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/Abstract: We reported a novel strategy for investigating
small molecule binding to G-quadruplexes (GQs). A newly
synthesized dinuclear platinum(ll) complex (Pt,L) containing
a nitroxide radical was shown to selectively bind a GQ-form-
ing sequence derived from human telomere (hTel). Using the
nitroxide moiety as a spin label, electron paramagnetic reso-
nance (EPR) spectroscopy was carried out to investigate
binding between Pt,L and hTel GQ. Measurements indicated
that two molecules of Pt,L bind with one molecule of hTel

\

GQ. The inter-spin distance measured between the two
bound Pt,L, together with molecular docking analyses, re-
vealed that Pt,L predominately binds to the neighboring
narrow and wide grooves of the G-tetrads as hTel adopts
the antiparallel conformation. The design and synthesis of
nitroxide tagged GQ binders, and the use of spin-labeling/
EPR to investigate their interactions with GQs, will aid the
development of small molecules for manipulating GQs in-
volved in crucial biological processes. D

Introduction

Guanine-rich oligonucleotides (either DNA or RNA) can form
a unique stacked tetrad structure called G-quadruplex (GQ).""
In vitro biophysical studies have revealed that GQ-forming se-
quences can adopt a variety of topological conformations, clas-
sified as parallel, antiparallel or hybrid structures according to
the strand orientations, which are distinct from duplexes or
other nucleic acid conformations.” GQs are known to exert im-
portant biological functions,® and recent studies have revealed
a significant presence of potential GQ-forming sites in ge-
nomes,” as well as detected GQ conformations in vivo.”

With their unique structure and biological function, GQs are
recognized as potential drug targets,” and various classes of
small molecules targeting GQs are being investigated.” In de-
signing and developing compounds targeting GQs, detailed in-
formation on the mode of interaction between GQs and small
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molecules is highly valuable. These interactions have been in-
vestigated by a variety of experimental (e.g., X-ray crystallogra-
phy,® NMR spectroscopy,” optical spectroscopy,'” atomic
force microscopy!"” and optical tweezers"?) and computational
(e.g., molecular dynamics simulations™®) approaches. However,
our understanding on how small molecules interact with GQs
remains far from complete.

In this study, we demonstrate a new strategy for investigat-
ing interactions between small molecules and GQs. Previously,
the Mao group has synthesized and characterized series of
mononuclear,"” dinuclear,™ trinuclear,"® and tetranuclear"”
platinum(ll) complexes that specifically bind to GQ forming se-
quences, stabilize GQ conformations, and inhibit telomerase
activities. Especially, a dinuclear platinum(ll) complex with qua-
ternized trigeminal ligand, {[Pt(dien)l,(dptmp)}(PF¢); (dien: di-
ethylenetriamine; dptmp: 4-[4,6-di(4-pyridyl)-1,3,5-(2-triazinyl)]-
1-methylpyridine) has been reported, which acts as a selective
GQ binder and telomerase inhibitor.™ In parallel, the Qin
group has demonstrated that the technique of site-directed
spin labeling, which utilizes electron paramagnetic resonance
(EPR) spectroscopy to monitor behaviors of spin labels (e.g.,
stable nitroxide radicals) covalently attached to specific sites of
biomolecules, can provide unique structural and dynamic infor-
mation on nucleic acids and protein-nucleic acid complexes.'
Leveraging on these prior studies, we synthesized the first ni-
troxide tagged dinuclear platinum(ll) complex (designated as
Pt,L, L: 4-([4,2":6',4"-terpyridin]-4"-yl)-N-(1-hydroxy-2,2,6,6-tetra-
methyl piperidin-4-oxyl)benzamide; Scheme 1). Using a combi-
nation of biochemical analyses, EPR, and molecular docking,
we demonstrate that Pt,L binds specifically to GQ-forming
DNA sequence derived from the human telomere (hTel), and
revealed details of its GQ binding mode.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. The overall synthesis route of Pt,L.

Results and Discussion
Synthesis, characterization and EPR spectroscopy of Pt,L

To generate PtL, we first synthesized L in three steps
(Scheme 1). Starting with 1-(pyridin-4-yl)ethanone and 4-meth-
ylbenzaldehyde, 4'-(p-tolyl)-4,2":6',4"-terpyridine (TP) was syn-
thesized as previously reported,”® which was then converted
to 4-([4,2":6',4"-terpyridin]-4-yl)benzoic acid (HTPB).*® HTPB
was coupled with a nitroxide radical (2,2,6,6-tetramethylpiperi-
dine-1-oxyl)?"! to form compound L (see the Experimental Sec-
tion). The overall yield of L was 45% after HPLC purification.
Pt,L was then synthesized by incubating dechlorinated
[Pt(dien)CI]ICI-HCIl and L in dark at 90°C under constant stirring
for 72 h. The overall yield of Pt,L was approximately 71 %. Suc-
cessful syntheses of TP, HTPB and L were confirmed by mass
spectrometry (Supporting Information, Section S1).
Continuous-wave EPR (cw-EPR) spectroscopy was then used
to characterize the radical presented in Pt,L. The measured cw-
EPR spectrum showed the expected three-line pattern consis-
tent with a "N nitroxide (Figure 1A). Using a reported spin
counting procedure,”? the ratio of electron spin to Pt,L was
determined to be 0.90+0.18 from multiple measurements
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(Figure 1B). Overall, the cw-EPR measurements confirmed that
the nitroxide radical is preserved during synthesis of Pt,L.

Pt,L selectively binds to GQ and inhibit telomerase activity

We then examined the interactions between Pt,L and various
DNA sequences by measuring PtL-dependent changes of
melting temperature (AT,) using a fluorescence resonance
energy transfer (FRET) assay (Figure 2, Table 1). For the known
GQ forming DNA sequence found in human telomere (hTel-21),
a AT, value of 29.6°C was obtained, while L itself displayed
little effect (AT,,<1.0°C; Table 1, Figure S5 in the Supporting
Information). This is comparable with previously characterized
platinum(ll) complexes that specifically bind and stabilize GQ
(e.g., {[Pt(dien)],(dptmp)}(PFy)s, AT,,=354°C"™). In contrast,
with a duplex DNA, Pt,L only induced a AT, value of 1.5°C, in-
dicating little interaction between Pt,L and duplex DNA. Fur-
thermore, Pt,L induced little changes in melting temperature
for two other well-known GQ-forming sequences at promoter
regions (c-myc and bcl2, Figure 2, Table 1). Overall, the data
suggest that Pt,L binds specifically to the hTel GQ, and can dis-
tinguish different GQ sequences.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. A) X-band cw-EPR spectrum of Pt,L obtained in aqueous buffer.

B) Spin counting. As shown, a set of TEMPO samples with known concentra-
tions were measured (m), and linear fitting yielded a calibration curve [black
line: integrated amplitude =0.02135 X concentration (um)—0.04721]. Mea-
surement was then carried out on a solution of 50 um Pt,L using the same
experimental setting, and from the resulting integrated amplitude (0), the
spin concentration was determined to be 54 um, resulting in a ratio of elec-
tron spin-to-Pt,L of 1.08.

We then evaluated the effect of Pt,L towards human telo-
merase using a telomere repeat amplification protocol experi-
ment (TRAP-LIG)."*?! The data show Pt,L inhibited DNA elon-
gation by telomerase in a concentration-dependent manner
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Table 1. Changes in melting temperature (AT,) measured for different
DNA sequences.”

Compound AT, [°C]

hTel-21 c-myc bcl2 duplex
Pt,L 296+1.3 1.7£0.3 0.8+0.5 1.5+0.2
L 0.5+0.1 0 0 0

[a] Measured using a FRET assay. See the Experimental Section for details.

(Figure 3), with the IC;, value determined to be 2.18+
0.024 um. As such, Pt,L can inhibit telomerase activities to
a comparable degree as previously reported platinum(ll) com-
plexes.!'®

EPR investigation of binding between Pt,L and hTel GQ

Upon demonstrating that Pt,L specifically interacts with hTel,
we then investigated the binding stoichiometry between Pt,L
and hTel GQ using cw-EPR (Figure 4). The spectrum of the un-
bound Pt,L showed three sharp lines, consistent with a small
molecule undergoing rapid rotations (Figure 4A). Upon addi-
tion of hTel DNA, line-broadening was observed in the spectra
(Figure 4A and Figure S6 in the Supporting Information), con-
sistent with reduction of Pt,L rotations upon formation of the
Pt,L-bound hTel complex that has a higher molecular weight.
Using the ratio of the peak-to-peak amplitudes between the
high-field line (H,,) and the center line (C,,) as a semi-quantita-
tive parameter,”” spectral line-broadening upon increasing
amount of hTel was found to saturate as the ratio of hTel to
Pt,L became >0.5 (Figure 4B, indicated by the arrow). This in-
dicated a stoichiometry ratio of 2 in the complex, meaning
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Figure 2. FRET-melting curves of DNA sequences (hTel-21, c-myc, bcl2 and duplex) obtained in the absence and presence of Pt,L. Data were obtained in
60 mm potassium cacodylate buffer (pH 7.4) with 400 nm DNA and 1.0 um of Pt,L.
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Figure 3. Pt,L inhibited DNA elongation by human telomerase. As the con-
centration of Pt,L increased, telomerase elongation products detected by
PCR amplification clearly decreased, while PCR products from an internal
control primer (ITAS, lowest band) remained constant. The negative controls
showed that the elongation products required an active telomerase. See the
Experimental Section for details.
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Figure 4. Stoichiometry of Pt,L binding to hTel. A) Representative cw-EPR
spectra measured upon titrating various amounts of hTel DNA with 100 pum
of Pt,L. Measurements were carried out in 100 mm NaCl and 10 mm Tris-HC|
buffer (pH 7.4). B) Quantitation of hTel-dependent Pt,L mobility changes.

two molecules of Pt,L bind with one molecule of hTel GQ. The
same conclusion was obtained from a Job-plot analysis of data
measured using UV/Vis spectroscopy (Figure S7 in the Support-
ing Information).

Following characterization of binding stoichiometry, the
inter-spin distance between the nitroxides of two Pt,L within
a Pt,L-bound hTel complex was measured using double elec-
tron electron resonance (DEER) spectroscopy. In the presence
of Na*, the measured DEER trace shows a clear decay (Fig-
ure 5A), reflecting dipolar interaction between two bound
Pt,L. The distance distribution profile obtained from analyzing
the DEER trace shows a major population centered at 23 A
(Figure 5B). A minor population can also be observed at ap-
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Figure 5. DEER measurement of two Pt,L molecules bound to one hTel GQ.
Measurements were carried out with 100 um Pt,L and 50 um hTel in 100 mm
NaCl, 10 mm Tris-HCI buffer (pH 7.4).

proximately 36 A (Figure 5B, indicated by “*"), which may arise
from experimental artifacts or alternative binding modes (see
later).

Elucidating the mode of Pt,L binding to hTel GQ

In parallel to DEER measurements, CD spectroscopy was car-
ried out to assess conformations of Pt,L-bound hTel GQ. It has
been reported that antiparallel GQs typically show a positive
band at 295 nm and a negative band at 265 nm;?' parallel
GQs show a positive band at 275 nm and a small negative
band at 240 nm;"’? and hybrid GQs show a strong positive
band at 295 nm, a positive shoulder peak at 268 nm, and
a small negative band at 240 nm."®? Figure 6 shows mea-
sured CD spectra of hTel. As the concentration of Pt,L increas-
es, CD spectra measured in solutions of 10 mm Tris-HCl buffer
(pH 7.4) without extra added metal ions show clear increases
at the positive 295 nm band (Figure 6A), indicating formation
of the antiparallel conformation. In the Na™ containing buffer,
the spectrum obtained in the absence of Pt,L shows a strong
positive band at 295 nm and a negative band at 265 nm (Fig-
ure 6B, black line), which are prototypical antiparallel features.
Upon titration of Pt,L, the negative band at 265 nm initially
became smaller, but stabilized as Pt,L/hTel ratio >0.6. We in-
terpreted this to indicate that a majority of hTel retains the an-
tiparallel conformation. We also note that due to the positive
295 nm band, the presence of hybrid conformations cannot be
excluded. However, all these spectra lack positive 275 nm band
and negative 240 nm band, indicating an absence of the paral-
lel conformation. Furthermore, the measured CD spectra show
that the addition of L did not induce significant observable
spectral changes (Figure S8 in the Supporting Information).

As CD spectra indicated that in the presence of sodium ions
a majority of Pt,L-bound hTel adopts an antiparallel topology,
we carried out molecular docking analyses using the antiparal-
lel structure of the hTel sequence determined by NMR spec-
troscopy (PDB ID: 143D).**¥ Following procedures reported
previously, Pt,L was parameterized using Gaussian 09, then
docked onto the fixed DNA structure using the Surflex-Dock
suite.”?”

Systematic search of docking parameters produced 58
unique models maintaining the proper chemical configuration

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. CD spectra of Pt,L interacting with hTel. A) Spectra obtained in

10 mm Tris-HCI buffer (pH 7.4) without added metal salt. B) Spectra obtained
in 100 mm NaCl and 10 mm Tris-HCI buffer (pH 7.4). All experiments were
carried out with 3.0 um hTel DNA, and the ratios (r) of Pt,L to hTel are listed.

(Figure 7 and Section S5 in the Supporting Information). The
first eight highest scored models dock nearly identically to the
narrow groove formed by the G;G,Gs and G,,G,5G;s repeats
(site 1, Figure 7A; movie S1 in the Supporting Information).
This favorable docking likely arises from a nice shape comple-
mentarity between the GQ groove and Pt,L, together with
electrostatic interaction between the platinum(ll) arms and the
phosphate groups of G;5, Gy and T,, (Figure 7A and Q). In ad-
dition, 47 models dock at the wide groove formed by the
G,G,Gs and GgGoG,, repeats (site Il, Figure 7A; see also movie
S1), and adopt variable conformations. The remaining three
models docked in the groove formed by the GyG,G,, and
G,0G,G,, repeats, although further analyses and EPR experi-
ments indicated that they do not represent a major conforma-
tion of Pt,L bound at antiparallel GQ (see Section S5B in the
Supporting Information). As such, molecular docking identified
two Pt,L binding sites in hTel GQ, which matches nicely with
the stoichiometric ratio of 2 measured on the Pt,L-bound hTel
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complex (Figure 4 and Figure S7 in the Supporting Informa-
tion).

Further analyses show that the inter-nitroxide distances be-
tween Pt,L bound at sites | and Il range between 7.8-33.4 A
(Figure 7B), and approximately 15% of them fall within 2.0 A
of the measured distance of 23 A. Importantly, the average
inter-nitroxide distances between models of the top two
scored configurations is 22.8 A (Figure 7C and movie S2 in the
Supporting Information), matching nicely with the major popu-
lation measured by DEER (<r> =23 A, Figure 5). Furthermore,
between the top 20 scored models found at site | and site II,
the inter-nitroxide distance distribution falls nicely within the
DEER measured profile (Figure 7D and Figure S9 in the Sup-
porting Information). Together, we concluded that with the an-
tiparallel GQ conformation, two Pt,L molecules bind to the
grooves of G-tetrads. One of them binds with high energy and
well-defined configuration at the narrow groove formed by
the G;G,Gs and G,,G;sG,¢; repeats (site |, Figure 7 and Fig-
ure S9A), while the other binds with relatively variable configu-
rations to the wide groove formed by the G;G,Gs and GzGoG;,
repeats (site Il, Figure 7 and Figure S9B). The variable binding
configurations at site Il would present difficulty for other char-
acterization techniques, such as X-ray crystallography or NMR
spectroscopy. As such, the results exemplify the unique capa-
bility of combining spin-labeling/EPR and molecular modeling
to investigate interactions between small molecules and GQs.

We note that the measured DEER distance profile shows
a minor population at approximately 36 A (indicated by “*” in
Figure 5B), which is longer than all inter-nitroxide distances
obtained from Pt,L docked at the antiparallel GQ (Figure 7B).
This minor population was found to vary in percentage in
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Figure 7. Pt,L binding sites at antiparallel hTel GQ. A) Molecular docking revealed two major binding sites. B) Histogram of the inter-nitroxide distances be-
tween all Pt,L docked at sites | and II. C) Representative views of the top two scored Pt,L configurations. D) Histogram of the inter-nitroxide distances be-
tween the top 20 scored models residing at site | and site Il. See the Supporting Information for additional details.
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repeat measurements, and may due partially to experimental
artifacts. It may also arise from other GQ topologies. While CD
measurements excluded the parallel topology in Pt,L bound
hTel (Figure 6), they did indicate the existence of other non-an-
tiparallel topologies. However, docking using “3+ 1" hybrid GQ
structures obtained for sequences similar but not identical to
hTel failed to yield models consistent with all experimental EPR
data (see Section S6 in the Supporting Information). Elucidat-
ing how Pt,L binds to non-antiparallel GQ topologies will re-
quire further studies.

Conclusions

In summary, we successfully synthesized a nitroxide-tagged di-
nuclear platinum(ll) complex Pt,L, and demonstrate that it acts
as a selective GQ stabilizer and telomerase inhibitor. EPR mea-
surements, together with biochemical and computational anal-
yses, revealed that Pt,L binds to neighboring narrow and wide
grooves of the G-tetrads in the antiparallel GQ. We also note
that nitroxides afford a wide range of biological activities, in-
cluding modulation of cellular redox processes. Nitroxides co-
valently linked to pharmacophores, including cisplatin, have
been suggested to provide favorable pharmacology features.”
Taken together, work reported here on the GQ-specific plati-
num(ll) complex establishes a new strategy to study interac-
tions between small molecules and GQs, and may open up
new opportunities for developing multifunctional platinum(l)-
based complexes targeting GQs as well as other DNA struc-
tures.

Experimental Section
General

Dichloromethane (CH,Cl,, super dried with molecular sieves) and
methyl alcohol (HPLC grade) were obtained from J&K Scientific Ltd.
(Guangzhou, China). All the other reagents and solvents were
chemical-pure grades, and were obtained commercially and used
without further purification. All DNA oligonucleotides were pro-
duced by solid-phase chemical synthesis and obtained commercial-

ly.

Synthesis of Pt,L ({[Pt(dien)],L}(NO,),, L: 4-([4,2":6',4"-terpyri-
din]-4’-yl)-N-(1-hydroxy-2,2,6,6-tetramethylpiperidin-4-oxyl)-
benzamide), dien: diethylenetriamine)

Synthesis of 4'-(p-tolyl)-4,2":6',4"-terpyridine (TP): TP was synthe-
sized as previously reported."” KOH-H,0 pellets (85% w/w, 1.32 g,
20 mmol) and NH;-H,O (35 mL, 25% v/v) were added to a solution
that was under constant stirring and contained 1-(pyridin-4-yl)etha-
none (2.42g, 20mmol) and 4-methylbenzaldehyde (1.20g,
10 mmol) in EtOH (100 mL). After stirring at 34 °C for 24 h, the solu-
tion was incubated at 4°C for 2 h. This process yielded pale yellow
solids, which were collected by filtration and washed with cold
EtOH (6 mL). The obtained raw product was recrystallized from
EtOH to yield a white crystalline solid of TP (1.85 g, 57.2% yield).
ESI-MS (CHCly) for Cy,Hi;N;: m/z [TP+H']": anal. caled 324.1,
found 324.5; [2TP+H"]": anal. calcd 647.2, found 647.3 (Figure S1
in the Supporting Information). Elemental analysis calcd (%) for
C,,H,,N;: C 81.71, H 5.30, N 12.99; found: C 81.62, H 5.36, N 12.93.
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Synthesis of 4-([4,2":6',4"-terpyridin]-4’-yl)benzoic acid (HTPB):
HTPB was synthesized from TP using a previously reported
method.?” TP in the solid form (6.46 g, 20 mmol) was added to
concentrated HNO; (65 %, v/v) in a Parr Teflon lined stainless steel
vessel, and was heated at 180°C for 24 h. The obtained mixture
was cooled to room temperature, transferred to a big flask, stirred
with 300 mL water, overnight, and then filtered and washed with
water twice (2x10 mL). The final yellow product was dried under
vacuum to give approximately 5.65 g of HTPB (80% yield). ESI-MS
(DMF) for C,,HsN;0,: m/z [HTPB+H™*1*: anal. calcd 354.1, found
354.1; [HTPB+DMF+H*]": anal. calcd 427.2, found 427.1 (Fig-
ure S2 in the Supporting Information). Elemental analysis calcd (%)
for C,,H;sN;0,-3H,0-HNO,: C 56.17, H 4.71, N 11.91; found: C 56.43,
H 4.59, N 12.31.

Synthesis of L (4-([4,2:6',4"-terpyridin]-4’-yl)-N-(1-hydroxy-
2,2,6,6-tetramethy Ipiperidin-4-oxyl)benzamide): L was synthe-
sized using an amide condensation reaction,”” which coupled
HTPB and a nitroxide radical (2,2,6,6-tetramethylpiperidine-1-oxyl).
HTPB (0.20g, 0.39 mmol), N,N'-dicyclohexylcarbodiimide (DCC,
0.09 g, 0.439 mmol), and 1-hydroxybenzotriazole (HOBT, 0.06 g,
0.44 mmol) were added into 10 mL of CH,Cl,, and stirred at room
temperature for 1 h. Then 4-amino-2,2,6,6-tetramethylpiperidine-1-
oxyl (4-amino-TEMPO, 0.062 g, 0.36 mmol) was added, and the mix-
ture was stirred for approximately 16 h in dark under N,. During
this process, TLC was used to monitor reaction progress, and sever-
al aliquots of CH,Cl, were added. The final product was purified
using reverse-phase HPLC (0.89 g, 45% yield). ESI-MS (H,O; positive
mode) for C3;H3,NsO,: m/z [L+H™17: anal. calcd 507.3, found 507.1
(Figure S3 in the Supporting Information); (negative mode) for
C3:H3,NsO,: m/z [L—H '] 7: anal. caled 505.3, found 505.3 (Figure S4
in the Supporting Information). Elemental analysis calcd (%) for
C5;H5,N;0,:3H,0-HNO;: C 70.95, H 6.53, N 13.35; found C 71.25, H
6.75, N 13.75.

Synthesis of {[Pt(dien)],L}(NOs), (Pt,L): [Pt(dien)CI]CI-HCI and Pt,L
were synthesized according to a previously reported method."
[Pt(dien)CIICI-HClI (37 mg, 0.10 mmol) and AgNO; (34 mg,
0.20 mmol) were mixed in water (5.0 mL) and stirred in a stoppered
flask under N, for 48 h at 45°C. The mixture was then filtered to
remove AgCl. The obtained pale yellow solution was transferred to
another flask, then L (25 mg, 0.05 mmol) was added to the solu-
tion, and the mixture was stirred in dark at 90°C until L disap-
peared (usually in approximately 72 h). The reaction mixture was
then filtered and concentrated to approximately 0.5 mL. Approxi-
mately 70 mL EtOH was added to this solution, yielding a large
amount of pale solid precipitant, which was collected using filtra-
tion and dried under vacuum (52.4 mg, 71 % vyield). Elemental anal-
ysis calcd (%) for {[Pt(dien)],L}(NO,),-7H,0: C 32.50, H 4.76, N 14.58;
found: C 32.48, H 4.71, N 14.11.

DNA melting measurements using a fluorescence resonance
energy transfer assay

Fluorescently labeled DNA oligonucleotides employed in FRET
assays were:

® hTel-21: 5-FAM-[GGGTTAGGGTT AGGGTTAGGG]-TAMRA-3’

® cmyc: 5-FAM-[TGGGGAGGGT GGGGAGGGTG GGGAAGG]-
TAMRA-3'
® bcl2: 5-FAM-[AGGGGCGGGC GCGGGAGGAA GGGGGCGGGA

GCGGGGCTG]-TAMRA-3’
@ duplex: 5-FAM-[TATAGCTATA-HEG-TATAGCTATA]-TAMRA-3’
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FAM: 6-carboxyfluorescein; TAMRA: 6-carboxy-tetramethylrhod-
amine; HEG linker: [(-CH,-CH,-O-)]). The oligonucleotides were syn-
thesized and HPLC purified by Shanghai Sangon, China.

For each measurement, a 50 um stock of fluorescently labeled DNA
oligonucleotides in water was made, and then diluted to 0.8 um in
a buffer of 60 mm potassium cacodylate, 10 mm Tris-HCI (pH 7.4).
The DNA was annealed by heating at 95°C for 5 min, then slowly
cooled to room temperature and incubated overnight. Each
sample was measured in a total volume of 20 uL, with the final
concentration of DNA being 0.5 um and small molecules (L or Pt,L)
being 1.0 um. Melting curves were obtained using a Roche Light-
Cycler 2.0 real-time PCR machine. Fluorescence data were recorded
with an excitation wavelength at 470 nm, detection wavelength at
530 nm, at intervals of 1°C during a temperature range of 37-
99°C, with each temperature being maintained for 30 s. Data anal-
ysis was carried out with Origin 8.0 (OriginLab Corp.).

Telomere-repeat amplification protocol assays

Materials (dNTP mix, RNase inhibitor, and Tagq polymerase) were
obtained from TaKaRa Biotechnology. DNA oligonucleotide primers
were synthesized and PAGE purified by Invitrogen Technology,
Shanghai, China. The primer sequences are: TS, 5-AATCCGTCGA
GCAGAGTT-3; ACX, 5'-GCGCGGCTTA CCCTTACCC TTACCCTAACC-3';
NT, 5-ATCGCTTCTC GGCCTTTT-3’; and TSNT, 5'-AATCCGTCGA GCA-
GAGTTAA AAGGCCGAGA AGCGAT-3". The experiments included
three steps.

Step 1: primer elongation by telomerase in the presence of
Pt,L: Telomerase extract was prepared from Hela cells using the
NP-40 lysis buffer, which contained 10 mm Tris-HCl, pH 8.0, 1.0 mm
MgCl,, 1.0 mm ethylene glycol tetraacetic acid (EGTA), 1.0% NP-40,
0.25mMm sodium deoxycholate, 10% glycerol, 150 mm NaCl,
0.1 mm phenylmethanesulfonylfluoride (PMSF) and 5.0 mm [-mer-
captoethanol (3-ME). Each reaction was carried out in a volume of
50 pL. The reaction mixture included 5.0 uL of 10xTRAP buffer,
1.0 uL of 0.05 pguL~" BSA, 4.0 uL of 2.5 mm dNTP mix, 1.0 uL of
100 nguL~" TS primer, 0.5 uL of 2 UuL™" RNase inhibitor, 1.0 pL tel-
omerase extract (obtained from ~500 cells), 32.5 uL diethyl pyro-
carbonate-treated (DEPC) water, and 5.0 uL of Pt,L at the desired
concentration. The reaction mixture was transferred to a thermal
cycler (Bio-Rad S1000, USA), then incubated at 30°C for 30 min,
94°C for 10 min, and a final maintenance temperature of 20°C. A
number of negative controls were included. Negative control 1: tel-
omerase was heated inactivated by incubation at 85°C for 10 min
prior to primer elongation; negative control 2: telomerase was
omitted, and the reactions were carried out using 1.0 uL lysis
buffer instead of 1.0 uL telomerase extract; negative control 3: Pt,L
was omitted, and the reactions were carried out using 5.0 uL of
DEPC-treated water instead of the Pt,L complex.

Step 2: removal of Pt,L: The QIA quick nucleotide purification kit
(Qiagen, 28304) was used to purify the elongated products and to
remove Pt,L according to the manufacturer’s instructions. As re-
ported, ethanol was found to inhibit the PCR amplification. To
avoid the inhibition effect of residual ethanol in the kit, the final
samples eluted in water were freeze-dried.

Step 3: PCR amplification: PCR was carried out to amplify the tel-
omerase elongation products. For each reaction the purified elon-
gation products were dissolved in 37.6 uL water, then mixed with
5.0uL 10xTRAP buffer (200 mm Tris-HCl, pH 8.3, 15 mm MgCl,,
630 mm KCl, 0.5% Tween-20 and 10 mm EGTA in DEPC-treated
water), 1.0 pL of 5.0 pguL ™' BSA, 4.0 pL of 2.5 mm dNTP mix, 1.0 pL
of 100 nguL ' TS primer, 1.0 uL of primer mix (100 nguL ™" ACX re-
verse primer, 100 nguL™" NT primer, and 4.0x 10" *m TSNT internal
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control primer), and 0.4 uL of 5UpL ' Tag polymerase. The mix-
tures were incubated at 94°C for 90 s, then subjected to 30 cycles
of PCR (94°C for 30, 52°C for 30 s and 72°C for 45 s). The PCR
products were separated on 8.0% polyacrylamide gels, run at ap-
proximately 250V for 100 min. The final gels were stained with
10000x gel red (Biotium, USA) for approximately 15 min, then vi-
sualized under UV illumination (Gel image system, Tanon 1600,
China).

Continuous-wave EPR spectroscopy

The hTel DNA (5'-AGGGTTAGGGT TAGGGTTAGGG-3') was obtained
commercially (Integrated DNA Technology, Coralville) and purified
by HPLC."® To anneal the DNA, hTel DNA was first heated at 95°C
for 5 min, then appropriate buffer was added to a final concentra-
tion of 100 mm NaCl, 10 mm Tris-HCl (pH 7.4). The mixture was
cooled to room temperature and then incubated at 4°C overnight.
To analyze the binding of Pt,L to hTel, the desired amount of an-
nealed hTel was incubated with 100 pm of Pt,L in a solution of
100 mm NaCl, 10 mm Tris-HCI at pH 7.4. Incubations were carried
out for 30 min at room temperature, following which cw-EPR spec-
tra were acquired.

Each cw-EPR spectrum was obtained using a 5 uL sample loaded
in a round glass capillary (0.6 mm i.d.x0.8 mm o.d., Vitrocom, Inc.,
Mountain Lakes) sealed at one end. Measurements were carried
out at room temperature on an X-band Bruker EMX spectrometer
using an ER4119HS resonator. The incident microwave power was
2 mW, and the field modulation was 1 G at a frequency of 100 kHz.
Each spectrum was acquired with 512 points, corresponding to
a spectral range of 100 G. All spectra were corrected for back-
ground and baseline, and if needed, normalized following reported
procedures.”

Double electron electron resonance spectroscopy

Measurements were carried out on samples of Pt,L-bound hTel. To
prepare a sample, appropriate amount of Pt,L and annealed hTel
DNA (see above) were mixed in a solution containing 100 mm NaCl
and 10 mm Tris-HCI (pH 7.4). The mixture was incubated at room
temperature for 30 min, and then glycerol solution with the proper
amount of salt was added to obtain a sample with a final concen-
tration of 100 mm NaCl, 10 mm Tris-HCI (pH 7.4) and 50% glycerol
(v/v). The sample was immediately loaded into a quartz capillary
and flash frozen by submerging in liquid nitrogen, and then used
immediately for measurement.

DEER measurements were carried out at 78 K on a Bruker ELEXSYS
E580 X-band spectrometer equipped with a MD4 resonator. Previ-
ously reported acquisition parameters and procedures® were
used with slight modifications (d1 =200 ns instead of 128 ns). Spe-
cifically, a dead-time-free four-pulse scheme was used,®” with the
pump pulse frequency set at the center of the nitroxide spectrum
and the observer frequency at approximately 70 MHz higher. The
observer 7t pulse was 32 ns, and the pump 1 pulse was optimized
using a nutation experiment, usually set at 16 ns. The video band-
width was fixed at 20 MHz. The shot repetition time was set at
1000 ps. Accumulation time in each measurement was approxi-
mately 24 h with 100 shots per point. Inter-spin distance distribu-
tions were computed from the resulting dipolar evolution data
using DEER analysis 2013.2"

Circular dichroism spectroscopy

Circular dichroism measurements were carried out using the hTel
DNA (5'-AGGGTTAGGGT TAGGGTTAGGG-3'). The DNA was synthe-
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sized and purified by denaturing gel by the vendor (Shanghai
Sangon, Inc., China). CD spectra were measured over a wavelength
range of 220-360 nm at room temperature using a J-810 spectro-
polarimeter (JASCO, Japan), with 1 cm optical path-length, and
200 nmmin~' scan speed. The DNA sample was dissolved in
10 mm Tris-HCI (pH 7.4) containing either no extra added metal ion
or 100 mm NaCl. Previously reported experimental procedures
were used,"® and data analysis was performed using Origin 8.0
(OriginLab Corp.).

Molecular docking

Pt,L was optimized in geometry at the B3LYP/6-31G* level (B3LYP/
LanL2DZ for Platinum)®? using the Gaussian 09 program.?’®’ ESP
charges were calculated at the same level.

Molecular docking was carried out using the Surflex Dock program
in Sybyl-X 2.0 package. NMR-determined structures of antiparallel
(PDB ID: 143D%%) and 3+ 1 hybrid (PDB ID: 2JPZ5% and 2HY9"%)
GQs were obtained from the protein data bank (PDB). Each round
of docking examined binding of Pt,L (parameter optimized as de-
scribed above) to a fixed target DNA represented by model 1 of
a particular GQ topology, following procedures similar to those re-
ported previously.*¥ Briefly, the protomol was first generated by
the automatic mode, then the threshold and bloat parameters
were varied according to an orthogonal experimental design
(threshold: 0.1-0.7, increment 0.2; bloat: 0-10, increment 2). The
additional starting conformation was set to 20 and other parame-
ters were set as default.

For each GQ topology, a total of 480 docked Pt,L models were
scored and retrieved. Two additional processing steps were carried
out to produce the ensemble of unique docked models maintain-
ing the proper chemical configuration. First, a requirement that
the length of each of the eight Pt—N bonds must fall between 1.9
and 23 A was imposed. This removed many of the models in
which one or both of the Pt arms were distorted as the program
attempted to achieve a better docking score. In addition, redun-
dant models, defined as those have identical coordinates but were
obtained from different search parameters, were eliminated.
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