2012, 134,
20060-20069.

Haider, S.; Parkinson, G.N.; Neidle, S. Molecular dynamics and principal components analysis of
human telomeric quadruplex multimers. Biophys. J. 2008, 95, 296-311.

Haider, S.; Neidle, S. A molecular model for drug binding to tandem repeats of telomeric
G-quadruplexes. Biochem. Soc. Trans. 2009, 37, 583-588.

Chang, C.C.; Chien, C.W.; Lin, Y.H.; Kang, C.C.; Chang T.C. Investigation of spectral
conversion of d(TTAGGG)s and d(TTAGGG);3 upon potassium titration by a G-quadruplex
recognizer BMVC molecule. Nucleic Acids Res. 2007, 35, 2846—2860.



Molecules 2013, 18 4341

53.

54.

55.

56.

57.

lida, K.; Tsubouchi, G.; Nakamura, T.; Majima, S.; Seimiya, H.; Nagasawa, K. Interaction of long
telomeric DNAs with macrocyclic hexaoxazole as a G-quadruplex ligand. Med. Chem. Commun.
2013, 4, 260-264.

The dimer 3 was found to form a complex with telo24 in 1:1 ratio based upon the electrospray
ionization mass spectra (see Supplementary Information).

We prepared long telomeric DNAs consisting of 48, 72, and 96 bases, i.e., (TTAGGG), (n = 8§,
12, 16; telo48, telo72, and telo96, corresponding to two, three and four units of telo24,
respectively). The DNAs were purchased from Sigma Genosys. See table below for sequences of
telomeric DNAs used in this work.

Balagurumoorthy, P., Brahmachari, S.K. Structure and stability of human telomeric sequence.
J. Biol. Chem. 1994, 269, 21858-21869.

TRAP lysis buffer was prepared as follows; 400 uL of 1 M Tris—HCI (pH 8.0), 40 uL of 1 M
MgCl, aq, 200 uL of 0.2 M EGTA, 2 mL of 10% CHAPS, 8 mL of 50% glycerol and 25 mL of
RNase free H,O were mixed. Next, HCl aq was added to the mixture (final; pH 7.5), which was
diluted to 40 mL with MilliQ water and filtered. Then, 1.0 pL of 0.1 M 4-(2-
aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF) and 0.35 pL of 2-mercaptoethanol
were added to 1.0 mL of the mixture.

Sample Availability: Samples of the compounds L2H2-60TD (2) and L2H2-60TD-dimer (3) are
available from the authors.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



