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Telomestatin is a natural product isolated fr@treptomyces A i " B
anulatus3533-SV4 and has been shown to be a very potent telo- RAN*\N ...... «"Y" N s 0.
merase inhibitot. The structural similarity between telomestatin = " l % " /_(K/",HN":KF
and a G-tetrad (see Figure 1) suggested to us that the telomerase >LN\ ° ‘ OE/N N/B/° o
inhibition might be due to its ability either to facilitate the formation AV T\ Nen X f\
of or trap out preformed G-quadruplex structures, and thereby se- i o "\, F "/£°
quester single-stranded @AG3], primer molecules required for _</ ‘ v — J\i;\ ~
telomerase activity.Indeed a number of other G-quadruplex-inter- N T/" """" Y* A %
active compounds, including the anthraquinoffe$, cationic ) ’ " " )
porphyrins®- perylenesi— ethidium derivatived! quinolonesm Figure 1. Structures of a G-tetrad (A) and telomestatin (B).
piperazines pentacyclicacridinium salf§,and fluoroquinophenox- DYA
azines’ have been shown to inhibit telomerase, most probably by soneeion 00 et
this telomeric primer sequestration mechanism. Significantly, telo- ]l el
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mestatin appears to be a more potent inhibitor of telomerase (5
nM) than any of the previously described G-quadruplex-interactive ane eee L
molecules: In this communication we provide the first experimental ........ - -oll
evidence that telomestatin selectively facilitates the formation of B DNA soncentration: 0.005 03 2 uM
or stabilizes intramolecular G-quadruplexes, in particular, that 100

produced from the human telomeric sequenceA(3s].

In the first experiment various concentrations of an oligomer
with four repeats of the human telomeric sequenceAiz;], were
each incubated with increasing concentrations of telomestatin at 0
20°C for 30 min. At the higher concentrations of telomestatin the R
intensity of a new band with high mobility that corresponds to the Figure 2. Effects of telomestatin on the formation of intramolecular
intramolecular basket-type G-quadrugievas significantly increas- ~ G;quadruplex. (A) End-labeled oligonucleotide (fT53]s) with three

indicating th | . il he f . different concentrations was incubated for 30 min with various concentra-
ed, indicating that telomestatin promotes or stabilizes the formation tions of telomestatin in buffer, as previously describeter incubation,
of the intramolecular G-quadruplex (Figure 2A,B). At DNA con- samples were mixed with glycerol (final 5%) and run on a 12% native
centrations of 0.005 and 0@, ECso values of 0.03 and 0.53M polyacrylamide gel with ¥ TBE. (B) G-quadruplex and linear DNA in

. ’ ’ T . ) (A) were quantified using ImageQuant 5.1 software from Molecular

telomestatin were found. In a parallel experiment with the mutated Dynamics.
oligonucleotide d[JAGAG],, there was no conversion of the muta-
ted sequence to a G-quadruplex structure by telomestatin (Sup-

porting Information). Asi . .
; . . . . . simulated annealing (SA) docking approach was used to study
To investigate the ability of telomestatin to facilitate or stabilize the binding interactions of telomestatin with the intramolecular

|nt_e_rmolgcularG-qua_druplex s_tructure§, a 29-mer DNA strand con- antiparallel G-quadruplex structuteEach intramolecular G-qua-
taining siX consecutive guanines, Wh'?h has been_de'monstr_ated todruplex molecule was found to bind two telomestatin molecules
form the |n.terstrand G-quadrupléxvas |ncub§ted with increasing (unpublished results). A 2:1 model for the telomestatin bound in
;:'?ntcterlltratlo?stpf ]Eelc_)lr_Tt]etstatln atztl))_lfor 3?hml?' Thet_resul;s shovc\i/ " the external stacking mode in an energy minimized complex with

at telomestatin faciiitates or stabiiizes the formation of a Moaest y, o 1\, telomeric basket-type G-quadruplex is shown in Figure
amount of an intermolecular G-quadruplex structure that migrates

more slowly th ingle-stranded linear DNA (Supporting Informa- 358 Four different telomestatin G-quadruplex structures were
nore siowly than singie-stranded finear upporting modeled. Each of the two possible 1:1 end-stacked complexes and
tion). A comparison of formation of intra- versus intermolecular

G drupl fruct h that tel i h then the 2:1 complex were evaluated together with a 1:1 complex
~quadruplex structures shows that lelomestalin was much 1SS, hich the telomestatin was intercalated between two tetrads
efficient (>10x) at converting linear DNA into the intermolecular

(Supporting Information). The binding energies wer£86.2 (1:1
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' College of Pharmacy, The University of Arizona. lateral loops), and-63.1 kcal/mol (1:1 intercalated). During the
; The University of Tokyo. SA docking of the 1:1 diagonal loop complex, the telomestatin

§ College of Pharmacy, Arizona Cancer Center, and Department of Chemistry, .
The University of Arizona. G-quadruplex complex underwent a large conformational rear-

% of G-quadruplex

rather than the intramolecular species at 20 (Supporting
Information).
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Figure 3. Structure of the most stable docking model from the single-
frame snapshot of a last run of MD simulations of telomestatin (stick model
in color coded by atom type) bound to the diagonal and lateral loops of the
human telomeric repeat d[AGAG3)s] G-quadruplex (the phosphate
backbone is shown in magenta). PDB 143D.

rangement that led to significant changes in the relative position,
orientation, and potential energy of both the telomestatin and the
G-quadruplexDNA complex?® In the final minimized structure,

the two methyl-substituted oxazole rings (A and B) of telomestatin
(Figure 1B) are oriented toward one of the guanine bases (G2 in
Figure 3) and positioned within a distance of-240 A. The methyl
oxazole ring (A) attached to the thiazole ring (H) showed strong
favorable steric interactions with the sugar phosphate backbone of
G2. In contrast, the thiazole ring retained its initial position relative
to the G-quadruplex structure. During the simulations the thiazole
ring retained significant interactions with the phosphate backbone
and exhibited strong electrostatic interactions with G14. The oxygen
acceptor group of the oxazole ring (C) takes part in a strong
hydrogen bonding interaction with nitrogen atoms of G10 {N9
G10-:0 2.37 A; N3-G10--0 2.92 A), and these interactions form

a well-defined site for a stable complex structure. This was observed
in all the final conformers of the structures generated during SA
docking. The oxazole ring (D) adjacent to ring C involved in
H-bonding interactions with G10 showed both stacking and
electrostatic interactions with G3. In the case of the remaining
oxazole rings (EG), the absence of hydrogen-bonding interactions
with A5 and A13 is due to the overriding stabilization of the
stacking interactions with the G-tetrad, and the telomestatin oxazole
rings are oriented away from A5 and A13 by a distance of 7 A.
The eight centrally positioned ring nitrogens of telomestatin point
into the central carbonyl channel of the G-tetrad and were observed
to form strong electrostatic interactions with the guanines of this
tetrad. Telomestatin-induced rearrangements corresponding to local
changes in G-quadruplex structure were observed in the diagonal
loop corresponding to the T11 and T12 base regféns.

We have also studied the binding mode of the second telomestatin
molecule located in the lateral loop region of the 1:1 telomestatin
d[AG3(T,AG3)3] G-quadruplex using SA docking. The presence
of the first telomestatin molecule in the diagonal loop region favored
change in the lateral loop binding and sugphosphate backbone
region; thus only a few translations/rotations were sufficient to dock
the second molecule. In the final minimized complex structure, the
two methyl-substituted oxazole rings (A and B) of telomestatin are
oriented into the minor groove and exhibit steric interactions with
the phosphate backbone of G20. The oxazole ring&Eexhibit

w—am stacking interactions and are sandwiched between bases G4

and A19. Analysis of dynamic trajectories reveals that the presence

of a second telomestatin molecule further increases the overall
binding energy of the 1:1 complex from186.2 to—191.6 kcal/
mol in the 2:1 complex (Supporting Information).

In conclusion, telomestatin is the first natural product shown to
be a telomerase inhibitor by virtue of its ability to facilitate the
formation of or stabilize G-quadruplex structures. The results do
not allow us to differentiate between facilitation and/or stabilization
of G-quadruplex structures at this time. Our observation that a G-
quadruplex-interactive molecule without significant groove interac-
tions is able to reorient in a G-quadruplex structure points to the
importance of core interaction with an asymmetric G-quadruplex
structure in producing selective binding. Furthermore, the G-quad-
ruplex interactions of telomestatin are more selective for the intra-
molecular structure in contrast to other G-quadruplex-interactive
agents, such as TMPyP4.
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