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Abstract: Telomeric G-quadruplexes have recently emerged as

drug targets in cancer research. Herein, we present the first

NMR structure of a telomeric DNAG-quadruplex that adopts

the biologically relevant hybrid-2 conformation in a ligand-

bound state. We solved the complex with a metalorganic

gold(III) ligand that stabilizes G-quadruplexes. Analysis of the

free and bound structures reveals structural changes in the

capping region of the G-quadruplex. The ligand is sandwiched

between one terminal G-tetrad and a flanking nucleotide. This

complex structure involves a major structural rearrangement

compared to the free G-quadruplex structure as observed for

other G-quadruplexes in different conformations, invalidating

simple docking approaches to ligand–G-quadruplex structure

determination.

G-quadruplex (G4) structures, occurring in guanine (G)-

rich DNA and RNA sequences, have recently emerged as

important targets for drugs in cancer research.[1] G-rich

sequences are found in telomeres[2] and in promoter regions

particularly of cancer genes,[3] as first shown for the MYC

oncogene.[4]

The human telomeric DNA is 5–8kb long and consists of

d(TTAGGG)n tandem repeats.[5] The 3’ end of the telomeric

DNA consists of 100–200 nt single-stranded DNA overhangs

of these tandem repeats. The overhangs of telomeric DNA

are shortened during each cell division and this shortening

leads to cell aging and death. In cancer cells, this mechanism is

not operational, because the telomerase that maintains DNA

length is upregulated in 80–90% of cancer cells.[6]

Stabilization of G-quadruplex structures is thought to

repress the lengthening of telomers by the telomerase.

However, the exact mechanism has remained elusive. In

1991 it was shown, that the formation of G-quadruplex

structures inhibits the function of the Oxytricha nova

telomerase in vitro.[7] Telomer elongation is further promoted

by complex formation of protein POT1 as part of the shelterin

complex and the telomerase complex.[8] In this, binding of

POT1 destabilizes G-quadruplexes allowing telomerase

extension in vitro.[9]

Stabilization of G4 structures is thus important. However,

targeting G4 structures by small molecules is challenging,

partly because of G4 structural polymorphism:[10] Depending

on the exact length and sequence of overhanging nucleotides

as well as salt and solvent conditions, different conformations

of the G4 are observed.[11] Currently, evidence is accumulating

that hybrid and 2-tetrads basket conformations are adopted

under physiological conditions.[12] Both, hybrid-1 and hybrid-2

apo structures were elucidated in 2007,[13] revealing capping of

the outer tetrads by flanking and loop residues. By contrast,

ligand-bound structures of G-quadruplexes adopting the

physiological relevant hybrid-2 conformation have not been

reported yet. Ligand-bound structures of other G4 poly-

morphs show conformational rearrangements aimed to

accommodate the ligand, for example in the cmyc G4 and

in the hybrid-1 G4 of telomeric DNA.[14] It follows that the

application of a simple, rigid docking approach utilizing the

conformation of the free state as the conformation adopted by

the G4 DNA in the ligand-bound state is therefore not

appropriate. Instead, molecular dynamic of induced-fit sim-

ulation procedures should be considered as useful investiga-

tion tools. Indeed, it is crucial to obtain exact structural

information on the bound state of the hybrid-2 G4, which

appears to be a physiological relevant conformation.

We report herein the first de novo structure of a telomeric

G-quadruplex–ligand complex in a hybrid-2 conformation

solved by NMR spectroscopy. The ligand is a binuclear

gold(III)-complex (Auoxo6) consisting of two bipyridyl gold-

(III) moieties connected through a dioxo bridge as depicted in

Figure 1. The compound has previously been validated in its

potential role as drug lead and exhibits cytotoxic effects in

a variety of cancer cell lines, with IC50 values in the low

micromolar range.[15] Auoxo6 inhibits the enzyme thioredoxin

reductase, which plays a crucial role in governing redox

metabolism.[16] Proteomic studies further revealed that

Auoxo6 affects the intracellular redox metabolism as well as

the proteasome system.[17] It was previously shown that

Auoxo6 binds to G4 DNAs and selectively stabilizes these

non-canonical DNA structures, while double stranded DNA

is not stabilized against thermal denaturation.[18] These results

strongly suggest quadruplex DNA as a molecular target for
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Auoxo6. Conclusive evidence, however, still needs to be

provided.

First, we investigated the binding of Auoxo6 to wtTel26

DNA (5’(TTAGGG)4TT-3’) by 1H-1D NMR spectroscopy

(Figure 1). Upon titration of DNAwith Auoxo6, a second set

of signals appears at substoichiometric concentration of the

ligand, well visible in the imino region, while the aromatic

region is crowded. This second set of signals is in slow

exchange with the signals of the free DNA. After addition of

one equivalent of Auoxo6 at a DNA concentration of 0.1 mm,

signals of the free DNA have disappeared. At higher ligand

concentrations (2.66:1 ligand/DNA ratio), a third set of

signals is observed accounting for more than 90% total signal

intensity. This third set of signals, however, is slightly

broadened compared to the 1:1 state and may result from

a state with two or more ligands bound to a single DNA

molecule. In this work, we focus on the characterization of the

1:1 complex.

In the free state of the DNA, the hybrid-2 structure is the

major conformation, populated to approximately 70%.[13a] In

the bound state, the equilibrium is shifted to more than 90%

hybrid-2 conformation.

Binding of Auoxo6 to another G-quadruplex, the Tel26

sequence, which adopts the hybrid-1 conformation, can also

be detected (Supporting Information, Figure S1). The ligand

binds in slow exchange to the hybrid-1 DNA, however, it is

not possible to shift the equilibrium completely towards

a single defined, stable bound state; instead, aggregation of

the system is observed at ligand:DNA ratios of 2:1 and higher.

For the assignment of the wtTel26:Auoxo6 complex,

exchange peaks between the free DNA and the complex, at

[Auoxo6]:[DNA]= 0.7:1, were used (Supporting Information,

Figure S2). Complete proton assignment of the 1:1 complex

was obtained using NOESY, TOCSY, COSY, and natural

abundance 13C-HSQC spectra at [Auoxo6]:[DNA]= 1.3:1

(Supporting Information, Figures S2–S5).

At these concentrations, three ligand spin systems can be

observed in the aromatic region of a COSY spectrum

(Figure S3), in contrast to the single spin system observed

for theD2h-symmetric free ligand. Two signal sets have similar

high intensities, while weak residual signals of a lowmolecular

weight ligand free in solution can also be detected. For the

strong two sets aromatic resonances in the 13C-HSQC can also

be assigned (Figure S4). Weak 4J aromatic proton–methyl

crosspeaks for bound sets can be identified in the spectrum,

aiding unambiguous assignments. The methyl groups of the

bound ligand show NOEs to the imino protons of G4, G12,

G16, and G22 in the 5’ tetrad of the quadruplex (Figure 2).

The imino protons of G12 and G16 show the largest chemical

shift differences (> 0.18 ppm). Auoxo6 stacks on top of the

terminal tetrad, which represents the common binding mode

of aromatic ligands.[19]

Figure 1. a) Configuration of the investigated DNA quadruplex (hybrid-

2). b) Auoxo6, r1 to r4 denote the aromatic rings, a and b denote

different spin systems observed in the NMR spectra, numbering of

aromatic protons is given. c) NMR imino and aromatic proton spectral

regions. Titration of Auoxo6 in the presence of wtTel26 (5’-

(TTAGGG)4TT-3’) with site resolution in the imino region. The titration

was recorded at 700 MHz, 298 K, at a concentration of 0.1 mm DNA,

70 mm KCl, 25 mm KPi, pH 7.0. The imino assignment of free DNA

taken from Ref. [13a]. The imino assignment of ligand-bound wtTel26

is indicated in the imino region, assignment of aromatic ligand

protons is given in the aromatic region.

Figure 2. Imino-methyl and imino-aromatic sections of a 2D 1H,1H-

NOESY spectrum. Assignment of crosspeaks is indicated, AOXa and

AOXb refers to the two signal sets of the ligand. The spectrum was

recorded at 700 MHz, 300 ms mixing time at 298 K with concentra-

tions of 1.3 mm Auoxo6, 1 mm wtTel26, 70 mm KCl, 25 mm KPi,

pH 7.0.
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Further ligand-to-DNA NOEs are observed for residues

T2, A3, G4, G12, T13, T14, A15, G16, and G22. A total of 58

NOEs between the ligand and the DNA are observed.

The presence of the two signal sets for the symmetric

ligand Auoxo6 suggests different possibilities for ligand

binding. The titration (Figure 1) shows saturation at a 1:1

stoichiometry excluding the possibility of a 2:1 (ligand:DNA)

complex. Both sets of signals show contacts to the same region

of the DNA (excluding two distinct binding sites). These

observations leave open two options for ligand binding:

1) The ligand binds in two different binding modes, which are

in exchange with each other. The assignment of the rings

would be degenerate, each signal set would belong to

a different but closely related binding mode. This is however

unlikely, given the relative uniform broadening of the imino

resonances. It is more conceivable that 2) the four-fold

symmetry of the ligand signals is reduced upon binding. In

this case, different scenarios are possible for the assignment of

the aromatic rings of the ligand: i) Either two of the rings are

the same or ii) one ring differs from the other three rings. Due

to the intensities of the signals, option (i) is more likely. All

possibilities were tested during the structure calculation using

Aria and its automated NOE assignment procedure. The

results of the structure calculations indicate that the four-fold

degeneracy of the rings is broken by the binding of the ligand:

The protons of rings 1 and 4 and the protons of rings 2 and 3

resonate at a different position (option 2i).

The bundle of the 10 best structures of the wtTel26-

Auoxo6 complex has an RMSD of 1.8 � using all atoms and

an RMSD of 0.7� for the guanine residues only (Table 1).

While the core of the G4 including the stacking A3 is well

defined (RMSD= 0.9�), the loops and the termini are less

well defined.

The DNA adopts the hybrid-2 conformation (Figure 1a)

in which strands 1, 3, and 4 are parallel and strand 2 is

antiparallel (Figure 3). Strands 3 and 4 are connected by

a double-chain-reversal loop, which covers groove 3. The

glycosidic torsion angles within the G-tetrads are syn-anti-

syn-syn (5’tetrad), anti-syn-anti-anti (middle tetrad) and anti-

syn-anti-anti (3’tetrad). G24 adopts a C3’-endo sugar pucker,

which is confirmed by COSY crosspeak intensities (H1’-H2’/

H2’’ and H3’-H4’ crosspeaks and the observed NOESY

crosspeak intensities (H1’-H2’/H2’’). Except for the terminal

nucleotide T1, all other sugar puckers observed in the

calculated structure are in south conformations with pseudor-

otation angles[20] between 113 and 1888. Detected sugar

puckers do not all fall into the range of C2’ endo sugar pucker

observed in B-DNA but show a greater variety, which can be

qualitatively seen by the different splittings and intensities in

the DQF-COSY (Figure S5). Deviations from the typical C2’

endo conformation in DNA has also been observed previ-

ously for non-canonical DNA structures.[21]

The ligand-binding pocket involving the 5’-capping struc-

ture is well defined in the structural ensemble (Supporting

Information, Figure S6). The ligand stacks on top of the 5’

tetrad. It is not located within the center of the tetrad but

shifted towards G4, G12, and G16. For G4, sugar–ligand

NOEs are also observed, while for the other three nucleotides

only imino-signals from the nucleobases show NOE contacts

to the ligand. A3 stacks on the ligand with multiple NOEs of

one of the bipyridyl moieties of the ligand to all protons

(sugar and nucleobase), except the H5’ protons of A3. A15

does not stack on the ligand but is oriented by the sugar edge

towards the ligand, particularly to the other bipyridyl moiety,

which is manifested by a number of NOEs between the H2

aromatic proton as well as the sugar protons of A15 with the

ligand. Few further NOEs to the ligand could be observed

from the less-well-defined residues T2 and T13.

A comparison of the complex to the previously published

free structure (2JPZ)[13a] reveals a major structural rearrange-

ment in the loop/capping regions of the G-quadruplex upon

ligand binding (Figure 4). While the core of the G-quadruplex

in the free and bound forms is comparable with an RMSD of

1.3 � (Supporting Information, Figure S7), the overall

RMSD between the bound and the free structures is 3.4�.

In the apo G4, A3, T13, and A15 stack on top of the 5’-tetrad,

building a flexible capping structure without detectable

hydrogen bonds. This capping structure at the 5’-end of the

free G-quadruplex DNA (A3, T13, and A15) is opened up in

the bound state to accommodate the ligand, while A3 is

shifted upwards compared to the free state and stacks on the

ligand.

Table 1: Structural statistics for the ensemble of the 10 best NMR

structures.

NOE distance restraints

Unambiguous NOEs: 606

intra-residue 357

sequential 158

medium range 23

long range 29

DNA–Ligand 39

Ambiguous NOEs: 226

intra-residue 9

intra-DNA 173

DNA or Ligand 25

DNA–Ligand 19

Distance restraints

hydrogen bonds 24

potassium site coordination 16

Base planarity 12

Torsion angles 12

Violations

distances >0.4 � 0

dihedral angles 0

RMSD 1.8 �

Figure 3. NMR-structural model of the wtTel26 complex (DNA, K+

ions=grey, Auoxo6= red). PDB-code: 5MVB; BMRB-code: 34086.
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Further differences between the bound and the free

structure are observed at the capping site of the 3’ tetrad. A

stable capping structure is observed in the NMR-structure of

the free state,[13a] while the respective residues T8, A9, and

T25 are not well defined in our structure. These differences

may be due to different temperature conditions of the

measured data used. While the free G-quadruplex structure

was determined using data obtained at 1–30 8C with imino-

signals of the 3’ capping structure visible at low temperature,

our structure is based on data obtained at 25 8C; under these

conditions, only guanine imino-signals are visible in the

spectrum. The capping structure at the 3’ tetrad is thus not as

well defined, suggesting the possibility of opening up to

accommodate a second ligand stacking on the 3’ tetrad.

In the free DNA, stacking of the capping nucleotides of

the 5’ tetrad is rather weak, with the three nucleotides being

non-planar in the free structure. In contrast, the 3’ capping

structure is well structured in the free DNA, which is in line

with the preferred binding of the ligand to the 5’ tetrad as the

capping structure is more flexible. We attribute the lower

stability of the Tel26 DNA complex to the higher stability of

the 5’ capping structure of this DNA in the free state,

compared to the wtTel26 DNA. We therefore propose that

flexibility of the capping structure is a general motif for the

binding of aromatic ligands to isolated hybrid G4 structures.

While we believe that the hybrid-2 conformation is biological

relevant, a clear picture of how sequential G4 structures in the

telomeres interact and therebymay alter the binding pocket is

not yet available. Obtaining a picture of the binding pocket in

the context of higher order G4s therefore remains subject of

future studies.

In conclusion, we present the NMR structure determi-

nation of the high-affinity complex of a G-quadruplex that

binds a dinuclear metal-compound ligand containing two

central Au cations. Such gold complexes are potential new

anti-cancer agents. The conformational equilibrium of the

target DNA has been described, in which the equilibrium

between hybrid-2 folding and minor conformers in the free

DNA is shifted towards the hybrid-2 conformation, the ligand

therefore shows a modest degree of conformational selection

differentiating between DNA quadruplex polymorphs. Bind-

ing involves a conformational rearrangement of the 5’ capping

moiety of the G4, invalidating rigid-body docking approaches

on the unbound target to deduce the complex structure. Our

structure provides a starting point for rational drug design for

a class of targets that has gained increasing attention over the

last years.[1a,b, 22]

Experimental Section
Auoxo6 was synthesized as previously described.[23] Tel26

((AAA(GGGTTA)3GGGAA) and wtTel26 ((TTAGGG)4TT) DNA

sequences were ordered in HPSF quality from Eurofins Genomics.

Prior to usage, the DNAs were HPLC purified, desalted, and refolded

in NMR-buffer by heating for 5 min to 95 8C and subsequent slow

cooling.

All NMR-titration spectra were recorded using a Bruker AVIII

600 MHz spectrometer equipped with a cryoprobe at 298 K using

0.1 mm DNA in 25 mm KPi, 70 mm KCl, 0.03 mm DSS, 10% D2O at

pH 7.Water suppression was achieved using a jump-return-echo pulse

scheme. Auoxo6 was added directly from a DMSO stock solution;

total DMSO concentration was never above 5%. NOESY,[24]

COSY,[24b,d] and HSQC[25] spectra were recorded using either

Bruker AVIII 600 MHz or AV 700 MHz spectrometers equipped

with cryoprobes at 298 K using 1 mm DNA, 1.3 mm Auoxo6 in 25 mm

KPi, 70 mm KCl, 0.3 mm DSS, 7% [D6]DMSO at pH 7 (either in H2O

or D2O). NMR spectra were recorded and processed using the

software Topspin 3.2 (Bruker Biospin) and evaluated using the

software Sparky 3.114.[26] Assignment of free NMR-signals was taken

from the literature.[13a]

Structure calculation was performed essentially as described

before[27] with CNS1.1[28]using the ARIA 1.2[29] setup and protocols,

applying a nucleic acid force field and OPLS parameters for

refinement in explicit water.[30] The topology and parameters for the

Auoxo6 ligand were generated by hand and two potassium ions were

included within the quadruplex tetrads for structure refinement. The

chemical shifts were manually assigned and used for automated

NOESY crosspeak assignment and calibration in ARIA. In total,

5 NOE peak list (50 ms, 100 ms in H2O, 50 ms, 100 ms, 150 ms in D2O)

were used. Furthermore, restraints were applied for hydrogen bonds,

potassium coordination, base planarity, and the chi torsion angles of

the G-quadruplex tetrads, sugar puckers were not restrained.
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