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Abbreviations

A adenosine

BrG 8-bromo-2’-deoxyguanosine

C cytidine

CD circular dichroism

G guanosine

G4 G-quadruplex

GRO guanosine rich oligonucleotide

FG 2’-fluoro-2’-deoxyguanosine

LNA locked nucleic acid

LNAG 2′-O,4′-C-methyleneguanosine

NMR nuclear magnetic resonance

rG riboguanosine

RNA ribonucleic acid

ROS reactive oxygen species

T thymidine

TBA thrombin binding aptamer
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1 Scope and Outline

Central to this thesis are so-called G-quadruplex (G4) nucleic acids. These unusual structures
have recently moved into the scientific limelight - mostly due to their prevalence in the human
genome. Incidentally, the vast majority of G4-prone sequences is found in telomeric regions and
in the promoter sequences of a large number of cancer-related genes.
Furthermore, recent studies suggest a wide applicability of these structures as therapeutic and
functional agents, though the technology is still in its infancy with only a few oligonucleotides in
clinical trials. Notably, G-quadruplexes are highly polymorphous, exhibiting different topologies
and conformations based on sequence, solution condition and molecularity. Therefore, rational
design of such structures with specific, topology-encoded functions demands a comprehensive
understanding of the underlying folding parameters.
As the folding process is the result of a whole orchestra of parameters with synergistic effects,
the herein proposed approach to understand the G4 structural arrangement concentrates on
native G4-forming sequences with well-defined topologies. Perturbations of these structures
by rational nucleotide substitutions allow for the observation of discrete effects on the folding
pathway and on the resulting overall topology.
The method chosen for primary investigation in the following studies on G4 architectures was
Nuclear Magnetic Resonance (NMR) as it is the most powerful tool for structure elucidation
in liquids. Unique to this technique, it permits the observation of discrete species in mixtures
by distinct perturbations at the atomic level as well as valuable insights into the molecular
dynamics.
The listed publications study the effects of site-specific bromine substitutions on native quadruplex
scaffolds, thereby successfully inducing new structures. These expand the G4 structural landscape
but also enhance our understanding of the driving forces in G4 folding.

Publication I Observation of a Dynamic G-Tetrad Flip in Intramolecular G-
Quadruplexes
Karg, B., Haase, L., Funke, A., Dickerhoff, J. & Weisz, K. Biochemistry,
2016, 55, 6949–6955.

In this study, BrG substitutions are used as a means to redirect tetrad polarity, thus inverting
the native hydrogen bond donor-acceptor pattern while retaining the overall fold. Using NMR
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Chapter 1. Scope and Outline

spectroscopy, several important parameters could be extracted, including the energy barrier of
a tetrad flip and the exact exchange kinetics between the two forms. As the flip is proposed
to happen in native systems but may not observable due to low populations, reported results
contribute to an expansion of the quadruplex conformational space and provide for a unique
glimpse into the mechanisms of structural rearrangements.

Publication II Loop Length Affects Syn-Anti Conformational Rearrange-
ments in Parallel G-Quadruplexes
Karg, B. & Weisz, K. Chemistry - A European Journal 2018, 24,
10246–10252.

Based on the tetrad polarity flip, this study concentrates on the driving forces of the tetrad flip
in parallel G4s. Various substitution patterns and concatenating sequences are probed for their
propensity to induce the flip. In conjunction with the high-resolution structure of the flipped
species, evasive motions as a response to steric clashes are revealed to be the main driving forces
behind a tetrad flip.

Publication III Duplex-Guided Refolding into Novel G-Quadruplex (3+1) Hy-
brid Conformations
Karg, B., Mohr, S. & Weisz, K. Angewandte Chemie, 2019, DOI:
10.1002/anie.201905372.

Using a rational design approach, a novel G4 topology could be successfully induced by introduc-
tion of several fold-defining parameters such as bromine substitutions and Watson-Crick pairing
overhangs. The new topology can be achieved with two different stacking patterns which were
both characterized in detail. Both structures were shown to coexist with a parallel fold when
employing a non-substituted sequence.

Publication IV Manipulating DNA G-Quadruplex Structures Through Guano-
sine Analogs
Haase, L., Karg, B. & Weisz, K., ChemBioChem 2018, 20, 985-993.

The review article presents an overview on the nucleoside analogs used for a directed folding of
quadruplexes, thereby illuminating the driving forces of tetrad flips, strand reorientations and
some assorted complete refolds as induced by specific base- and sugar-modified nucleosides.
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2 Introduction

As the bearer of genetic information, DNA is often viewed as a constant in organisms, but the
binary picture of only a passive single and a dormant double strand cannot live up to the dynamic
structural range of this versatile biomolecule. Just as its counterpart, RNA, well-known to form
complex three-dimensional structures with biological functions and enzymatic activity, DNA can
fold into a variety of non-canonical structures - contrary to the picture of the simple four-letter
library. Watson-Crick paired nucleosides, adenosine and thymidine as well as guanosine and
cytidine stacked upon another in a double-helical arrangement have become common knowledge
(Fig. 2.1 A). Though, there is another pattern, Hoogsteen pairing, that gives rise to unusual
structures such as triplexes and quadruplexes (G4).
In the case of G4, stacks of four guanine bases are arranged in a quartet joined by Hoogsteen-
hydrogen bonds (Fig. 2.1 B). To compensate for the negative potential in the center of that
tetrad stack an additional counterion is usually complexed. Depending on size and charge,
though monovalent alkali metals are highly preferred, the counterion is either arranged in the
center of one tetrad or between two tetrads (Fig. 2.1 C).

2.1 G-Quadruplexes in vivo

With the help of algorithms about 300.000 probable G4-folding sites have been detected in
the human genome.1 Modern sequencing pushed this figure to about 700.000 with most G4-
folding sites occurring in oncogenes and tumor suppressor genes.2 However, these are all in

Fig. 2.1: Watson-Crick base pairs A-T and C-G (A); Hoogsteen-paired guanine-tetrad with central cation (B);
scheme of a tetramolecular quadruplex with cations complexed between tetrads (C).

5



Chapter 2. Introduction

vitro approaches towards the G4 phenomenon. Recent efforts could prove the existence of
quadruplexes in vivo by both antibody binding3 and endogenous chromatin sequencing.4

The most apparent G4 sites are the telomeric ends of the chromosomes. Here bases are found
in unpaired single-stranded form which facilitates G4-formation in vivo.3 In fact, the human
telomeres consist of the well-studied TTAGGG-repeat prone to fold into G4s and directly
related to telomerase activity and thus cell immortality.5,6 Efforts to counteract the unrestrained
proliferation of cancer cells are concentrated on these G4 sites in telomeric regions, employing
low molecular weight ligands to stabilize G4s.7 Thus, the enzyme telomerase, responsible for
maintaining telomere length and coincidentally overexpressed in most cancer cells, is effectively
blocked in the presence of G4 structures which induces senescence and eventually death in cancer
cells.8

G4 sites in the double-stranded regions have been found abundantly in origins of replication9

but formation has best been studied as a response to the partial melting of the DNA during
transcription. As the RNA-polymerase progresses along the strand and segments are unwound,
negative supercoiling is induced behind the transcription bubble.10 Upstream elements, like the
NHE III1 element of the cancer-associated MYC transcription factor11 are strongly influenced
by this negative superhelicity.12 Specifically, this region shows both enhanced G4 and i-motif
formation on the corresponding strand, though in cells these two structures are observed to be
mutually exclusive and part of a complex regulatory molecular switch (Fig. 2.2).13

Other prominent regulatory G4 sites have been found in the immunoglobulin switch region,14

the promoter region of the proliferation-related KRAS switch15 and in the anti-apoptotic BCL-
2 family.16 Furthermore, quadruplexes are strongly involved in epigenetic processes such as
methylation.17 The G4-structure is found to be a primary target and also inhibitor of the
DNA methyltransferase. Consequently, G4s are potentially protecting off-site elements from
methylation.
Yet another suggested regulatory task of G4s, is related to reactive oxygen species (ROS) as these
produce DNA-modifications such as 8-oxoguanine which can directly interact in G4-formation.
Following a complex signaling pathway including a base excision repair mechanism in G4s, a
recent study could prove the introduction of 8-oxoguanine in G-rich sites to be an important
gene activator.18

2.2 G-Quadruplexes for technological applications

In spite of all possible biological targets for ligand-induced de-/stabilization, G4s have moved
beyond their role in biology. Due to their unique structural features, they can be found as
knots in nanostructures19 and as components in long conducting nanowires.20 Their ability
to change conformation upon a variety of signals has made them very attractive as parts of
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Chapter 2. Introduction

Fig. 2.2: Scheme of G4-related MYC-transcription: nucleolin binds and stabilizes G4 thus down-regulating MYC
expression.

nanomachines.21–23 These aspects are also used in ligand-driven switches24 where G4s act
in perfect sensing mechanisms25,26 mostly in combination with light-up probes detecting G4-
formation or even specific G4-structures in easy-to-use assays. Systematic Evolution of Ligands
by Exponential Enrichment (SELEX) has produced a vast database of quadruplex-based sensing
of small molecules like thyroxin27 but also proteins28 and straightforward oligonucleotide
recognition.29,30

Apart from that G4s can be found as catalysts, either as enantioselective templates for chemical
reactions30 or as peroxidase mimicking DNAzymes.31–33 Recently, a G4-DNAzyme was found
that selectively repairs UV-damaged DNA, specifically cyclobutane Thymine dimers, in the same
orders of magnitude as some lyase enzymes.34

The quadruplex structure is also often the scaffold in selected antiproliferative nucleic acids,
prominently in so-called G-rich oligonucleotides (GRO).35,36 In general, their activity is linked
to competitive nucleolin occupation, a protein that specifically targets G4s.9 It is also associated
with neurodegenerative cell cascades37 and is speculated to represent a target for viruses.38 The
most advanced quadruplex-based aptamer in the field is the long G4 AS1411, which reached
phase II clinical trials39 as a TNFα40 and NF−κB inhibitor.41 Likewise, G4s have been found in
antiviral aptamers against HIV integration42,43 and transcription44 as well as SARS helicase45

and hepatitis C polymerase.46

The workhorse of G4-aptamer design and development is the Thrombin Binding Aptamer (TBA)
revealed by SELEX as a highly potent anticoagulant.47–49 The small 15-nt oligonucleotide binds
at concentrations as low as 10 nM, thereby inhibiting thrombin-mediated cleavage of fibrinogen
to fibrin and eventually clot formation.50 Unfortunately, due to high dosages needed in humans,
phase II clinical trials have been terminated.51 Nevertheless, on the basis of crystallographic
and NMR data of the thrombin-G4 complex,52,53 there are recent efforts to improve efficacy by
insertion of site-specific modifications that both prevent cellular degradation of the structure
and enhance binding propensity to the target.54,55
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Chapter 2. Introduction

Fig. 2.3: A: Scheme of a hybrid structure with most common loops in monomolecular G4s from 5’ to 3’: propeller
(orange), diagonal (red), lateral (blue) (A). Scheme of a parallel G4 with propeller loops (B). Scheme of an
antiparallel G4 with lateral loops (C).

2.3 Understanding G-Quadruplex Structures

Rational design and strategic enhancement of certain features of functional G4s demands a
comprehensive understanding of the governing independent folding principles that create a
complex network of interacting forces.
First, it needs to be mentioned that even though quadruplexes can be constructed of two,56

three57 or four oligonucleotides,58 the monomolecular variant is most often encountered in
biology and technological application. If all strands are connected, the bridging regions, called
loops, become a structural determinant (Fig. 2.3 A). Short intervening sequences tend to form
as propeller loops which traverse G4 grooves from 5’ to 3’ and thereby connect parallel strands
(Fig. 2.3 B), hence their synonym ’double chain reversal loops’.59–61 Antiparallel strands are
connected by either lateral (edgewise) or diagonal loops (Fig. 2.3 C,A). Thus, three folding
patterns are possible all-parallel, antiparallel and hybrid structures, usually described as (3+1)
for the three parallel tracts accompanied by one tract in antiparallel orientation (Fig. 2.3 A).
However, G-runs can also be interrupted by bulges,62 connected with zero-nucleotide loops63 or
be not even restricted to right-handedness.64 With such a variety, straightforward prediction
from sequence to structure is not yet reliably possible. The rather simple fixation on G-tracts and
loops also neglects a wide range of additional stabilizing factors such as alternative base stacks of
A,65 C in tetrads66,67 or hexads68 or water-mediated mismatches.69 Even long double-helices in
loop sequences are possible.70,71 This variety of impacting elements comes as a hindrance when
trying to find possible G4-sites in a genome thereby constantly demanding ever more complex
algorithms.
For a consistent prediction of structures from known sequences, the described external driving
forces need to be combined and the groove width has to be considered, an additional and
often-neglected factor in simple double-helical DNA. In an antiparallel arrangement of G-tracts,
linked guanosine bases have to accomodate alternating syn- and anti-glycosidic torsion angles
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Chapter 2. Introduction

Fig. 2.4: Model of anti- and syn-conformation of guanosine (orange and blue, respectively) (A). Groove width in
a monomolecular G4 depends on guanosine conformation (w-wide, m-medium, n-narrow) (B). Modified nucleoside:
8-bromo-2’-deoxyguanosine (BrG, B).

to retain the hydrogen bonding network (Fig. 2.4 A).72 This will lead to diverging groove
sizes for bases with the same torsion angle (medium) and between bases with different torsion
angles (narrow and wide, Fig. 2.4 B). Groove width in turn influences the requirements for loop
sequences and torsion angles are relevant to the overall stacking pattern. For example, a syn-syn
step of 5’-G to 3’-G is energetically inferior to an anti-anti or syn-anti step.73

A perfect case study of such variability is given by the human telomeric sequence, with the
specific sequence AG3(TTAG3)3. In Na+ solution the sequence adopts a well-defined antiparallel
structure, whereas potassium as a central cation will lead to a variety of coexisting structures.74,75

Variations in the terminal overhang sequences and different loop nucleotides will favor specific
folding patterns.76–78 Moreover, external conditions such as crowding agents can influence the
overall topology.79

In fact, endeavors to determine the possible three-dimensional structures of G-rich genomic
sequences rarely yield a single well-defined quadruplex. This might be a result of the very
different conditions in vitro and in vivo which are known to influence the overall fold.80 It might
also be the lack of the genomic context in terms of overhang sequences or the neglect of the
many other factors previously described. Though, most intuitively, G4 variability can be better
assessed by following the G4 folding pathway. Quadruplex folding is not straightforward, but
happens on an energy landscape of well-separated competing minima each related to structurally
different conformations. While basins are transiently populated until a final, thermodynamically
stable conformer is achieved, the basins can function as kinetic traps prolonging the folding
process and guiding its directions.81
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Chapter 2. Introduction

2.4 Base modifications

A way to rationally affect the energetic barriers between different minima are base substitutions.
These are commonly used to enforce a desired folding pattern and thus to isolate single species
from mixtures. Among the frequently used substitutes are 8-bromoguanosine (BrG, Fig. 2.4
C), 8-methylguanosine, locked residues (LNA) and 2’-fluoro-guanosine (FG). Specifically, BrG
has long been known to adopt syn-conformation and was first observed in the tightly packed
crystal structures of the hydrated nucleoside without tetrad-stabilizing counterions.82 Based on
its advantageous electron acceptor potential, BrG has previously been used to show an efficient
electron transport in G4-scaffolds upon light excitation. In vivo, the bromination of G at position
8 is known to be induced by excess amounts of hypobromous acid, a potent oxidant released
under inflammatory conditions by neutrophils.83 As inflammation is known to be a major cancer
predisposition, BrG has been detected in human liver and urine of cancer patients84 and hence
is proposed to function as a diagnostic indicator for early stage detection of carcinoma.85

In regard to G4 studies, BrG has extensively been used to induce syn-conformation in G-residues,
therefore not only stabilizing specific structures in mixtures86–88 and allowing the identification
of major species of native G4-forming sequences, but also expanding the G4 conformational
space by inducing unprecedented structures.89,90

For a general understanding of the quadruplex folding landscape, such novel structures are
essential as they represent possible transient states or minor species that are not observable in
the experimental timescale or with the available sensitivity of biophysical methods.
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3 Observation of a Dynamic G-Tetrad Flip in
Intramolecular G-Quadruplexes

In this study, BrG analogs have been used to probe the syn/anti propensity of G4 residues
in an overall parallel folding topology. Parallel quadruplexes are usually composed of all-anti
guanosines and have been known to be the most stable of all possible G4-folds. In opposition,
BrG preferentially adopts syn-conformation and the introduction of BrG into an all-anti structure
should perturb the overall native folding pattern significantly. Compared to an all-anti tetrad as
observed in the parallel structures, an all-syn tetrad would invert the hydrogen bonding polarity.
In context with G4, the changed polarity would result in a different stacking pattern introducing
a shift from the native homopolar to heteropolar tetrad stacking.
Two modified c-MYC sequences were studied with either three or all four 5’-terminal tetrad
G-residues of the parallel c-MYC (TGAG3TG3TAG3TG3TAA) substituted with BrG (MYC-3
and MYC-4, respectively). While MYC-4 exclusively adopts a new fold with an inverted all-syn
tetrad, MYC-3 exhibits a mixture of two species according to 1D NMR data. Thorough NMR

Fig. 3.1: Scheme of MYC-3s and MYC-3a linked to their respective H8-C8 (A) and H8-H1’ (B) correlations
of the G8 residue in HSQC and 2D NOE spectra of the MYC-3 mixture; the strong intranucleotide crosspeak
for H1’-H8 is due to their close proximity in a syn-conformation. Nucleosides are colored corresponding to their
torsion angles, either anti or syn (orange and blue, respectively). Darker shades indicate substitution sites with
BrG.
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Chapter 3. Observation of a Dynamic G-Tetrad Flip in Intramolecular G-Quadruplexes

Fig. 3.2: 1D-NMR spectra of MYC-3 show temperature dependent populations (A). EASY-ROESY crosspeaks
of aromatic protons in MYC prove dynamic exchange of MYC-3s and MYC-3a (B). Van’t Hoff analysis of MYC-3
yields enthalpy change of the tetrad flip (C). EASY-ROESY spectra acquired with different mixing times allow
calculation of the exchange rate between the two species of MYC-3 (D).

studies demonstrated these to be a quadruplex with an all-anti conformation, MYC-3a, similar
to the native sequence, and another parallel structure with an all-syn 5’-terminal tetrad as in
MYC-4. Specifically, these two structures can be discerned by different chemical shift patterns
displayed by G8, the non-brominated residue of the 5’-terminal tetrad. A strong upfield shift of
protons can be attributed to a syn-conformer, whereas strong upfield shifted carbon resonances
are indicative of anti-guanosines. (Fig. 3.1)
A striking feature of the MYC-3 mixture is its dynamic interconversion. The dynamic exchange
of both species could be observed on the NMR timescale and, by varying the mixing times in
ROESY experiments, peak intensities could be used to calculate a kex = 0.2− 0.3 s−1 (Fig. 3.2
B,D). Given this relatively fast exchange rate, the observed tetrad flip was estimated to be the
result of a single tetrad dissociation.
This assumption was strengthened by thermodynamic studies. Since varying temperatures
affected population ratios and hence equilibrium constants, the mixture could be subjected to
a van’t Hoff analysis. Using a 40 ℃ temperature range an enthalpy change for the flip could
be calculated as ∆H◦ = 18.2 kJ/mol (Fig. 3.2 A,C). This rather low energy barrier is not

12



Chapter 3. Observation of a Dynamic G-Tetrad Flip in Intramolecular G-Quadruplexes

compatible with a complete melting event as a prerequisite for the tetrad inversion. Rather,
thermal breathing motions of the terminal tetrad are likely to allow for the conformational
change. In that case, the tetrad flip might occur as well in a non-modified sequence but is
probably not observable due to low populations of flipped species.
Another important observation needs to be mentioned with regards to thermal stability and
the energetics of base stacking. Both MYC-4 and MYC-3 sequences show the same melting
transition at around 70 ℃. In the case of MYC-3, this denotes a single melting transition for both
the MYC-3s and MYC-3a fold. In regard to base stacking, the folds differ in having exclusively
homopolar or also heteropolar interactions. This is in agreement with previous calculations, as
a syn-anti step in MYC-3s and an anti-anti step in MYC-3a are expected be about equal in
energetic terms as shown by the similar thermal stability of both folds.
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4 Loop Length Affects Syn-Anti
Conformational Rearrangements in Parallel
G-Quadruplexes

Based on the previously observed tetrad flip in MYC-derived parallel quadruplexes the impact
of BrG in nonmatching anti-positions has been studied in detail by systematic substitutions.
Various patterns have been chosen in both the 3’- and 5’-terminal tetrad to further study the
site-dependent syn/anti susceptibility of C8-brominated G-residues.
Several substitutions in the 3’-terminal tetrad yielded mixtures of species with significantly
decreased thermal stabilities as implied by NMR and CD spectroscopic measurements. Therefore,
it can be assumed that upon the formation of an all-syn 3’-tetrad grave energetic penalties are
evoked, in line with previous observations for tetrameric G4s.

5’

3’A B

C D

Fig. 4.1: High-resolution structure of MYC-4. Ten lowest-energy structures are superimposed, syn- and anti-
residues are presented in blue and orange, respectively (A). Scheme of MYC-4, residues colored in blue are
both BrG-substituted and in syn-conformation (B). Bromine substitution at position 17 in syn- (C) and in
anti-conformation (D) with indication of potential steric clashes.
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Chapter 4. Loop Length Affects Syn-Anti Conformational Rearrangements in Parallel
G-Quadruplexes

Fig. 4.2: Bromine substitutions at 5’-terminus (A) and after a short 1-nt propeller loop (C) result in different
syn populations and thermal stabilities (B) in 2-BrG substituted MYC-derivatives.

Consequently, the focus was shifted onto distinct substitution patterns with three BrG sites in
the 5’-terminal tetrad. NMR experiments could confirm a mixture of either all-anti or all-syn
5’-tetrads for all differently modified sequences. Ratios of populations could be calculated
by straightforward integration of the well-resolved adenine H2 resonances, yielding a relative
efficiency of the tetrad flip for each substituted residue. Strikingly, flip inducing sites are in
direct neighborhood of 1-nt propeller loops indicating steric effects to drive the flip. Using
only sequences with 2-site substitutions this correlation could be validated: BrG-substitutions
connected to short loops yielded 40 % of the 5’-terminal syn-conformer whereas the antithetic
sequence remained exclusively in anti-conformation.
Structure elucidation of the 100 % flipped MYC-4 with fourfold substitution sheds light on this
steric contribution (Fig. 4.1 A,B). Whereas the calculated structure with all BrG residues in
syn-conformation shows no steric hindrances at all, a modeled structure with anti-conformers
exhibits significant clashes between the bromine and 5’-phosphate oxygen atoms (Fig. 4.1 C,D,
respectively) that probably serve as an additional driving force for anti→syn transitions.
The loop-length related flexibility of single residues can also be observed in imino proton exchange
rates with water which are accessible via NMR using ROESY exchange spectroscopy. These
should directly correlate with the first step of the proposed tetrad flip, the opening of base pairs,
as imino protons loose hydrogen bonding and readily exchange with water. Indeed, the exchange
rate of the residue neighboring the flexible 2-nt propeller loop is greatly increased, whereas the
5’-terminal G following past a 1-nt loop is significantly reduced.
For proof of principle, a new parallel sequence was designed with shuffled loop lengths and
comparable substitution patterns, shifting from a 1-2-1 to a 2-1-1 nucleotide loop sequence. The
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Chapter 4. Loop Length Affects Syn-Anti Conformational Rearrangements in Parallel
G-Quadruplexes

anticipated degree of tetrad inversion can be observed by following adenine resonance integrals
(Fig. 4.2 B, upper), indicative of the loop length as a major determinant in flip efficiency.
Astonishingly, this effect is also observable in thermal stability, as substitutions with higher flip
tendency exhibit decreased melting temperatures (Fig. 4.2 B, lower). Thus, these differences
directly reflect relative energies of position-dependent steric interactions of BrG anti conformers.
In conclusion, a potential guideline for bromine substitutions can be formulated as follows: for
highest anti→syn transition efficiency, bromination sites should best be located within a more
restricted residue environment whereas BrG residues in anti-conformation are better tolerated if
the sterically demanding bromine substituent is located within a more flexible environment.
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5 Duplex-Guided Refolding into Novel
G-Quadruplex (3+1) Hybrid Conformations

Of all possible G4-structures, only a small fraction has been observed in vitro up until now.
A prominent example of the elusive structures is a hybrid fold with the specific loop pattern:
5’-lateral-propeller-propeller-3’ (lpp). In an effort to expand the quadruplex conformational
space, the parallel MYC structure has been employed as a parent sequence for the rational
design of such a novel topology.
For a hybrid structure to form, one G-tract has to change directionality compared to the native
all-parallel structure. This antiparallel strand would be constituted of all-syn guanosine residues
if the hydrogen bonding pattern is retained. Furthermore, as longer intervening sequences

Fig. 5.1: Imino proton spectra of dsQ and modified sequences ssQ, dsQ(6,7) and dsQ(15,19) (A). HSQC overlay
of the dsQ mixture (black) with all modification-enforced comformers ssQ (red), dsQ(6,7) (orange) and dsQ(15,19)
(blue) (B). Schematic representations of the parallel structure ssQ with non-matching single stranded termini
(C) and the bromine-substituted dsQ(15,19) (D) and dsQ(6,7) (E) both with paired overhangs; syn residues are
colored in blue.
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Chapter 5. Duplex-Guided Refolding into Novel G-Quadruplex (3+1) Hybrid Conformations

A B

Fig. 5.2: Three-dimensional structure of dsQ(6,7) with 3 syn-guanosines (A) and dsQ(15,19)-like fold with 5
syn-guanosines (B).

are preferred for lateral and diagonal loops a 3-1-1 loop nucleotide pattern for the desired
lateral-propeller-propeller loop sequence was introduced. Also, additional duplex-pairing termini
were added to enforce a single well-resolved species dsQ(6,7) with two BrG-substitution sites for
syn-G stabilization.
Detailed NMR-investigations revealed a hybrid structure with the first strand inverted compared
to the native MYC-structure, most prominently indicated by Watson-Crick base pairs in the
overhang regions (Fig. 5.1 A). The desired lpp pattern and resulting all-syn G-tract could be
shown through sequential NOE contacts of syn-guanosine imino to sugar protons as well as
contacts from loops into the G-tracts. Due to its relationship to the known hybrid-1 structure,
this fold was termed hybrid-1R.
The attempt to retain the conformation without bromine substitutions resulted in a mixture
of several species (dsQ). One of those species could be identified as the previously discussed
hybrid-1R fold with a syn-syn-syn tract. Another species was shown to be a parallel fold with
unpaired single-stranded termini similar to the native MYC, as indicated by a comparison with
a sequence with 4-nt non-matching 5’- and 3’-overhangs but with preserved 3-1-1 loop pattern
(Fig. 5.1 B).
A third species was found by varying bromine substitution patterns with BrG residues translocated
from the first strand to the 5’-terminal tetrad (dsQ15,19). This stabilizes a hybrid structure
with lpp loop sequence but with only two syn-residues in the first G-tract, further denoted as
hybrid-1R’. For the last guanosine of this tract to retain anti-conformation, the three remaining
tetrad-Gs have to attain syn-conformation. The resulting structure could be proven by detailed
NMR structural analyses, again using C8 chemical shifts to detect syn-conformers and with
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Chapter 5. Duplex-Guided Refolding into Novel G-Quadruplex (3+1) Hybrid Conformations

NOE-connectivities for full resonance assignments. Comparison of HSQC-spectra allowed the
identification of the final minor species of dsQ as being the corresponding hybrid-1R’ fold.
In terms of base stacking, the hybrid-1R’ fold is expected to be more stable than hybrid-1R as it
contains a smaller number of disfavored syn-syn stacking interactions than the latter. However,
with a relative population of only 12 % hybrid-1R’ in the mixture of dsQ, it can be assumed that
a smaller number of syn-G residues in the hybrid-1R quadruplex outweighs the larger number of
energetically unfavorable syn-syn steps.
It should be noted that the parallel fold is the most populated in the dsQ mixture. Thus, the
additional four base pairs do not provide sufficient energetic compensation to direct the folding
to a new global minimum. However, the additional formation of only four base pairs allows for a
disfavored fold to effectively compete with the preferred parallel topology.
Based on these results, a possible folding pathway can be postulated with a first step consisting
of a fast transient base pairing of the overhang sequences and subsequent preorganization of the
final G4. Thus, the structure can be kinetically trapped and the two hybrid-1R and hybrid-1R’
structures (Fig. 5.2) correlate to two basins with strand-flipped species on the folding landscape
but with the parallel structure still being the thermodymically most stable form.
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6 Manipulating DNA G-Quadruplex Structures
by Using Guanosine Analogs

For a better understanding of quadruplex folding, a great many of influencing factors have to be
taken into account. A special tool emerged recently in the form of modified nucleosides serving
as a magnifying glass for single residues. This review provides as an overview of induced changes
in folding upon exclusive incorporation of nucleoside analogs.
As strand directionality and glycosidic torsion angles are intimately connected, they can easily
be used to influence one another. Bulky base substituents, as described before, usually drive
a syn-glycosidic conformation (Fig. 6.1 A). In contrast, sugar modifications like 2’-fluorine-
(FG), ribo-sugars (rG) or locked guanosines (LNAG) induce anti-conformation. This effect is
generally related to their preference or, in case of LNAG, compulsion to adopt a North puckering,
a conformation of the furanose ring with C3’ above the plane and oriented towards C5’ - as
opposed to the C2’ above-plane South pucker favored by unmodified 2’-deoxynucleosides (Fig.

Fig. 6.1: Nucleoside analogs and their respective 3D representations: 8-bromo-2’-deoxyguanosine (BrG) with
a 3D-representation in syn-conformation and with South pucker (A); 2’-fluoro-2’-deoxyguanosine (FG) in anti-
conformation and with North pucker (B); 2′-O,4′-C-methyleneguanosine (LNAG) in anti-conformation and with
North pucker (C).
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Fig. 6.2: Overview of modified structures with syn-(blue)/anti-(orange) conformational rearrangements induced
by modified residues (darker shade). Introduction of BrG in 5’-terminal tetrad of parallel MYC induces a tetrad
flip (A). Tetrad flip by substitution of FG in non-matching syn-positions of hybrid-type human telomeric sequence
(B). Insertion of LNAG residues into an antiparallel dimer results in an unusual V4-fold (C). Modified FG at
non-matching syn-position of the central tetrad leads to two coexisting species including an inverted 5’-terminal
G-tract (D).

6.1 B,C). Upon adoption of a North-pucker the anti-conformation in turn prevents clashes
between N3 and H3’ and O5’ shifting the glycosidic torsion angle equilibrium.
Modifications like these have been used to induce tetrad inversions either from all-anti to all-syn
tetrads in parallel tetra- and monomolecular systems or in hybrid structures by substituting
non-matching syn-positions with sugar-modified residues (Fig. 6.2 A,B). Apparently, these
substitutions tend to also influence unmodified residues of the same tetrad in order to retain
hydrogen bonding. Parameters such as preceding loop lengths still have to be taken into account
when determining the inversion efficiency of each substitution site to achieve a full tetrad flip
without coexisting species.
Compared to tetrad inversions, complete refolds are often difficult to predict. For example, induc-
tion of 5’-syn-anti-syn-anti-3’ stabilizing modifications within a tetramolecular and exclusively
parallel sequence, resulted in a new antiparallel structure in coexistence with several other species
of similar stability. Introduction of pucker-locked residues (LNAG) in the bimolecular Oxytricha
nova telomeric sequence (G4T4G4) into matching anti-positions induced a completely new fold
probably driven by unfavorable narrow groove interactions of the LNAG residues(Fig. 6.2 C).
Another example included a hybrid structure with FG substitutions at a single non-matching
position in the central tetrad. This specific modification resulted in a mixture of two species,
the first with unaltered topology and FG in the unfavorable syn-conformation and the second
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with a strand polarity inversion, thus allowing for the preferred FG anti-conformer (Fig. 6.2 D).
Substitutions can also induce additional favorable interactions such as unconventional hydrogen
bonds. These have been proven to occur intranucleotidic between 2’-fluorine-substituents in
South-puckered ribose sugars and guanine H8, as well as in a sequential, internucleotidic form
from 2’-F to H8 of the 3’-neighboring guanine base.
Sugar modified residues have also been observed to retain unexpected sugar puckers to avoid
unfavorable interactions in narrow grooves. This has been observed in hybrid structures with a
2’-fluorine or 2’-hydroxy substituent oriented away from the narrow groove and into the medium
groove by a suitable sugar conformation.
Taken together, all these substitution-induced structures and their respective driving forces add
to our understanding of general folding principles in quadruplex nucleic acids. These can be
used to better predict G4 folding patterns and may ultimately enable a rational design of G4
scaffolds for specific structure-related tasks.
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7 Conclusion

This thesis serves as a glimpse into the vast structural landscape of quadruplexes. Utilizing
site-specific modified nucleoside substitution with BrG, a variety of structures could be induced
yielding novel folding patterns. Tese, in comparison with their native counterparts, hold valuable
information about the driving forces of G4 folding.
While initial studies (publication I) demonstrated that BrG is feasible to achieve glycosidic
torsion angle flips in parallel quadruplexes with a resulting inversion of the hydrogen bonding
pattern, following investigations (publication II) could show that the main driving force of
such BrG-driven tetrad polarity inversions is based on steric clashes involving the unfavorable
nucleoside conformer and directly related to the overall G4 structure by loop flexibility. Taken
together, a pathway for the observed tetrad flip can be formulated as follows: First, thermal
breathing motions initialize tetrad opening followed by a concerted conformational transition and
the reformation of the hydrogen bonding pattern. During the transition the syn-anti equilibrium
can be fine-tuned with the herein described tool, i.e. the BrG analog.
Subsequent studies (publication III) build on former results and reveal how the BrG-tool can
be applied. Supported by a new strategy, the duplex-guided strand directionality, the studies
demonstrate the rational design of a novel G4-topology. Incidentally, two different unprecedented
variations of this novel topology have been found and characterized, elucidating the energetic
contributions of favorable glycosidic conformers and stacking interactions. The coexistence
of both, hybrid-1R and hybrid-1R’ structures, together with the energetically more favorable
parallel form lacking the terminal double helical extension, revealed the Watson-Crick pairing to
primarily function as a kinetic trap in the G4 formation, adding a new method to the toolbox.
Finally, the review (publication IV) summarizes principles gathered in the previous publications
and contextualizes them with other nucleoside modifications such as FG and LNAG analogs with
regards to tailored quadruplex folding. Thereby valuable insights into the G4 folding process
could be gained and efficient strategies for rational G4 design could be crystallized.
In summary, the engineered structures illustrate the possibilities of rational quadruplex design,
applying lessons learned from the growing G4 topological landscape and the characterization
of novel structures. The assembled toolbox consists of various nucleoside analogs and kinetic
traps, paving the way of a true rational design of G4 architectures with desired structural
characteristics for a growing number of G4-based applications.
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[41] A. C. Girvan, Y. Teng, L. K. Casson, S. D. Thomas, S. Jüliger, M. W. Ball, J. B. Klein, J. W. M. Pierce, S. S. Barve,
and P. J. Bates, “AGRO100 inhibits activation of nuclear factor-κB (NF-κB) by forming a complex with NF-κB
essential modulator (NEMO) and nucleolin,” Molecular Cancer Therapeutics, vol. 5, no. 7, pp. 1790–1799, 2006.

[42] A. T. Phan, V. Kuryavyi, J.-B. Ma, A. Faure, M.-L. Andreola, and D. J. Patel, “An interlocked dimeric parallel-
stranded DNA quadruplex: A potent inhibitor of HIV-1 integrase,” Proceedings of the National Academy of Sciences,
vol. 102, no. 3, pp. 634–639, 2005.

[43] J. R. Wyatt, T. A. Vickers, J. L. Roberson, R. W. Buckheit, T. Klimkait, E. DeBaets, P. W. Davis, B. Rayner,
J. L. Imbach, and D. J. Ecker, “Combinatorially selected guanosine-quartet structure is a potent inhibitor of human
immunodeficiency virus envelope-mediated cell fusion,” Proceedings of the National Academy of Sciences, vol. 91,
no. 4, pp. 1356–60, 1994.

[44] D. J. Schneider, J. Feigon, Z. Hostomsky, and L. Gold, “High-affinity ssDNA inhibitors of the reverse transcriptase of
type 1 human immunodeficiency virus,” Biochemistry, vol. 34, no. 29, pp. 9599–9610, 1995.

[45] K. T. Shum and J. A. Tanner, “Differential inhibitory activities and stabilisation of DNA aptamers against the SARS
coronavirus helicase,” ChemBioChem, vol. 9, no. 18, pp. 3037–3045, 2008.

[46] L. A. Jones, L. E. Clancy, W. D. Rawlinson, and P. A. White, “High-affinity aptamers to subtype 3a hepatitis C virus
polymerase display genotypic specificity,” Antimicrobial Agents and Chemotherapy, vol. 50, no. 9, pp. 3019–3027,
2006.

[47] L. Bock, L. Griffin, J. Latham, E. Vermaas, and J. Toole, “Selection of single-stranded DNA molecules that bind and
inhibit human thrombin,” Nature, vol. 355, pp. 564–566, 1992.

[48] K. Padmanabhan, K. P. Padmanabhan, J. D. Ferrara, J. E. Sadler, and A. Tulinsky, “The structure of α-thrombin
inhibited by a 15-mer single-stranded DNA aptamer,” Journal of Biological Chemistry, vol. 268, no. 24, pp. 17651–
17654, 1993.

[49] P. Schultze, R. Macaya, and J. Feigon, “Three-dimensional solution structure of the thrombin-binding DNA aptamer
d(GGTTGGTGTGGTTGG),” Journal of Molecular Biology, vol. 235, no. 5, pp. 1532–1547, 1994.

[50] A. S. Wolberg and R. A. Campbell, “Thrombin generation, fibrin clot formation and hemostasis,” Transfusion and
Apheresis Sciences, vol. 38, no. 1, pp. 15–23, 2008.

[51] E. Zavyalova, N. Samoylenkova, A. Revishchin, A. Turashev, I. Gordeychuk, A. Golovin, A. Kopylov, and G. Pavlova,
“The evaluation of pharmacodynamics and pharmacokinetics of anti-thrombin DNA aptamer RA-36,” Frontiers in
Pharmacology, vol. 8:922, pp. 1–12, 2017.

[52] R. Dolot, C. H. Lam, M. Sierant, Q. Zhao, F. W. Liu, B. Nawrot, M. Egli, and X. Yang, “Crystal structures of thrombin
in complex with chemically modified thrombin DNA aptamers reveal the origins of enhanced affinity,” Nucleic Acids
Research, vol. 46, no. 9, pp. 4819–4830, 2018.

[53] X.-a. Mao and W. H. Gmeiner, “NMR study of the folding-unfolding mechanism for the thrombin-binding DNA
aptamer d(GGTTGGTGTGGTTGG),” Biophysical chemistry, vol. 113, no. 2, pp. 155–60, 2005.

[54] A. Pasternak, F. J. Hernandez, L. M. Rasmussen, B. Vester, and J. Wengel, “Improved thrombin binding aptamer
by incorporation of a single unlocked nucleic acid monomer,” Nucleic Acids Research, vol. 39, no. 3, pp. 1155–1164,
2011.
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[86] J. Brčić and J. Plavec, “Solution structure of a DNA quadruplex containing ALS and FTD related GGGGCC repeat
stabilized by 8-bromodeoxyguanosine substitution,” Nucleic Acids Research, vol. 43, no. 17, pp. 8590–8600, 2015.

[87] A. T. Phan, V. Kuryavyi, K. N. Luu, and D. J. Patel, “Structure of two intramolecular G-quadruplexes formed by
natural human telomere sequences in K+ solution,” Nucleic Acids Research, vol. 35, no. 19, pp. 6517–25, 2007.

[88] A. Matsugami, Y. Xu, Y. Noguchi, H. Sugiyama, and M. Katahira, “Structure of a human telomeric DNA sequence
stabilized by 8-bromoguanosine substitutions, as determined by NMR in a K+ solution,” FEBS Journal, vol. 274,
no. 14, pp. 3545–3556, 2007.

[89] V. Esposito, A. Randazzo, G. Piccialli, L. Petraccone, C. Giancola, and L. Mayol, “Effects of an 8-
bromodeoxyguanosine incorporation on the parallel quadruplex structure [d(TGGGT)]4,” Organic & biomolecular
chemistry, vol. 2, no. 3, pp. 313–318, 2004.

[90] D. Gudanis, L. Popenda, K. Szpotkowski, R. Kierzek, and Z. Gdaniec, “Structural characterization of a dimer of
RNA duplexes composed of 8-bromoguanosine modified CGG trinucleotide repeats: a novel architecture of RNA
quadruplexes,” Nucleic Acids Research, vol. 44, no. 5, pp. 2409–2416, 2016.

33





Author Contributions

Publication I Observation of a Dynamic G-Tetrad Flip in Intramolecular G-
Quadruplexes
Karg, B., Haase, L., Funke, A., Dickerhoff, J. & Weisz, K. Biochemistry, 2016,
55, 6949–6955.

KW and JD initiated the project. KW and BK designed and BK performed the experiments.
LH measured the spectra of MYC-4. AF performed the ligand binding studies. KW and BK
wrote the manuscript that was read and edited by all authors.

Publication II Loop Length Affects Syn-Anti Conformational Rearrangements in
Parallel G-Quadruplexes
Karg, B. & Weisz, K. Chemistry - A European Journal 2018, 24, 10246–10252.

KW initiated the project. KW and BK designed and BK performed the experiments. BK and
KW wrote the manuscript.

Publication III Duplex-Guided Refolding into Novel G-Quadruplex (3+1) Hybrid
Conformations
Karg, B., Mohr, S. & Weisz, K. Angewandte Chemie, 2019, DOI:
10.1002/anie.201905372

KW initiated the project. KW and BK designed and BK performed the experiments. SM
performed the calorimetric experiments. BK and KW wrote the manuscript that was read and
edited by all authors.

Publication IV Manipulating DNA G-Quadruplex Structures Through Guanosine
Analogs
Haase, L., Karg, B. & Weisz, K., ChemBioChem 2018, 20, 985-993.

LH, BK and KW wrote the manuscript that was read and edited by all authors.

Prof. Dr. Klaus Weisz Beatrice Karg

35





Publication I

37



Observation of a Dynamic G‑Tetrad Flip in Intramolecular
G‑Quadruplexes
Beatrice Karg, Linn Haase, Andrea Funke, Jonathan Dickerhoff, and Klaus Weisz*

Institute of Biochemistry, Ernst-Moritz-Arndt University Greifswald, Felix-Hausdorff-Strasse 4, D-17487 Greifswald, Germany

*S Supporting Information

ABSTRACT: A MYC sequence forming an intramolecular G-quadruplex with a
parallel topology was modified by the incorporation of 8-bromoguanosine (BrG)
analogues in one of its outer G-tetrads. The propensity of the BrG analogues to
adopt a syn glycosidic torsion angle results in an exceptional monomolecular
quadruplex conformation featuring a complete flip of one tetrad while keeping a
parallel orientation of all G-tracts as shown by circular dichroism and nuclear
magnetic resonance spectroscopic studies. When substituting three of the four G-
tetrad residues with BrG analogues, two coexisting quadruplex conformational
isomers with an all-syn and all-anti outer G-quartet are approximately equally
populated in solution. A dynamic interconversion of the two quadruplexes with
an exchange rate (kex) of 0.2 s−1 is demonstrated through the observation of exchange crosspeaks in rotating frame Overhauser
effect spectroscopy and nuclear Overhauser effect spectroscopy experiments at 50 °C. The kinetic properties suggest disruption
of the corresponding outer G-tetrad but not of the whole quadruplex core during the tetrad flip. Conformational syn-anti isomers
with homopolar and heteropolar stacking interactions are nearly isoenergetic with a transition enthalpy of 18.2 kJ/mol in favor of
the all-syn isomer.

Guanine-rich sequences can assemble into stable quadruplex
(G4) structures, primarily driven by the propensity of

guanine (G) bases to self-associate and to form a planar
arrangement with four G bases held together by a cyclic array of
Hoogsteen hydrogen bonds.1 At least two stacked G-tetrads
make up the core in these alternative G4 secondary structures.
Monovalent cations like sodium or potassium are coordinated to
the guanine carbonyl oxygens within a central channel, being of
critical importance for additional stabilization. Because of their
existence in many regulatory regions of the human genome and
their proposed biological function, quadruplex structures have
become an attractive target for novel anticancer strategies.2 Also,
being promising scaffolds for various aptamer and sensor
systems, synthetic quadruplexes have found increasing use in
biotechnological applications.3,4

If G-rich tracts are located on a single strand, folding into a
quadruplex is associated with intervening sequences that might
form different types of loop regions. Thus, propeller loops
connect two neighboring parallel G-tracts, whereas lateral or
diagonal loops join two antiparallel G-tracts located adjacent or
opposite each other. The combination of different loop
arrangements results in a high variability of quadruplex
topologies, often close in stability and sensitive to the
composition of loop and overhang sequences but also to
environmental conditions like type of cations, crystal packing, or
the presence of crowding agents.5 Whereas an increasing amount
of data has yielded empirical relationships between loop type and
intervening sequences, the superposition of forces that drive a
particular fold is far from being understood. As a consequence, a
reliable prediction or rational design of quadruplex structures
remains unsatisfactory as yet.

To form a regular array of Hoogsteen hydrogen bonds,
glycosidic torsion angles of G nucleotides within the quadruplex
core are closely connected to the relative orientation of the four
strands. In a parallel quadruplex with all four G-tracts running in
the same direction, all G residues typically feature anti
conformations. Reverting the polarity of one strand will
inevitably induce glycosidic conformational changes to syn for
some G nucleotides to maintain a stable hydrogen-bonded
arrangement. Such a dependency has been exploited in the past
to either stabilize or refold quadruplexes by replacing guanosines
at suitable positions with G analogues favoring either syn or anti
glycosidic torsion angles.6,7 Employing such a strategy, a
complete flip of a tetrad with all four guanine nucleotides
changing from anti to syn in a conserved strand arrangement was
reported upon the incorporation of 8-methyl- or 8-bromogua-
nosine analogues into critical positions of parallel four-stranded
model quadruplexes lacking any loop regions.8−10 Through this
reversal of tetrad polarity as defined by the donor−acceptor
direction of the cyclic hydrogen bond array, homopolar stacking
interactions are replaced by a heteropolar tetrad stacking with
accompanying changes in spectroscopic behavior, in particular
apparent in circular dichroism.11 Very recently, a similar
conformational switch has also been observed in more relevant
monomolecular quadruplexes with connecting loop regions. To
induce such a transition, either anti-favoring 2′-fluoro-2′-
deoxyguanosine analogues were incorporated into a hybrid-

Received: September 9, 2016
Revised: November 6, 2016
Published: November 15, 2016

Article

pubs.acs.org/biochemistry

© 2016 American Chemical Society 6949 DOI: 10.1021/acs.biochem.6b00925
Biochemistry 2016, 55, 6949−6955



type quadruplex or two foreign nucleobases were introduced into
a single G-tetrad of the parent G4.12,13

This paper reports on the incorporation of syn-affine 8-
bromodeoxyguanosine analogues into specific positions of the
MYC sequence. The latter derives from the promoter region of
the MYC oncogene and forms a well-defined, stable, and robust
quadruplex structure in the presence of monovalent cations.14

We aimed to expand the concept of concerted conformational
changes within a G-tetrad to the parallel topology of the MYC
quadruplex to further elaborate on the general requirements and
properties of tetrad flipping. Indeed, as shown below, a tetrad
polarity reversal with the formation of an unusual all-syn G-
quartet may be induced in an 8-bromodeoxyguanosine-modified
MYC quadruplex without a more extensive refolding of the
monomolecular structure. Interestingly, native and flipped tetrad
conformations may coexist in solution as has previously been
suggested for a nonmodified tetramolecular quadruplex.15 The
energy barrier for interconversion of these conformational
isomers allows for a dynamic equilibrium as shown by nuclear
magnetic resonance (NMR) exchange experiments, revealing the
dynamic nature of tetrad flipping in an intramolecular quadruplex
for the first time.

■ MATERIALS AND METHODS
Materials and Sample Preparation.Unmodified and high-

performance liquid chromatography-purified 8-bromo-dG-
modified DNA oligonucleotides were purchased from TIB
MOLBIOL (Berlin, Germany). Before use, oligonucleotides
were precipitated with ethanol, and the concentrations were
determined spectrophotometrically by measuring the absorb-
ance at 260 nm. Samples were obtained by dissolving the
corresponding oligonucleotides in a low-salt buffer with 10 mM
potassium phosphate (pH 7.0) for NMR experiments or in high-
salt buffer with 20 mM potassium phosphate and 100 mM KCl
(pH 7.0) for CD experiments. Prior to measurements, the
samples were annealed by being heated to 90 °C and then slowly
cooled to room temperature. Final concentrations of oligonu-
cleotides were 5 μM for the CD experiments and between 0.11
and 0.52 mM for the NMR experiments.
Circular Dichroism. CD spectra were recorded with a Jasco

J-810 spectropolarimeter at 20 °C (Jasco, Tokyo, Japan). The
spectra were recorded with a bandwidth of 1 nm, a scanning
speed of 50 nm/min, and five accumulations. All spectra were
blank corrected. CD melting curves were recorded at a
wavelength of 295 nm with two data points per degree Celsius
in 10 mm quartz cuvettes. Heating and cooling rates of 0.25 °C/
min were employed. Melting temperatures were determined by
the maximum of the first derivative for the heating curve.
Differential Scanning Calorimetry (DSC). DSC measure-

ments were performed on a VP-DSC instrument (Malvern
Instruments) using 50 μM oligonucleotide in a buffer with 20
mM potassium phosphate and 100 mM KCl (pH 7.0). The
sample was heated from 20 to 130 °C with a scan rate of 1 °C/
min. A buffer versus buffer scan was subtracted from the sample
scan, and the melting temperature (Tm) corresponding to the
maximum of the DSC peak was obtained after a linear baseline
subtraction. Melting temperatures with standard deviations are
averages of five experiments.
NMR Experiments. All NMR spectra were recorded on a

Bruker Avance 600 MHz spectrometer equipped with an inverse
1H/13C/15N/31P quadruple resonance cryoprobehead and z-field
gradients. Data were processed using Topspin 3.1 and analyzed
with CcpNmr Analysis.16 Proton chemical shifts were referenced

relative to the temperature-dependent H2O or HDO chemical
shift. For the proton one-dimensional (1D) and two-dimensional
(2D) NOE measurements in a 90% H2O/10% D2O solvent, a
WATERGATE with w5 element was employed for solvent
suppression. Typically, NOESY experiments in a 90% H2O/10%
D2O solvent were performed between 10 and 50 °C with a
mixing time of 300 ms and a spectral width of 10 kHz; 2K × 1K
data points with 32 transients per t1 increment and a recycle delay
of 2 s were collected in t2 and t1. Prior to Fourier transformation,
data were zero-filled to give a 4K × 2K matrix and both
dimensions were apodized by squared sine bell window
functions. For EASY ROESY experiments,17 a mixing time of
80 ms was employed with the angle θ for the tilted rotating frame
fixed to 50°.
DQF-COSY experiments were recorded with 24 transients per

t1 increment and 4K × 900 data points that were zero-filled to
give a final 4K × 2K data matrix. Phase-sensitive 1H−13C HSQC
experiments optimized for a 1J(C,H) of 160 Hz were conducted
with a 3-9-19 solvent suppression scheme in a 90% H2O/10%
D2O solvent employing a spectral width of 7.5 kHz in the indirect
13C dimension, 128 scans at each of 360 t1 increments, and a
relaxation delay of 1.5 s between scans. 13C chemical shifts were
referenced relative to TMS by using the indirect referencing
method.

■ RESULTS AND DISCUSSION
Previous substitution experiments on tetramolecular quadru-
plexes with 8-methyl- or 8-bromo-dG analogues have suggested a
higher likelihood of substitutions at the 5′-terminal tetrad to
enforce altered glycosidic torsion angles.8−10 On the basis of
these studies, we focused on modifications within the terminal
tetrad following the 5′-end (5′-tetrad) for inducing putative
structural transitions on the intramolecular MYC quadruplex.
The unmodified MYC sequence employed for these studies is
known to form a well-defined quadruplex with parallel G-tracts
connected by three propeller loops and overhangs at both its 5′-
and 3′-end in a potassium-containing buffer (Figure 1a).14 To
probe the impact of G analogues on the quadruplex
conformation, three syn-favoring 8-bromo-2′-deoxyriboguano-
sines (BrG) were initially incorporated at positions 4, 13, and 17
of MYC to yield the modified sequence MYC-3 (Table 1). This
trisubstitution pattern keeps the H8 proton of residue G8 as a

Figure 1. (a) Parallel topology of the native MYC G-quadruplex with
overhang sequences and guanine residue numbers in the G-tetrads
indicated. (b) MYC quadruplex with a polarity switch of the 5′-tetrad.
The anti and syn guanine nucleotides are colored blue and orange,
respectively.
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valuable NMRprobe for following conformational changes of the
modified outer G-quartet (vide inf ra).

As expected for a parallel all-anti topology, the CD spectrum of
the nativeMYC exhibits negative and positive amplitudes at 244
and 264 nm, respectively (Figure 2). Structural changes are

suggested by the corresponding CD signature of the BrG-
modified MYC-3. Thus, amplitudes at 244 and 264 nm are
noticeably reduced, and a new strong band at 295 nm
reminiscent of a hybrid-type quadruplex with homopolar as
well as heteropolar G-tetrad stacking appears. Melting experi-
ments indicate that MYC-3 forms a thermally stable structure
with a melting transition (Tm) centered at 70 °C. However,
compared to that of the native structure, there is a noticeable
decrease in Tm by 20 °C upon incorporation of the BrG analogues
(Table 1).
NMR Spectroscopic Analysis of BrG-Modified Quad-

ruplexes. To check for structural homogeneity, 1D 1H NMR
experiments were performed. As shown in Figure 3a, a total of 12
sharp and well-resolved guanine imino resonances are observed
between 10.5 and 12.0 ppm in the NMR spectrum of unmodified
MYC. These findings confirm the formation of a single well-
defined quadruplex with a core consisting of three stacked G-
tetrads. On the other hand, the imino proton spectral region of
MYC-3 reveals an increased number of G imino resonances that
are incompatible with a single monomolecular species (Figure
3b). In fact, a total of 24 partially overlapped imino signals rather
suggest the formation of a quadruplex with higher molecularity

or the coexistence of two quadruplex structures in approximately
equal amounts.
Strong support for the latter comes from a spectral comparison

of MYC-3 with unmodified MYC. Conspicuously, many
characteristic crosspeak patterns observed in 2D NOE, DQF-
COSY, and 1H−13C HSQC spectra ofMYC are also identified in
corresponding MYC-3 spectral regions. The spectral super-
position shows only small shift deviations, especially for those
residues that are not directly involved in the modified 5′-tetrad,
and clearly indicates aMYC-3 quadruplex with a conservedMYC-
like topology (MYC-3a) but also reveals additional resonances
that can be attributed to another species. Several starting points
for the 1H and 13C resonance assignments of MYC-3a are
provided by their close correspondence to the already assigned
resonances of native MYC (Figure S1). Thus, despite the
presence of two sets of signals, almost all of the base as well as
H1′/H2′/H2″ sugar resonances are easily assigned from
standard 2D NMR experiments because of their good spectral
resolution (see the Supporting Information). Sequential and
intranucleotide sugar−H8 NOE contacts along three G-tracts
comprise only two G bases in case of BrG substitutions. However,
uninterrupted connectivities can be traced for the G8-G9-G10
tract bearing no modification and confirm an all-anti glycosidic
conformation for all G residues of the MYC-3a quadruplex core
(Figure S2).18

At elevated temperatures (>40 °C), 2D NOE spectra of the
trisubstituted MYC-3 exhibit increasingly strong crosspeaks
identified as exchange crosspeaks through corresponding
ROESY experiments. Part of an EASY ROESY spectrum17

acquired at 50 °ConMYC-3 is shown in Figure 4. Apparently, the
spectrum at this temperature is dominated by exchange
crosspeaks identified by their same sign as found for the diagonal
peaks, and no additional contacts through dipolar coupling are
observed under these conditions. Because the ROE crosspeaks
connect corresponding protons of the two coexisting structures,
they also allow for the straightforward identification of
resonances in the second MYC-3 species (MYC-3s) and can be
used as convenient starting points for tracing additional NOE
connectivities in the NOESY spectra.

Table 1. Sequences and CD Melting Temperatures of
Unmodified and 8-BrG-Modified MYC Quadruplexesa

sequence (5′ → 3′)b Tm (°C)c

MYC TGAGGGTGGGTAGGGTGGGTAA 90.8 ± 0.2d

MYC-3 TGAXGGTGGGTAXGGTXGGTAA 69.7 ± 0.4
MYC-4 TGAXGGTXGGTAXGGTXGGTAA 70.7 ± 0.7

aConditions: 5 μM quadruplex in 20 mM potassium phosphate and
100 mM KCl (pH 7.0). bX = 8-bromo-dG; G residues in tetrads are
underlined. cAverage value with the standard deviation from three
independent measurements. dDetermined by DSC measurements
because of the high thermal stability in K+ buffer; averaged value from
five experiments.

Figure 2. CD spectra of unmodified MYC, MYC-3, and MYC-4
sequences (5 μM) at 20 °C in 20mMpotassium phosphate and 100mM
KCl (pH 7).

Figure 3. Imino proton spectral region of (a)MYC, (b)MYC-3, and (c)
MYC-4 at 30 °C in 10 mM potassium phosphate (pH 7). Peak
assignments for the G-tract guanines are indicated.
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Especially for residues located in loops and in the 3′-tetrad,
H6/H8−C6/C8 correlations as observed in a 1H−13C HSQC
spectrum show only small chemical shift differences in MYC-3a
andMYC-3s. In contrast, residue G8 with an upfield-shifted H8 is
accompanied by a significant C8 downfield shift of 3.4 ppm in
MYC-3s (Figure 5). In general, changing an anti conformation to

a syn conformation will induce downfield shifts of guanine C8 by
3−6 ppm.12,19,20 This C8 deshielding effect was shown to be
quite insensitive to other torsion angles and constitutes a reliable
marker of an anti→ syn interconversion for G8 inMYC-3s. Note
that H8−C8 correlations are missing for the other residues of the
5′-tetrad because of their 8-bromine substituent.
Resonance assignments forMYC-3s are additionally confirmed

and complemented by standard assignment strategies based on
NOESY and DQF-COSY spectra (see the Supporting
Information).Whereas continuous H1′−H8NOE connectivities
between G residues of the central tetrad and 3′-tetrad
demonstrate their all-anti conformation, the single strong
intranucleotide H8−H1′ NOE contact observed for G8 again
confirms its syn configuration (Figure S2).18 Consequently, with
all four G-tracts in a parallel orientation, the other three modified
BrG residues in the 5′-tetrad must also adopt syn glycosidic
torsion angles associated with a complete G-tetrad flip.
Chemical shifts of sugar H2′ protons were shown to constitute

good markers for anti and syn nucleotides in nucleic acid
structures.19,21 Although there is no direct information about
glycosidic torsion angles for the three BrG analogues in the

absence of H8, a clear trend towardmore deshieldedH2′ protons
as observed in MYC-3s when compared to MYC or MYC-3a
clearly corroborates a corresponding switch from anti to syn
conformations. Thus, whereas a mean chemical shift difference
(Δδ) of only +0.09 ppm is observed between H2′ protons in the
5′-tetrad of MYC-3a and unmodified MYC, a significant
downfield shift of +0.28 ppm when averaged over all H2′
resonances of the 5′-tetrad is detected when comparingMYC-3s
with MYC-3a. Note that major contributions of the bromo
substituent to H2′ chemical shift changes can mostly be excluded
in the latter case.
These results show that the incorporation of three BrG

analogues into the 5′-tetrad of the intramolecular MYC
quadruplex induces a flip associated with a polarity reversal of
the outer G-quartet despite putative restraints exerted by
connecting loops (see Figure 1b), yet two conformational
isomers with and without anti → syn transitions coexist in
solution in approximately equal amounts. To test the impact of a
fully BrG modifed 5′-outer tetrad on the type and population of
formed species, we also studied aMYC sequence tetrasubstituted
at positions 4, 8, 13, and 17 (MYC-4) (see Figure 1). As observed
for the trisubstitutedMYC-3, the CD spectrum ofMYC-4 exhibits
a negative amplitude at 244 nm and two moderately intense
positive amplitudes at 264 and 295 nm (Figure 2). However,
when compared to that of MYC-3, the CD spectrum of MYC-4
shows some noticeable changes in intensity of its two positive
bands. Thus, with an increase at 295 nm and a decrease at 264
nm, it appears to further shift toward the spectrum of antiparallel
quadruplexes with enhanced heteropolar stacking interactions.
Melting temperatures ofMYC-4 andMYC-3 were found to be

almost identical under the conditions employed with a thermal
destabilization of the tetrasubstituted quadruplex in comparison
to that of native MYC (Table 1). On the other hand, the imino
proton spectral region in a one-dimensional 1H NMR spectrum
of MYC-4 shows a total of only 12 guanine imino resonances
partially shifted compared to the parentMYC (Figure 3c). These
findings again indicate the formation of a single intramolecular
MYC-4 quadruplex composed of three stacked G-tetrads.
For a more detailed structural characterization, 2D NOE

spectra were subsequently recorded for MYC-4. In contrast to
MYC-3, all G residues within the 5′-tetrad have been replaced
with BrG analogues and interrupt sugar−H8 contacts along all
four G-tracts. On the other hand, inspection of the 2D NOE
spectra reveals a close match to corresponding NOEs as found
for the MYC-3s quadruplex (Figure S4). This striking similarity
strongly suggests equal conformations for both quadruplexes and
allows the unambiguous assignment through the existing
network of NOE connectivities (Figures S5 and S6). In line
with an anti→ syn conformational transition of the outer tetrad,
H2′ protons within the BrG-substituted G-quartet experience
noticeable deshielding effects as already observed for theMYC-3s
glycosidic isomer.
Changes in H6/H8 proton chemical shifts of MYC-3a, MYC-

3s, andMYC-4 when compared to chemical shifts of parentMYC
are plotted in Figure 6. From the observed minor differences, a
close conformational relationship is reasserted for MYC and
MYC-3a. On the other hand, both MYC-3s and MYC-4 exhibit
significant but nearly identical deviations in line with their
common conformational features. Thus, in addition to the
upfield-shifted G8 H8 not present in MYC-4, G residues in the
central G-quartet flanking the inverted all-syn 5′-tetrad of MYC-
3s andMYC-4 are more noticeably shifted. In contrast, protons of
loop residues and of the 3′-tetrad are less affected, in agreement

Figure 4. Portion of an EASY ROESY spectrum ofMYC-3 at 50 °C (80
ms mixing time) showing exchange crosspeaks of H8/H6 base protons.
H8 crosspeaks of G8, G9, and A22 are highlighted.

Figure 5. Portion of a 1H−13C HSQC spectrum at 40 °C showing H8/
H6−C8/C6 correlations of MYC-3. The G8 H8−C8 crosspeak of the
two coexisting species is marked by the black and red circle.
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with a conserved overall fold of the parallel-stranded
quadruplexes.
Kinetics of the Tetrad Polarity Switch. The presence of

two sets of signals in theMYC-3 NMR spectra demonstrates the
coexistence of syn-anti glycosidic isomers with different 5′-tetrad
polarity. A dynamic interconversion of the two structures
becomes evident via the observation of exchange crosspeaks in
NOESY and ROESY spectra (Figure 4). It should be mentioned
that noticeable exchange crosspeaks start to develop only at
temperatures above 40 °C, and contacts solely due to dipolar
coupling are detected at lower temperatures. Clearly, the
observation of slowly exchanging individual resonances of the
two species already places an upper limit on the exchange rate
(kex) of approximately <10 s

−1.

To determine the dynamics of the tetrad polarity switch, we
recorded NOESY spectra at 50 °C with eight different mixing
times, selecting the G8 H8 resonance as a probe for the kinetic
analysis (Figure 7a). A fit of the resulting build-up data of

exchange peak intensities yields an exchange rate (kex) of 0.2 s
−1

for interconversion of MYC-3s and MYC-3a at 50 °C. Similar
exchange rates of 0.2−0.3 s−1 were obtained from H8 crosspeak
intensities of G9 and A22 located in the central tetrad and the 3′-
overhang, respectively. Because the tetrad flip involves four
concerted anti → syn glycosidic torsion angle transitions,
hydrogen bonds of the 5′-outer tetrad must be broken, but
additional disruption of the central tetrad or even a complete
dissociation of the whole quadruplex core cannot be excluded.
However, with an enthalpy of formation of ∼80 kJ/mol per G-
tetrad as estimated by previous calorimetric studies of various
quadruplexes,22,23 full dissociation of the three-tetrad quadruplex
seems unlikely given the relatively fast kinetics of interconver-
sion. Accordingly, the complete refolding associated with a
topological transition between quadruplexes formed by a human
telomeric sequence under molecular crowding conditions was
found to proceed in ∼1 h with corresponding activation
enthalpies determined to be 136 kJ/mol.24 Unfortunately,
exchange rates at different temperatures to yield activation
energies are not accessible experimentally in this case because
exchange peaks are hardly observed at ≤40 °C due to long
lifetimes of exchanging species with respect to the quadruplex

Figure 6. Comparison of H6/H8 chemical shifts of modified and native
MYC quadruplex. The bar graphs show differences between (a) MYC-
3a, (b)MYC-3s, or (c)MYC-4 and unmodifiedMYC for each G4 residue
at 30 °C. Positions with missing data due to the incorporation of 8-BrG
analogues are colored red.

Figure 7. (a) Plot of the intensity ratio for exchange crosspeaks and
corresponding diagonal peaks as a function of mixing time τm and best fit
line. Integrals were extracted for G8H8 in 2DNOE spectra at 50 °C. (b)
van’t Hoff plot constructed from the ratio of signal intensity of the A12
H2 resonance inMYC-3a andMYC-3s as a function of temperature and
best fit line.
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relaxation time. Also, dynamic studies at higher temperatures are
hampered by the onset of quadruplex melting at ≥60 °C.
Relative Stability of MYC Conformational Isomers.

Knowing relative stabilities of homopolar and heteropolar G-
tetrad arrangements would allow us to acquire deeper insight
into forces that govern individual quadruplex folds. Unfortu-
nately, an experimental evaluation of such energy differences in
intramolecular G4 structures must fail in the case of different
topologies associated with a complex superposition of various
contributions to energy. However, the G4 conformational
isomers MYC-3a and MYC-3s differ only in their glycosidic
pattern and associated tetrad polarity, offering the unique
opportunity to evaluate relative energies free of different strand
alignments, loop arrangements, and numbers or types of
modifications. Because of its good spectral resolution, the A12
H2 resonance was selected for a quantification of enthalpy
changes associated with the dynamic transition between the two
exchanging isomers. Having determined populations of the two
species between 10 and 50 °C, we subjected the temperature-
dependent equilibrium constants to a van’t Hoff analysis based
on a two-state process to yield a temperature-independent
enthalpy change upon theMYC-3a toMYC-3s transition (ΔH°)
of 18.2 kJ/mol (Figure 7b).
Because two neighboring guanosine residues in an anti

conformation are expected to differ in stacking interactions
when compared to a 5′-syn-anti step, stacking energies are
intimately connected with guanosine glycosidic bond angles
along the G-tracts. Despite their different conformational
pattern, differences in enthalpy and free energy of the two
trisubstituted G4 isomers are small and in line with a single
melting event observed for theMYC-3mixture. These results are
also in general accord with theoretical calculations that have been
employed in trying to evaluate relative energies of different tetrad
arrangements in quadruplexes.25−27 Thus, a preference for syn-
anti steps has been reported in molecular mechanics-based
computations on simplified two-quartet models.25 However,
more recent quantum chemical approaches have suggested that
anti-anti GpG constitutes the most favored dinucleotide step
closely followed by syn-anti arrangements.26

Free 5′-GMP is known to be exceptional among the natural
pyrimidine and purine nucleotides in quite easily adopting a syn
glycosidic torsion angle.28 On the other hand, experimental
evidence points to a stronger propensity for the BrG analogue
with its sterically demanding bromo substituent to adopt syn
conformations.29 Clearly, it is a favored BrG syn glycosidic torsion
angle that is expected to induce a tetrad polarity switch with an
unusual all-syn G-quartet. The substitution of 8-bromodeox-
yguanosine in G4 structures at a matching position with a syn
conformation has often been exploited for the stabilization of
conformers, reducing heterogeneity and increasing their thermal
stability.30−32 However, although all BrG residues inMYC-3s and
MYC-4 are in a favored syn conformation, thermal destabilization
of these quadruplexes is observed upon comparison to
unmodified MYC (see Table 1). Obviously, changing anti-G to
unfavorable anti-BrG in MYC-3a or to syn-BrG in MYC-3s is
invariably accompanied by an energetic penalty. Unfavorable
contributions in MYC-3s may involve poorer base stacking
interactions, steric effects of the bulky bromine substituent, and
noncanonical backbone conformations as imposed by the syn
glycosidic torsion angle.

■ CONCLUSIONS
syn-anti conformational changes upon incorporation of guano-
sine analogues with sugar or base modifications into a G-
quadruplex have frequently been reported in the past. Because of
their different propensities to adopt a syn or anti glycosidic
torsion angle, modified G nucleotides have been able to either
stabilize or completely refold native quadruplex topologies.
However, only recently was a complete G-tetrad flip observed
through suitable modifications of physiologically relevant
monomolecular quadruplexes without affecting their overall
topology. By enforcing concerted anti→ syn transitions through
the incorporation of 8-bromoguanosine analogues in this study,
we were able to allow a complete switch of a G-tetrad polarity
even in case of the intramolecularMYC quadruplex with its very
robust conformation. To the best of our knowledge, the resulting
structure features a unique conformation in representing a
unimolecular parallel-stranded quadruplex with overhang
residues and an all-syn G-quartet. In addition to its importance
for a better understanding of forces that govern quadruplex
folding and topology, the ability to fine-tune the G4
conformation may expand the quadruplex conformational
space and may lead to new structural motifs for various practical
applications. Thus, on the basis of differential binding affinities
for outer stacking ligands, a tetrad polarity switch may potentially
be useful for the future design of novel catalytic or aptameric
quadruplex scaffolds that rely on selective substrate or ligand
binding.
For a BrG-trisubstituted MYC quadruplex, only a partial

conformational transition was observed and approximately equal
amounts of two stable conformational isomers of different tetrad
polarity but with the same overall fold coexist in solution.
Interestingly, a dynamic interconversion of the two tetrad
polarity isomers could be observed for the first time on the NMR
time scale and attests to a relatively low energy barrier for such a
G-tetrad flip. Although the detailed mechanism of interconver-
sion is unknown, it may be suggested that thermal breathing
motions will disrupt the outer G-tetrad to allow for a concerted
anti → syn change of all four G residues. Consequently, such a
transition is expected not to occur only on the modified
quadruplex but may be a more general phenomenon of G4
structures. On the other hand, given large differences in the free
energy of corresponding conformational isomers bearing no
adequate modifications, the dynamics of interconversion will
remain unnoticed in case of only one observable species.
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NMR resonance assignment strategies 

MYC-3 quadruplexes. Despite a more complex appearance due to two coexisting species, 2D 

NOE spectra of MYC-3 allowed to trace separate continuous NOE connectivities. In case of more 

severe peak overlap, connectivities were independently followed in spectra acquired at various 

temperatures between 10 and 50 °C to benefit from different temperature dependent shifts for 

signal separation. Thus, two independent sets of four uninterrupted intranucleotide and sequential 

H8-H1’ contacts could be detected along the G-tracts with partial extension into the 3’-overhang 

(Figure S2). Whereas three NOE walks for each species only include two H8 base protons of 

guanines in anti conformation, two sets of a longer NOE run comprising another guanine H8 

must be attributed to the G8-G9-G10 tract bearing no 8-Br modification at its 5’-end. 

Exploiting the close similarities in most chemical shifts to parent MYC, resonances could be 

specifically assigned to MYC-3a (see also Figure S1). The continuous H8-H1’ NOE 

connectivities along G8-G9-G10 indicates an all-anti G-tract in line with a conserved 

conformation (Figure S2). On the other hand, a very strong H8-H1’ intranucleotide crosspeak 

found for the second more upfield shifted G8 H8 strongly points to a syn glycosidic torsion angle 

for MYC-3s and further confirms results from C8 chemical shifts as extracted from 1H-13C HSQC 

experiments. Based on parallel G-tracts, a syn conformation for G8 must be associated with 

corresponding transitions of the BrG analogs to result in a complete flip of the 5’-quartet. 

All labile G H1 imino protons are connected to iminos in adjacent tetrads. Assignments are 

based on the observation, that in an all-anti guanosine arrangement imino-imino NOEs preferably 

run along individual G-tracts whereas in case of a syn-anti step shorter contacts only occur 

between imino protons positioned in neighboring tracts (Figure S3). With G H8 resonances fully 

assigned, the identification of imino protons is mostly completed by observed imino-H8 NOE 

contacts in the central and 3’-tetrads with their conserved polarity. A single G13 H1 to G8 H8 

contact observed for MYC-3s matches a modified 5’-outer tetrad with opposite polarity (Figure 

S3). Additional NOE contacts between G4 H1 and A3 protons of the 5’-overhang are again in 

line with the resonance assignments for MYC-3s. 

MYC-4 quadruplex. The assignment of MYC-4 resonances is mostly based on the analysis of 2D 

NOE spectra and additionally supported by the close similarity to MYC-3s (see Figure S4). 

Starting at the 3’-terminus, uninterrupted 3’→5’ intranucleotide and sequential H6/H8-H1’ NOE 
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contacts allow assignment of all H6/H8 and H1’ protons along the overhang sequence and the 

following run of guanosines (Figure S5a). The continuous walk ends with BrG at position 17 

lacking a corresponding H8 proton. Interrupted by the Br-modified guanines of the 5’-tetrad, 

corresponding walks are also observed along the other G-tracts. Likewise, H6/H8-H2’ and 

H6/H8-H3’ intranucleotide and sequential connectivities allow the sequential assignment of H2’ 

and H3’ protons and confirm previous assignments (not shown). The glycosidic torsion angles for 

all guanine nucleotides within the central and 3’-tetrad are in the anti range as clearly indicated 

by H8-H1’ intra- and interresidual NOEs of similar intensity.1 In line with two stacked all-anti G-

quartets bearing no modifications, four sequential H8-H8 NOE contacts are observed between 

neighboring guanines within the four G-runs and continue into the 3’-overhang for the fourth G-

tract (Figure S5b). 

The unambiguous alignment of G-tracts benefits from spectral comparisons with the related 

quadruplexes. Additional support comes from NOE crosspeaks observed between 

nonexchangeable base and sugar protons of loop residue A12 and residues G10 and G14 within 

the second and third G-tract (see Figure S5). Given an anti conformation for all non-modified G 

residues, the assignment of guanine imino protons is based on four uninterrupted networks with 

two interresidual H1-H1 NOE contacts as expected for three stacked G-tetrads together with 

weak H1-H8 connectivities observed within and between the central and 3’-tetrad and between 
BrG4 H1 and A3 base protons in the 5’-overhang (Figure S6). Lacking H8, assignments of the BrG 

imino protons of the 5’-tetrad are based on their H1-H1 contacts to central guanines of the 

neighboring G-tract as expected for BrG nucleotides in a syn glycosidic conformation (Figure 

S6b, see also Figure S3a). 
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Kinetic analysis 

Intensities of NOE crosspeaks and corresponding diagonal peaks Ic and Id are given by 

Ic = ¼ [(exp(-τm/T1)][1-exp(-kex∙τm)]     (1) 

Id = ¼ [(exp(-τm/T1)][1+exp(-kex∙τm)]     (2) 

with τm, T1, and kex being the mixing time, the spin-lattice relaxation time, and the exchange rate 

constant, respectively. Consequently 

Ic/Id = [1-exp(-kex∙τm)]/[1+exp(-kex∙τm)]    (3) 

At the limits of kex∙τm << 1, Ic/Id shows a linear dependence on τm 

Ic/Id ≃ ½(kex∙τm)            (4) 
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Table S1. 1H and 13C chemical shifts δ (in ppm) of protons and C6/C8 in MYCa 

 imino H6/H8 H2/Me H1‘ H2‘1 H2‘2 C6/C8 
T1 n.d. 7.20 1.64 5.78 1.59 2.04 136.84 

G2 n.d. 7.62 --- 5.62 2.38 2.46 136.63 

A3 --- 7.99 7.76 5.87 2.44 2.59 138.74 

G4 11.71 7.99 --- 6.04 2.74 2.99 135.28 

G5 11.20 7.70 --- 6.12 2.59 2.89 134.63 

G6 10.60 7.73 --- 6.39 2.59 2.76 135.07 

T7 n.d. 7.85 1.97 6.50 2.45 2.65 137.20 

G8 11.68 7.97 --- 6.12 2.45 2.89 135.20 

G9 11.48 7.88 --- 6.12 2.63 2.83 135.54 

G10 11.04 7.84 --- 6.41 2.58 2.74 135.10 

T11 n.d. 7.63 1.92 6.21 2.20 2.44 137.32 

A12 --- 8.51 8.35 6.67 2.95 3.07 140.76 

G13 11.89 8.09 --- 6.15 2.61 2.95 135.73 

G14 11.23 7.78 --- 6.18 2.68 2.95 135.00 

G15 11.01 7.78 --- 6.43 2.60 2.71 135.00 

T16 n.d. 7.85 1.97 6.50 2.45 2.65 137.20 

G17 11.24 7.88 --- 5.98 2.33 2.78 135.06 

G18 11.33 7.88 --- 6.02 2.65 2.71 135.42 

G19 11.02 7.59 --- 6.15 2.52 2.79 134.24 

T20 n.d. 7.13 1.48 5.89 1.90 2.36 135.61 

A21 --- 7.76 7.10 5.75 1.99 2.44 138.38 

A22 --- 7.50 7.37 5.60 2.19 2.36 137.38 

aAt 30 °C in 90% H2O/10% D2O, 10 mM potassium phosphate buffer, pH 7.0; n.d. = not determined.  
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Table S2. 1H and 13C chemical shifts δ (in ppm) of protons and C6/C8 in MYC-3aa 

 imino H6/H8 H2/Me H1‘ H2‘1 H2‘2 C6/C8 
T1 n.d. 7.19 1.64 5.71 1.69 2.13 136.70 

G2 n.d. 7.67 --- 5.79 2.17 2.43 136.44 

A3 --- 8.02 7.87 6.16 2.49 2.77 138.69 
BrG4 11.93 --- --- 6.21 2.89 3.29 n.d. 

G5 11.13 7.81 --- 6.13 2.63 2.91 135.10 

G6 10.59 7.73 --- 6.38 2.57 2.74 134.99 

T7 n.d. 7.85 1.98 6.50 2.45 2.66 137.33 

G8 11.26 7.95 --- 6.14 2.50 2.86 135.29 

G9 11.41 7.91 --- 6.23 2.66 2.84 135.72 

G10 11.04 7.89 --- 6.46 2.59 2.73 135.10 

T11 n.d. 7.59 1.90 6.19 2.19 2.41 137.26 

A12 --- 8.49 8.40 6.70 3.00 3.00 140.58 
BrG13 11.35 --- --- 6.26 2.65 2.94 n.d. 

G14 11.21 7.75 --- 6.20 2.63 2.92 n.d. 

G15 10.93 7.76 --- 6.42 2.56 2.69 135.05 

T16 n.d. 7.85 1.98 6.50 2.45 2.66 137.33 
BrG17 11.20 --- --- 6.02 2.49 2.83 n.d. 

G18 11.35 7.90 --- 6.09 2.72 2.72 n.d. 

G19 11.05 7.68 --- 6.18 2.53 2.79 134.30 

T20 n.d. 7.13 1.53 5.87 1.87 2.33 135.67 

A21 --- 7.76 n.d. 5.72 2.02 2.40 138.45 

A22 --- 7.51 n.d. 5.64 2.21 2.33 137.56 

aAt 30 °C in 90% H2O/10% D2O, 10 mM potassium phosphate buffer, pH 7.0; n.d. = not determined. 
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Table S3. 1H and 13C chemical shifts δ (in ppm) of protons and C6/C8 in MYC-3sa 

 imino H6/H8 H2/Me H1‘ H2‘1 H2‘2 C6/C8 
T1 n.d. 7.23 1.66 5.85 1.67 2.05 136.76 

G2 n.d. n.d. --- n.d. n.d. n.d. n.d. 

A3 --- 7.84 n.d. 6.04 2.00 2.55 137.77 
BrG4 11.38 --- --- 6.19 3.05 3.93 n.d. 

G5 11.57 8.01 --- 5.96 2.44 2.88 135.70 

G6 10.73 7.62 --- 6.40 2.59 2.68 135.59 

T7 n.d. 7.87 1.98 6.50 2.40 2.76 137.33 

G8 11.25 7.24 --- 5.91 2.70 3.00 138.72 

G9 11.87 8.15 --- 5.90 2.66 2.75 n.d. 

G10 11.15 7.80 --- 6.48 2.66 2.71 135.10 

T11 n.d. 7.61 1.93 6.19 2.17 2.44 137.26 

A12 --- 8.50 8.31 6.66 2.92 3.06 140.58 
BrG13 11.80 --- --- 6.14 3.06 3.49 n.d. 

G14 11.45 7.99 --- 5.98 2.49 2.92 135.80 

G15 10.86 7.70 --- 6.48 2.45 2.67 135.41 

T16 n.d. 7.87 1.98 6.50 2.40 2.76 137.33 
BrG17 11.13 --- --- 5.92 2.68 2.80 n.d. 

G18 11.89 8.24 --- 5.75 2.63 2.63 n.d. 

G19 11.19 7.60 --- 6.19 2.49 2.75 134.31 

T20 n.d. 7.17 1.60 5.84 1.80 2.25 135.80 

A21 --- 7.84 n.d. 5.79 2.12 2.33 138.75 

A22 --- 7.67 n.d. 5.80 2.30 2.30 138.04 

aAt 30 °C in 90% H2O/10% D2O, 10 mM potassium phosphate buffer, pH 7.0; n.d. = not determined. 
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Table S4. 1H chemical shifts δ (in ppm) of protons in MYC-4a 

 imino H6/H8 H2/Me H1‘ H2‘1 H2‘2 H3‘ 
T1 n.d. 7.29 1.67 5.85 1.79 2.12 4.45 

G2 n.d. 7.63 --- 5.85 2.43 2.54 n.d. 

A3 --- 7.85 7.55 6.05 1.96 2.53 4.68 
BrG4 11.33 --- --- 6.20 3.05 3.97 4.92 

G5 11.51 8.01 --- 5.97 2.44 2.90 5.00 

G6 10.71 7.64 --- 6.42 2.61 2.66 5.12 

T7 n.d. 7.88 1.98 6.50 2.39 2.77 5.09 
BrG8 11.40 --- --- 5.97 2.81 2.95 5.05 

G9 11.88 8.23 --- 5.85 2.60 2.78 5.05 

G10 11.48 7.83 --- 6.42 2.60 2.66 5.08 

T11 n.d. 7.63 1.94 6.21 2.20 2.45 5.09 

A12 --- 8.50 8.31 6.65 2.95 3.07 5.25 
BrG13 11.16 --- --- 6.16 3.09 3.56 5.05 

G14 11.46 7.96 --- 5.98 2.47 2.92 5.00 

G15 10.87 7.71 --- 6.48 2.68 2.68 5.13 

T16 n.d. 7.88 1.98 6.50 2.39 2.77 5.10 
BrG17 11.06 --- --- 5.95 2.73 2.82 5.05 

G18 11.89 8.26 --- 5.74 2.62 2.65 5.05 

G19 11.19 7.60 --- 6.19 2.48 2.76 4.93 

T20 n.d. 7.17 1.60 5.84 1.80 2.25 4.72 

A21 --- 7.85 7.37 5.80 2.12 2.34 4.61 

A22 --- 7.68 7.49 5.80 2.30 2.30 4.39 

aAt 30 °C in 90% H2O/10% D2O, 10 mM potassium phosphate buffer, pH 7.0; n.d. = not determined. 
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Figure S1. Superposition of H8/H6(ω2)–H1’(ω1) spectral regions from 2D NOE spectra of MYC 

(red) and MYC-3 (black) acquired at 30 °C with τm = 300 ms. The same general pattern of 

uninterrupted NOE walks starting from the 3’-terminal A22 and ending for MYC-3 at modified 

G17 are exemplarily indicated by red and black lines for the two quadruplexes; intranucleotide 

crosspeaks are labeled by residue numbers. 
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Figure S2. 2D NOE spectrum of MYC-3 acquired at 40 °C with τm = 350 ms. H8/H6(ω2)–

H1’(ω1) region tracing continuous NOE connectivities along the G-tracts of the coexisting 5’-syn 

(MYC-3s, red) and all-anti species (MYC-3a, black); connectivities to overhang and loop 

nucleotides are followed by dotted lines; intranucleotide crosspeaks are indicated by residue 

number with the corresponding G8 contact of MYC-3s marked by a circle. 
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Figure S3. a) Structural model of a MYC-3s fragment with G8(syn)-G9(anti) and G13(syn)-

G14(anti) dinucleotide steps; short internucleotide imino-imino and imino-H8 distances are 

indicated by broken lines; b) 2D NOE spectral regions showing imino-imino (bottom) and imino-

H8 (top) NOE contacts for MYC-3. Sequential imino-imino connectivities are exemplarily 

indicated for G9 H1 and followed to intratetrad H1-H8 contacts for the three connected H1 

protons; T = 30 °C, τm = 600 ms. 
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Figure S4. Superposition of H8/H6(ω2)–H1’(ω1) spectral regions from 2D NOE spectra of MYC-

4 (red) and MYC-3 (black) acquired at 30 °C with τm = 300 ms. The same pattern of uninterrupted 

NOE walks starting from the 3’-terminal A22 and ending at modified G17 are exemplarily 

indicated by red and black lines for the two quadruplexes; intranucleotide crosspeaks are labeled 

by residue numbers. 
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Figure S5. Portions of a 2D NOE spectrum of MYC-4 acquired at 30 °C with τm = 300 ms. a) 

H8/H6(ω2)–H1’(ω1) region tracing continuous NOE connectivities along each of the four G-

tracts and b) H8/H6(ω2)–H8/H6(ω1) region with sequential NOE contacts involving the 

unmodified G-tetrads. Connectivities extending into the 3’-overhang are traced by dotted lines; 

sequential crosspeaks are marked by residue number in ω2 and ω1 and non-sequential NOE 

contacts involving overhang and loop nucleotides are marked by circles. 
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Figure S6. Portions of a 2D NOE spectrum of MYC-4 acquired at 30 °C with τm = 300 ms. a) 

Spectral region showing H1(ω2)–H8(ω1) NOE contacts; two contacts between BrG4 H1 and A3 

H2 as well as A3 H8 are marked by dotted circles. b) Spectral region tracing four imino-imino 

sequential NOE walks along the stacked G-tetrads; crosspeaks are marked by residue number in 

ω2 and ω1. 
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Loop Length Affects Syn–Anti Conformational Rearrangements in
Parallel G-Quadruplexes

Beatrice Karg and Klaus Weisz*[a]

Abstract: A G-quadruplex forming sequence from the MYC
promoter region was modified with syn-favoring 8-bromo-2’-
deoxyguanosine residues. Depending on the number and
position of modifications in the intramolecular parallel G-
quadruplex, substitutions with the bromoguanosine ana-

logue at the 5’-tetrad induce conformational rearrangements
with concerted all-anti to all-syn transitions for all residues of

the modified G-quartet. No unfavorable steric interactions of

the C8-substituents in the medium grooves are apparent in
the high-resolution structure as determined for a tetrasubsti-

tuted MYC quadruplex that exclusively forms the all-syn

isomer. In contrast, considerable steric clashes with 5’-phos-

phate oxygen atoms for those analogues that follow a less
flexible 1-nucleotide loop in the native all-anti conformation

seem to constitute the major driving force for the tetrad in-
version and allow for the rational design of appropriately
substituted sequences. Correlations found between the pop-
ulation of species subjected to a tetrad flip and melting tem-

peratures indicate that more effective conformational transi-
tions are compromised by lower thermal stabilities of the
modified parallel quadruplexes.

Introduction

Guanosine (G)-rich DNA and RNA sequences can fold into tet-
rastranded quadruplexes (G4) composed of a core of stacked

G-quartets that are further stabilized by the inner coordination

of cations like sodium or potassium. Their formation in vivo
and their role in various physiological processes has been con-

vincingly demonstrated in recent years.[1, 2] Depending on the
particular sequence and environmental conditions, G4 struc-

tures can form a variety of different topologies.[3–5] Thus, the
molecularity, type of coordinated cation, cosolutes, and pH
may all contribute to the individual conformation within a par-

allel, antiparallel, or hybrid-type topological family.[6–9] Each
global fold is associated with a particular quadruplex core
since guanosine torsion angles are closely connected to the
relative orientation of the four G-tracts. Parallel structures, fa-

vored under molecular crowding conditions and formed by
most G-rich sequences in oncogenic promoters, fold into G4s

with all core guanosines adopting an anti glycosidic torsion
angle. In contrast, antiparallel structures demand both syn and
anti conformations and generally feature tetrads with different

polarity of the cyclic hydrogen bond network associated with
heteropolar stacking interactions.[10] However, quadruplex fold-

ing from genomic sequences may involve various kinetically

controlled intermediate states to finally result in coexisting
conformations of comparable thermodynamic stability.

For the stabilization of particular topologies, the incorpora-
tion of guanosine analogues has widely been employed in the

past.[11–14] In particular, the syn-favoring 8-bromoguanosine (8-

BrG) has often been used in matching syn positions as the sta-
bilizing G substitute of a specific G4 fold.[15–19] Previous studies

have even shown faster folding kinetics for site-specific 8-BrG
modifications.[20] The bromo substituent at C8 is positioned in

the grooves of the quadruplex and does not interfere with the
Hoogsteen hydrogen bonds of a tetrad. However, even its in-
corporation at matching sites results in position-dependent G4

(de)stabilization ascribed to different steric hindrances of the
8-substituent protruding into narrow, medium, or wide
grooves.[21, 22]

Few attempts have been reported in substituting G residues
for 8-BrG at non-matching anti positions to deliberately redi-
rect folding into other topologies. An all-anti to an all-syn con-

figurational transition of all four analogues within a tetrad
while conserving a parallel topology was shown for loop-free
tetramolecular model quadruplexes substituted with 8-bromo-
or 8-methylguanosine.[23–27] Such polarity inversions of a single
tetrad were recently also demonstrated in intramolecular [3++1]

hybrid-type quadruplexes upon the incorporation of sugar-
modified guanosine or a combination of xanthine and 8-oxo-

guanine bases.[28, 29] Likewise, upon G to 8-BrG substitutions in

a G-quartet a tetrad flip was very recently demonstrated to
also occur in the very stable parallel quadruplex derived from

the MYC promoter region (Figure 1).[30] In the latter studies, a
trisubstituted quadruplex was also shown to form about equal-

ly populated all-anti and all-syn 5’-tetrad conformational iso-
mers being in dynamic exchange. Interestingly, an all-syn G-
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quartet seems to be disfavored in unmodified quadruplex

structures although few exceptions have been reported.[31, 32]

Because G4 structures are not only targets for medicinal in-

terventions but are also promising scaffolds for various apta-
mer and sensor systems,[33, 34] the design and development of

novel conformational variants through directed substitutions
are of prime interest for G4-based bio- and nanotechnological

applications. On the other hand, syn-favoring 8-BrG analogues

may serve as excellent mimics for major DNA lesions intro-
duced by carcinogenic arylamines and heterocyclic amines.

These aromatic mutagens are known to be enzymatically con-
verted into aryl radicals, reacting with the guanine base to

yield 8-aryl-guanine derivatives that closely resemble bromo
analogues in their propensity to adopt a syn conformation.[35, 36]

Likewise, DNA lesions like 8-oxo-guanine or 8-methyl-guanine

form in vivo by oxidative damage or alkylation and are sug-
gested to contribute to carcinogenic effects.[37, 38]

We herein report on the impact of systematic nonmatching
8-BrG substitutions in the MYC quadruplex. Through a compar-

ison of the parent structure with the derived high-resolution
structure of an 8-BrG modified quadruplex with flipped tetrad,

position-dependent conformational rearrangements can be ra-

tionalized. These are shown for G analogues within the 5’-
tetrad of MYC to primarily depend on the type of 5’-adjacent
propeller loops. The results presented allow for a more reliable
prediction and thus rational design of modified G4s but also

for a better appreciation of the potential effects exerted by le-
sions of C8-substituted guanines within G-rich quadruplex

forming sequences.

Results and Discussion

Conformational transitions upon 8-BrG substitutions

Based on a sequence of the MYC promoter region that was

previously shown to fold into a well-defined parallel quadru-

plex with three propeller loops and flanking sequences,[39] vari-
ous positions within the 5’- and 3’-tetrads were selected for

the incorporation of 8-BrG analogues. All modified sequences
are compiled together with their UV melting temperature in

Table 1 (see also the Supporting Information, Figure S1). The
central tetrad was excluded from any modification due to its

strong stacking between the two outer tetrads and its consid-
erable resistance towards conformational rearrangements.[24, 25]

Quadruplexes with a modified 3’-tetrad include trisubstituted
MYC(6,10,15) and MYC(6,15,19) as well as MYC(6,10,15,19) with

all four guanines at positions 6, 10, 15, and 19 replaced by 8-
BrG. NMR imino proton spectral regions and signatures in the

CD spectra of all three sequences are in line with the formation

of a major quadruplex featuring a conserved parallel topology
with exclusive homopolar stacking interactions and all-anti G

core residues (Supporting Information, Figure S2). However, de-
creased CD amplitudes and additional NMR resonances for

nonexchangeable protons as well as a time-dependent decay
of the imino proton signal intensity, in particular for tetrasub-

stituted MYC(6,10,15,19), suggest variable amounts of coexist-

ing unfolded species and a low thermodynamic stability for all
3’-modified G4 analogues. The latter is also evidenced by their

significantly reduced melting temperature with jDTm j >40 8C
(Table 1). Such destabilizing effects have already been noted

for symmetric tetramolecular quadruplexes fully substituted
with 8-BrG or 8-MeG analogues at their 3’-tetrad.[23–25] However,

8-BrG substitutions of the present intramolecular MYC quadru-
plex do not enforce a 3’-tetrad inversion to a measurable
extent in contrast to reports on tetramolecular quadruplexes

featuring a C8-modified all-syn 3’-G quartet.[25, 26]

In the following, we focused on the impact of 8-BrG substi-

tutions at various positions within the 5’-tetrad of MYC. A cor-
responding 4,13,17-trisubstituted quadruplex MYC(4,13,17) has

recently been shown to undergo a 5’-tetrad polarity switch

with a dynamic interconversion of the two coexisting G4 con-
formational isomers with an all-syn and all-anti outer G-quartet.

Replacing all four G residues by 8-BrG analogues resulted in a
complete flip of the 5’-tetrad and the formation of a single

quadruplex with a parallel topology and heteropolar stacking
interactions.[30]

Figure 1. Schematic representation and sequence of the parallel MYC quad-
ruplex in its native form (left) and with an inverted 5’-tetrad (right) ; syn and
anti G residues are shown by red and grey rectangles, respectively.

Table 1. MYC-derived sequences and their Tm values.

Name Sequence 5’!3’[a] Tm [8C][b]

MYC TGA GGG T GGG TA GGG T GGG TAA 90.8:0.2[c]

MYC(6,15,19) TGA GGX T GGG TA GGX T GGX TAA 47.9:1.1
MYC(6,10,15) TGA GGX T GGX TA GGX T GGG TAA 45.5:0.4
MYC(6,10,15,19) TGA GGX T GGX TA GGX T GGX TAA 41.5:1.1
MYC(4,13) TGA XGG T GGG TA XGG T GGG TAA 83.5:1.9
MYC(8,17) TGA GGG T XGG TA GGG T XGG TAA 67.0:1.3
MYC(4,8,13) TGA XGG T XGG TA XGG T GGG TAA 72.4:0.6
MYC(4,13,17) TGA XGG T GGG TA XGG T XGG TAA 70.4:0.8
MYC(8,13,17) TGA GGG T XGG TA XGG T XGG TAA 66.3:0.9
MYC(4,8,17) TGA XGG T XGG TA GGG T XGG TAA 69.5:0.6
MYC(4,8,13,17) TGA XGG T XGG TA XGG T XGG TAA 70.0:1.0
MYC-21 TGA GGG TA GGG T GGG T GGG TAA 85.6:0.6
MYC-21(4,9) TGA XGG TA XGG T GGG T GGG TAA 77.6:1.0
MYC-21(9,17) TGA GGG TA XGG T GGG T XGG TAA 73.0:0.5
MYC-21(4,13) TGA XGG TA GGG T XGG T GGG TAA 70.5:0.6
MYC-21(13,17) TGA GGG TA GGG T XGG T XGG TAA 66.9:0.6

[a] X = 8-Bromo-2’-deoxyguanosine (8-BrG). [b] Determined by UV melting
experiments in 20 mm potassium phosphate, 100 mm KCl, pH 7.0.
[c] Taken from ref. [30] ; determined by differential scanning calorimetry
(DSC).
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Initially, all four possible combinations with three substitu-
tion sites at the 5’-tetrad of MYC were evaluated (Table 1). CD

spectra of native and substituted MYC sequences reveal transi-
tions from the type I signature of the parallel MYC quadruplex

as a result of hydrogen-bond networks of the same polarity to
type II spectra characterized by the simultaneous occurrence

of both homo- and heteropolar tetrad stacking as typically ob-
served for [3++1]-hybrid structures (Supporting Information,

Figure S3 a). Distinct attenuations of the amplitude at 265 nm
and varied intensities of an additional positive CD band at
295 nm suggest 5’-tetrad polarity inversions to variable extents
and the exclusive formation of an inverted species for the tet-
rasubstituted MYC(4,8,13,17).[30]

The observation of 12 well-resolved imino resonances in the
1H NMR spectra of native MYC and MYC(4,8,13,17) confirms the

formation of a single well-defined quadruplex structure with

3 tetrads of Hoogsteen-bound guanines. In contrast, two sets
with a total of 24 imino signals corroborate the coexistence of

two quadruplex species in slow exchange for MYC(4,8,13),
MYC(4,13,17), and MYC(8,13,17) (Figure 2). MYC(4,8,17) shows a

strongly predominant species with a second low-populated
species still noticeable. Standard strategies including 2D NOE

experiments were used for the full or partial assignment of

imino/H8/H6/H2 base and H1’/H2’/H2“ sugar proton resonan-
ces for major and minor G4 species. Assignments of the 8-BrG

modified quadruplexes were strongly supported by a mutual
comparison of spectral patterns starting with already assigned

native MYC exclusively composed of G residues in an anti con-
figuration and MYC(4,8,13,17) featuring a flipped all-syn 5’-
tetrad (Supporting Information, Figure S4).[30] This also allowed

for the unambiguous identification of an all-anti or all-syn G-
quartet. It should also be noted, that despite missing diagnos-

tic guanine H8 NOEs in the case of an 8-bromo substituent, in-

formation on the glycosidic torsion angle for unmodified gua-
nine residues within the same tetrad fix the configuration of 8-

BrG in the case of a parallel quadruplex.
NMR data clearly confirm the exclusive formation of parallel

quadruplexes with either all-anti or inverted all-syn 5’-tetrads.
Relative populations of coexisting species were determined by

integration of the well-resolved A12 H2 peak to yield reliable
values for each sequence (Supporting Information, Figure S3 b).
Similar results were also obtained by an inspection of the rela-

tive CD amplitudes at 265 and 295 nm. However, the absence
of a sharp isoelliptic point for the superimposed CD spectra in-

dicates an intrinsic effect of the 8-bromo substituent on the
electronic transition dipole moment and hence on the CD am-

plitude, introducing significant uncertainties.
As can be seen in Figure 3, the efficiency of a 5’-tetrad flip

strongly depends on the number and positioning of modifica-
tions. Looking at the four trisubstituted quadruplexes,
MYC(4,8,17) almost exclusively undergoes a polarity reversal of

its outer tetrad. Apparently, an additional substitution at posi-

tion 13 is dispensable for enforcing a concerted anti!syn con-
version. On the other hand, lacking a modification at posi-

tion 17 in MYC(4,8,13) will only result in a &40 % tetrad rever-
sal. Populations of modified quadruplexes with flipped tetrad

indicate additive effects and substitution sites can easily be or-

dered for their growing contributions to a 5’-tetrad flip accord-
ing to 13<4<8<17.

It is conspicuous that the two most efficient sites for an 8-
BrG-induced 5’-tetrad inversion, namely position 8 and 17,

follow a rather rigid single-nucleotide (1-nt) propeller loop. In
contrast, less sensitive positions 4 and 13 are preceded by a 3-

nt overhang and a more flexible 2-nt propeller loop, respec-

tively. This suggests steric contributions to be effective in the
substitution-enforced anti!syn transitions. To further test the

position-dependent propensities for a tetrad flip, two addition-
al MYC derivatives with only two modifications at position 4/13

and 8/17 were subjected to corresponding CD and NMR spec-
tral analyses (Figure 2 and Figure S3 in the Supporting Informa-

Figure 2. Imino proton spectral region of native and 8-BrG substituted MYC
quadruplexes at 30 8C in 10 mm potassium phosphate buffer, pH 7; peak as-
signments for the G-tract guanines are indicated for the native MYC quadru-
plex, for the tetrasubstituted MYC(4,8,13,17) with flipped 5’-tetrad, and for
trisubstituted MYC(4,13,17) forming two coexisting species with conserved
and flipped 5’-tetrad; residue numbers in black and red refer to quadruplex-
es with an all-anti and all-syn 5’-tetrad, respectively.

Figure 3. Population of quadruplex structures with an inverted all-syn 5’-
tetrad for different 8-BrG substituted MYC analogues.
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tion). In line with additive effects, disubstituted quadruplexes
have a lower tendency compared to the trisubstituted quadru-

plexes for a tetrad inversion. However, whereas only a con-
served all-anti species is detected for MYC(4,13), MYC(8,17)

shows a considerable population of about 40 % of syn confor-
mational isomers, again emphasizing the larger impact of posi-

tion 8 and 17 in MYC for a 5’-tetrad polarity inversion.

NMR structure of tetrabrominated MYC(4,8,13,17)

To gain more insight into the conformational changes associat-

ed with a 5’-tetrad flip and potential steric interactions of an 8-

bromo substituent, the three-dimensional structure of
MYC(4,8,13,17) was determined through restrained molecular

dynamics simulations in explicit water based on NMR-derived
distances and torsion angles (Supporting Information,

Table S1). Final RMSD values for the ten final structures
amount to 0.58 and 1.32 a for the G-core and the overall quad-
ruplex in line with a well-defined conformation of the modified

G4 (Figure 4 a). Although glycosidic torsion angles for all G resi-
dues of the 5’-tetrad have changed to a syn configuration, the

overall fold is largely conserved for the 8-bromo-substituted
G4 when compared to the previously reported structure of the

parent quadruplex (Figure 4 b).[39] Some deviations are ob-
served for the loop regions and in particular for the 5’-over-

hang sequence adjacent to the inverted tetrad. All core resi-

dues including the 8-BrG analogues adopt a sugar pucker in
the south domain as demonstrated experimentally by the anal-

ysis of sugar proton scalar couplings (not shown). The flipped
5’-tetrad manifests itself in a noticeable change of stacking in-

teractions with the central tetrad. While stacking interactions
through partial overlap of the five- and six-membered rings of

guanine bases are observed in the native quadruplex with its

anti–anti steps, there is an extensive overlap of the five-mem-
bered rings of purines along the syn-anti steps of the flipped

structure as generally found for antiparallel and hybrid-type
quadruplexes (Figure 4 c).

A base flip about the glycosidic bond must be accompanied
by translational motions to maintain stabilizing stacking inter-

actions and concerted motions along the sugar-phosphate
backbone enable the compensation for major structural aber-

rations. Generally, a, b, and g dihedral angles in helical poly-
nucleotides preferably adopt gauche@ (g@), trans (t), and

gauche + (g+) conformations, respectively.[40, 41] However, 5’-
neighboring short propeller loops are expected to affect these
torsion angles as observed in G residues of the MYC(4,8,13,17)

5’-tetrad (Supporting Information, Figure S5). In line with the
known influence of syn/anti orientations on g, the inverted all-

syn tetrad in MYC(4,8,13,17) tends to increasingly populate t
and g@ conformations for g when compared to corresponding

positions in the parent MYC. It should be noted, however, that
a more detailed evaluation and comparison of backbone pa-

rameters is limited by a notorious difficulty in their accurate

determination. This is not only attributed to lacking NMR data
but also to their sensitivity towards the force field employed

during molecular dynamics calculations.[42]

With these limitations in mind we wanted to assess potential

steric interactions of the 8-bromine substituent in the modified
quadruplex with its inverted 5’-tetrad as well as in the con-

served all-anti quadruplex structure. Due to the unavailability

of the latter, H8 of guanines in the 5’-tetrad of the reported
MYC high-resolution structure (pdb 1XAV) were replaced by

bromine while keeping the native conformation. Notably, sig-
nificant steric clashes between the bromine and 5’-phosphate

oxygen atoms with interatomic distances much smaller than
the sum of their van der Waals radii become apparent for G

positions following a propeller loop (Figure 5). On the other

hand, syn 8-BrG residues in the flipped tetrad of MYC(4,8,13,17)
reside in a medium groove and experience no obvious unfav-

orable steric interactions. These observations suggest that
tight 1-nt loops severely restrict appropriate rearrangements

to attenuate bromine clashes in the MYC quadruplex, strongly
enhancing the tendency of a base inversion at position 8 and

17 to enforce a concerted tetrad flip. In contrast, position 4

but also position 13 with a preceding 2-nt loop are less re-
strained and may allow conformational adjustments for a

better accommodation of the bromine atom. It should be
mentioned, that corresponding steric clashes are partially also
expected for 8-BrG residues when incorporated at the 3’-tetrad

Figure 4. a) Superposition of the 10 final structures of MYC(4,8,13,17) with
the 5’-tetrad shown in red. b) Superimposed representative structures of un-
modified MYC (blue, pdb 1XAV) and tetrasubstituted MYC(4,8,13,17) (red).
c) Stacking of the 5’-tetrad (red) on the central tetrad (grey) in MYC (left) and
MYC(4,8,13,17) (right).

Figure 5. Orientation and steric interactions of the bromine substituent in 8-
BrG at position 17 in the all-anti MYC (left) and in MYC(4,8,13,17) with an all-
syn 5’-tetrad (right). The all-anti MYC quadruplex was generated by an H8!
Br substitution in the native structure (pdb 1XAV).
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of the native MYC quadruplex. However, low thermal stabilities
of the corresponding modified quadruplexes associated with a

resistance towards a 3’-tetrad inversion also point to serious
energetic penalties upon the formation of an all-syn 3’-tetrad

(see Table 1 and Figure S2 in the Supporting Information). Un-
favorable interactions in such a 3’-inverted quadruplex may

largely be attributed to the four anti-syn steps between the
central and 3’-outer tetrad that have been shown to be signifi-

cantly disfavored when compared to anti–anti or syn–anti

steps.[43]

Assuming base-pair opening to be the rate-limiting step in
the guanine imino exchange with water, enhanced flexibility
can be expected to also impact solvent exchange rates. Deute-

rium exchange experiments demonstrate significantly higher
exchange rates for the 5’- and 3’-outer tetrads when compared

to the central tetrad of MYC but also show noticeably fast and

slow exchange processes for residue G13 and G17, respectively
(Supporting Information, Figure S6 a). In order to quantitatively

determine exchange rates for imino protons at the MYC 5’-
tetrad, ROESY spectra were acquired and the imino–H2O ex-

change crosspeaks analyzed as a function of mixing time as re-
ported previously (Supporting Information, Figure S6 b).[30]

Whereas a kex = 1.3 s@1 was obtained for the G13 imino proton

at 50 8C, exchange of the G17 imino was found to be too slow
to be determined under the experimental conditions em-

ployed. Increasing exchange rates follow the order G17<G4,
G8<G13, indicating that loop flexibilities partially also deter-

mine the ease of base-pair opening. A relatively slow exchange
rate found at G4 may be a consequence of additional screen-

ing effects by a stacked 5’-overhang.

8-BrG substitutions on a MYC variant

In seeking to further validate the proposed molecular basis of

position-dependent effects on the conformational transitions,

we reshuffled loop sequences in the MYC quadruplex. Thus,
the 1-nt and 2-nt loops following the first and second G-tract

were exchanged to yield the MYC-21 sequence. Initial NMR as
well as CD spectra confirmed a conserved and well-defined all-

anti quadruplex for MYC-21 (Supporting Information, Fig-
ure S7). In the following, MYC-21 was disubstituted with 8-BrG

at positions 4, 9, 13, or 17 of the 5’-tetrad. Note, that the two
1-nt loops now precede positions 13 and 17 whereas posi-

tion 9 is linked to the more flexible 2-nt loop in the newly de-

signed G4. As in the case of modified MYC all four variants of
MYC-21 gave NMR spectra only composed of a native and a 5’-
inverted species with populations determined by relative in-
tensities of corresponding proton resonances (Figure 6 top). In

line with the distribution and length of loops, efficiencies of a
5’-tetrad inversion decrease in the order MYC-21(13,17)>MYC-
21(4,13)>MYC-21(9,17)>MYC-21(4,9). This translates to an in-

creasing propensity of 8-BrG to adopt a syn configuration in a
positional order 9<4<17<13. Thus, MYC-21(4,9) only forms

an all-anti conformer like its counterpart MYC(4,13). On the
other hand, MYC-21(13,17) with substitutions at positions 13
and 17 closely follows MYC(8,17) in exhibiting a significant
population of &40 % quadruplex with an all-syn 5’-tetrad.

These results may serve as a proof of concept in the prediction

of bromine-induced conformational changes required for a ra-
tional design of 8-BrG modified parallel quadruplexes with pro-
peller loops.

Substituted quadruplexes are destabilized by the 8-BrG ana-
logue when incorporated into the all-anti parallel topology

(Table 1). Yet, with melting temperatures >65 8C all quadru-
plexes modified at their 5’-tetrad are thermally stable. Conspic-

uously, thermal stabilities show strong correlations with the

extent of a 5’-tetrad flip. Because 8-BrG is expected to have an
intrinsic effect on the quadruplex stability, only quadruplexes

with the same sequence and number of substitution sites may
strictly be used for a direct comparison. Following increasing

populations of an all-syn tetrad, melting temperatures Tm grad-
ually decrease from MYC-21(4,9)>MYC-21(9,17)>MYC-
21(4,13)>MYC-21(13,17) (Figure 6 bottom). Likewise, corre-

sponding correlations exist for the di- as well as the trisubsti-
tuted MYC sequences except for MYC(4,8,17) with its almost
exclusive formation of an all-syn tetrad and an associated Tm

higher than expected. Assuming that the syn conformational
isomers being devoid of bromine steric clashes are energetical-
ly similar, differences in melting temperatures directly reflect

differences in the relative energies of the anti isomers with
their position-dependent steric interactions. In fact, an endo-
thermic all-syn!all-anti transition with an enthalpy change of
DH8&20 kJ mol@1 has been determined for MYC(4,13,17) and
suggests higher populations of the all-anti isomers at the re-

spective melting temperature.[30] As a consequence, driving a
tetrad polarity inversion through appropriate substitutions at

nonmatching positions may be compromised by a decrease in

thermal stability.

Conclusion

The site-specific incorporation of modified guanosine ana-
logues not only constitutes an attractive strategy for stabilizing

Figure 6. Population of quadruplex structures with an inverted all-syn 5’-tet-
rad (top) and changes in melting temperature DTm (bottom) for different 8-
BrG substituted MYC-21 analogues; substitution sites are indicated.
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a particular quadruplex fold but also for the targeted refolding
into a new G4 conformation. This can be achieved by sugar or

base-modified G residues that either favor syn or anti glycosi-
dic torsion angles and are incorporated at matching or non-

matching positions. In contrast to most sugar modifications,
C8-substituted guanine nucleotides like 8-BrG or 8-MeG favor a

syn configuration and are appropriate tools when trying to re-
direct folding of all-anti parallel quadruplexes that are almost

exclusively formed from native G-rich DNA promoter and RNA

sequences in vitro.
Substituting G for 8-BrG at non-matching anti positions will

almost invariably destabilize the quadruplex structure, often re-
sulting in a complete disruption of the native fold and the for-

mation of various coexisting species. However, the observation
of concerted anti!syn transitions with a tetrad polarity inver-
sion even for the kinetically and thermodynamically robust

MYC quadruplex demonstrates the power of 8-BrG for a direct-
ed conformational change when substituted at appropriate

positions. Through a detailed assessment of the impact of vari-
ous substitution patterns on conformation and stability in
combination with quadruplex high-resolution structures, posi-
tion-dependent interactions that are expected to drive such

conformational changes were identified. The information

gained will enable a more rational design of 8-BrG modified se-
quences for novel structural motifs. These may be useful for

various technological applications that rely on a G4 platform.
On the other hand, a detailed account of interactions exerted

by 8-substituted guanine analogues may also provide hints at
potential effects of carcinogen-induced DNA lesions within G4-

forming sequences and of the roles played by quadruplexes

within the cellular environment.

Experimental Section

Materials and sample preparation

Unmodified and HPLC-purified 8-BrG modified DNA oligonucleo-
tides were purchased from TIB MOLBIOL (Berlin, Germany). Before
use, oligonucleotides were ethanol precipitated and the concentra-
tions were determined spectrophotometrically by measuring their
absorbance A260 at 90 8C in salt-free H2O using an extinction coeffi-
cient for all oligonucleotides of e260 = 258 930 L mol@1 cm@1. Samples
for optical measurements were prepared by dissolving the corre-
sponding oligonucleotides in a buffer with 20 mm potassium phos-
phate, 100 mm KCl, pH 7.0. To increase sensitivity without affecting
the quadruplex conformation, a low salt buffer with 10 mm potas-
sium phosphate, pH 7.0, was used for the NMR experiments. Prior
to measurements, the buffered samples were annealed by heating
to 90 8C followed by slow cooling to room temperature within ap-
proximately 6 hours. Final concentrations of oligonucleotides were
5 mm for the CD and UV experiments and between 0.11 and
0.52 mm for the NMR experiments.

Circular dichroism

CD spectra were acquired with a Jasco J-810 spectropolarimeter at
20 8C (Jasco, Tokyo, Japan). Spectra of oligonucleotides were re-
corded with a bandwidth of 1 nm, a scanning speed of
50 nm min@1 and 5 accumulations in 10 mm quartz cuvettes. All
spectra were blank corrected.

UV melting

Melting curves were recorded in triplicate between 10 and 90 8C
on a Cary 100 spectrophotometer equipped with a Peltier tempera-
ture control unit (Varian, Darmstadt, Germany). Quartz cuvettes of
10 mm path length were used and data points were measured in
0.5 8C intervals with heating rates of 0.2 8C min@1. Melting tempera-
tures Tm were determined by the maximum in a first derivative
plot of the absorbance recorded at 295 nm as a function of tem-
perature.

NMR spectroscopy

All NMR spectra were acquired on a Bruker Avance 600 MHz spec-
trometer equipped with an inverse 1H/13C/15N/31P quadruple reso-
nance cryoprobehead and z-field gradients. Data were processed
using Topspin 3.1 and analyzed with CcpNmr Analysis.[44] Proton
chemical shifts were referenced relative to the temperature-depen-
dent H2O or HDO chemical shift. For the proton 1D and 2D NOE
measurements in 90 % H2O/10 % D2O a WATERGATE with w5 ele-
ment was employed for solvent suppression. Typically, NOESY ex-
periments in 90 % H2O/10 % D2O were performed between 10 and
50 8C with mixing times from 80 to 300 ms and a spectral width of
10 kHz. 2048 V 1024 data points with 16–64 transients per t1 incre-
ment and a recycle delay of 2 s were collected in t2 and t1. Prior
to Fourier transformation data were zero-filled to give a 4096 V
2048 matrix and both dimensions were apodized by squared sine
bell window functions. For EASY-ROESY experiments mixing times
from 40 to 120 ms were employed with the angle q for the tilted
rotating frame fixed to 508. Kinetic analysis of ROESY crosspeaks
has been performed as previously described.[30]

Structure refinement

The RED software was used to calculate the partial atomic charges
for the modified 8-BrG nucleotides.[45] Ten lowest-energy starting
models from 300 extended structures were generated with a dis-
tance geometry simulated annealing protocol in Xplor-NIH 2.39.[46]

Subsequently, restrained simulated annealing was performed with
the Amber15 software in implicit water using the parmbsc0 force
field including the cOL4, ezOL1, and bOL1 corrections.[42, 47–49] The struc-
tures were equilibrated for 1 ns with explicit solvent and shortly
minimized in vacuum. Details of the calculation process have been
reported previously.[50] Structural parameters were determined with
the 3DNA software package.[51]

Accession Codes

Atomic coordinates of the MYC(4,8,13,17) quadruplex have been
deposited in the Protein Data Bank (accession code 6ERL).
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Cheatham III, P. Jurečka, J. Šponer, J. Chem. Theory Comput. 2012, 8,
2506 – 2520.
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Figure S1. Representative UV melting profiles with heating (black) and cooling phase (red) 

of 8-BrG modified MYC quadruplexes. MYC species trisubstituted at their 5’-tetrad (right 

side) tend to show broader transitions with increasing populations of an all-syn 5’-tetrad. 
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Figure S2. a) Superimposed CD spectra with molar ellipticities and b) NMR imino proton 

spectral region of unmodified MYC and of MYC substituted at its 3’-tetrad with 8-BrG 

analogs; numbers in parentheses denote the substitution sites. CD and NMR spectra were 

acquired at 20 °C and 30 °C, respectively. 
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Figure S3. a) Superimposed CD spectra with molar ellipticities and b) NMR spectral region 

with A12 H2 resonances labeled a and s for isomers with an all-anti and all-syn 5’-tetrad; 

numbers in parentheses denote substitution sites in the 8-BrG modified MYC sequences. CD 

and NMR spectra were acquired at 20 °C and 30 °C, respectively. 
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Figure S4. Superimposed H8/H6(2)–H1’(1) 2D NOE spectral regions of a) MYC(8,17) 

(black) and MYC(4,8,17) (red) and of b) MYC(4,8,13) (black) and MYC(4,13) (red) acquired 

at 30 °C with a mixing time m = 300 ms (10 mM potassium phosphate, pH 7); NOE 

connectivities along the G-tracts are traced by vertical and horizontal lines. Red spectra 

represent spectra of quadruplexes with only a single conformation. Syn glycosidic torsion 

angles for G4 and G13 in MYC(8,17) are easily identified in a) through their strong 

intranucleotide H8-H1’ contact. 
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Table S1. NMR restraints and structural statistics for the MYC(4,8,13,17) quadruplex 

NOE-derived distance restraints 

total 262 

intra-residue 143 

inter-residue 119 

   sequential 91 

   long-range 28 

other restraints 

hydrogen bonds 48 

torsion angles 104 

G-quartet planarity 36 

structural statistics 

pairwise heavy atom RMSD (Å)  

   G-tetrad core 0.58 ± 0.14 

   all residues 1.32 ± 0.46 

violations  

   mean NOE restraint violations (Å) 0.0047 ± 0.0004 

   max. NOE restraint violations (Å) 0.22 

deviations from idealized geometry  

   bond length (Å) 0.01 ± 0.00005 

   bond angle (deg) 2.28 ± 0.03 
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Figure S5. Distribution of  and  conformers in a) MYC(4,8,13,17) and b) native MYC (pdb 

1XAV). Fractional populations of g+ (0-120°), t (120-240°), and g– (240-360°) for residues 

within the quadruplex core are based on the analysis of all final lowest-energy conformations. 
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Figure S6. a) Differential decay of MYC imino proton signal intensities due to deuterium 

exchange with the solvent; the spectrum was acquired 1 min after the addition of deuterated 

buffer at 25 °C (10 mM potassium phosphate, pH 7). b) Plot of the intensity ratio of imino-

H2O exchange crosspeaks to diagonal peaks as a function of mixing time m and least-square 

linear fits. Intensities were determined from EASY-ROESY spectra at 50 °C. 
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Figure S7. a) Superimposed CD spectra with molar ellipticities at 20 °C and b) imino proton 

spectral region at 30 °C of unmodified MYC-21 and 8-BrG substituted MYC-21 quadruplexes; 

numbers in parentheses denote the substitution sites. 
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Abstract: The oligomer d(GCGTG3TCAG3TG3TG3ACGC)
with short complementary flanking sequences at the 5’- and 3’-
ends was shown to fold into three different DNA G-quadruplex
species. In contrast, a corresponding oligomer that lacks base
complementarity between the two overhang sequences folds
into a single parallel G-quadruplex. The three coexisting
quadruplex structures were unambiguously identified and
structurally characterized through detailed spectral compar-
isons with well-defined G-quadruplexes formed upon the
deliberate incorporation of syn-favoring 8-bromoguanosine
analogues into specific positions of the G-core. Two (3+1)
hybrid structures coexist with the parallel fold and feature
a novel lateral–propeller–propeller loop architecture that has
not yet been confirmed experimentally. Both hybrid quadru-
plexes adopt the same topology and only differ in their pattern
of anti!syn transitions and tetrad stackings.

G-quadruplexes (G4s) are formed by guanine-rich nucleic
acids that fold into a four-stranded structure with a stacked
arrangement of two to four guanine tetrads. Their noticeable
polymorphism derives from the type of loops adopted by
intervening sequences, from the relative orientations of the
G-tracts forming the columns of the quadruplex core, and
from the pattern of glycosidic conformations along the
tracts.[1] Although rules have emerged that correlate sequen-
ces to the stability of particular G4 topological features,[2]

reliable predictions of G4 conformations are challenging
because of our still limited knowledge of the various
interactions that determine G4 folding. Deliberately engi-
neering specific folds will therefore not only provide an
expanded collection of G-quadruplex scaffolds to be used for
the increasing number of technological applications, for
example, as aptamers or parts of nanoarchitectures,[3,4] but
will also contribute to a better understanding of the forces
acting along the G4 folding pathway.[5]

The ssQ oligomer d(GCGTG3TCAG3TG3TG3CTCA)
with 5’- and 3’-overhangs and one three-nucleotide (3-nt) as
well as two 1-nt intervening sequences between its four
G-tracts is based on a truncated variant of the guanine-rich
strand of the nuclease hypersensitive element III1 in the
c-MYC promoter. The latter has been shown to fold into
a very robust parallel G-quadruplex with three short pro-

peller-type loops.[6] However, the 3-nt intervening sequence in
ssQ is expected to also allow formation of a lateral loop to
yield a novel (3+1) hybrid topology with a first lateral
followed by two propeller loops (Figure 1). Notably, such
a fold has been proposed to occur as a minor species for some
G4-forming sequences and very recently has also been
suggested based on specific cleavage patterns for modified
telomeric quadruplexes.[7–9] Yet, despite the absence of
apparent steric restrictions, a corresponding topology has
been elusive to date and not yet unambiguously confirmed, let
alone structurally characterized in detail.

In line with its resistance to form a hybrid-type G4 species
with a flipped 5’-terminal G-tract, ssQ folds into a well-
defined parallel G4 structure as shown by CD and NMR
spectral analysis (Figure 2 and Figure S1 in the Supporting
Information). In contrast to the parallel structure, the 5’- and
3’-flanking sequences would be positioned at the same side of
the quadruplex core in case of a putative strand-inverted
species (see Figure 1). We therefore reasoned that base
pairing of the two short overhang sequences may provide for
an additional driving force for refolding into a hybrid-type
structure. In fact, an almost perfect fit for a duplex extension
when spanning the quadruplex wide groove allows for
Watson–Crick base pairing without any additional
spacers.[10,11] This should give extra stabilization when com-
pared to unpaired overhangs or to a conceivable orthogonal
duplex–quadruplex arrangement with oppositely located
flanking sequences, which would require additional unpaired
spacer residues.

Figure 1. Parallel ssQ quadruplex adopting an all-anti G-core (left) and
fold of a putative (3+1) hybrid topology with inversion of the 5’-
terminal G-tract (right).
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To determine whether duplex formation based on com-
plementary flanking sequences will enable the formation of
a strand-flipped hybrid-type G-quadruplex, the folding of
a sequence dsQ d(GCGTG3TCAG3TG3TG3ACGC) with
a modified 3’-overhang was evaluated. Indeed, the presence
of one AT and two GC Watson–Crick imino proton signals at
low field suggests additional duplex formation between
neighboring 5’- and 3’-overhang sequences (Figure 2). How-
ever, the Hoogsteen imino proton spectral region between
12.0 and 10.8 ppm clearly shows folding into more than one
quadruplex structure. A closer inspection suggests the coex-
istence of three differently populated quadruplexes. Although
overwhelming at first, the dispersion and resolution of signals
are encouraging when trying to identify G4 species based on
a spectral comparison with appropriate reference spectra.
Thus, a native ssQ-like parallel fold was revealed by striking
similarities in the position and pattern of correlation peaks in
overlays of the corresponding 2D NOE and especially 1H–13C
HSQC spectra of dsQ and ssQ (Figure 3). Except for the
different 3’-flanking residues, the latter spectra show nearly
superimposable C6/C8–H6/H8 correlations for most ssQ
cross-peaks. These include T4 of the 5’-overhang as well as

T8, C9, and A10 of the first loop. The corresponding H8
protons of A10 are significantly deshielded, which is typical
for solvent exposure and their location within a propeller
loop.[6,7]

Assuming duplex formation of additional species to be
associated with a strand flip and the formation of a (3+1)
hybrid structure, G residues of the first G-tract are expected
to undergo anti!syn conformational transitions. Conse-
quently, in trying to further enforce a strand inversion, two
8-bromoguanosine (BrG) analogues favoring a syn glycosidic
conformation were substituted at position 6 and 7 of the first
G-tract to give dsQ(6,7) with the sequence
d(GCGTGBrGBrGTCAG3TG3TG3ACGC). As shown in
Figure 2, the imino proton spectral region of dsQ(6,7)
indicates its folding into a single well-defined structure with
three observable Watson–Crick imino protons of the same
chemical shift as seen for the dsQ mixture. Whereas the imino
resonance of the terminal base pair is unobservable due to
fraying effects and fast solvent exchange, the observation of
an AT imino proton next to the G4 core clearly corroborates
refolding into a topology with adjacent overhangs.

Unambiguous proton assignments for dsQ(6,7) without
15N labeling were enabled essentially through inter-residual
NOE contacts also involving overhang and intervening
sequences as well as through 1H–13C HSQC and HMBC
experiments at natural abundance (for details see the
Supporting Information and Figure S3).[12] Analysis of the
2D NMR spectra demonstrated a flip of the first G-tract as
evidenced by sequential (G H1)n–(H2’/H2’’)n�1 NOE contacts
for all three residues of the first G-tract, which is in line with
an all-syn strand,[13, 14] and by the NOE contacts of a 3-nt
lateral loop with both the preceding and following G-tract.

Extracted distance and torsion angle restraints were used
for structure calculations of dsQ(6,7) (for the calculations and
structural statistics, see the Supporting Information and
Table S2). As seen in Figure 4, the quadruplex wide groove
smoothly merges with the duplex minor groove with only
small adjustments to the backbone. Thus, the phosphate-to-
phosphate distance is reduced following the quadruplex–
duplex junction from 19.2 to 18.3 �. Also, the neighboring AT

Figure 2. Imino proton spectral region of ssQ and the modified
sequences dsQ, dsQ(6,7), and dsQ(15,19) in K+ solution at 30 8C.

Figure 3. Superimposed 1H–13C HSQC spectra acquired in K+ solution
at 30 8C showing H8/H6–C8/C6 correlations of dsQ (black), ssQ (red),
dsQ(6,7) (orange), and dsQ(15,19) (blue). Cross-peaks of dsQ
assigned to the particular fold of a sequence analogue based on
overlapping signals of nearly identical chemical shifts are labeled by
color-coded residue numbers. Some representative cross-peaks are
highlighted in bold whereas other cross-peaks have been left unlabeled
for clarity; encircled in blue are syn-guanosine residues.

Figure 4. Side view of a representative low-energy solution structure of
dsQ(6,7) (left, PDB ID 6R9K) and schematic representation of the
hybrid-1R conformation with some of the residues numbered (right).
The anti and syn residues of the G-core are shown in orange and blue,
respectively.
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base pair efficiently stacks on the outer G-quartet. The novel
three-layered (3+1) G-quadruplex can be classified by a
+ (lpp) looping topology, with one lateral followed by two
propeller loops in a clockwise direction.[15] As it is related to
the well-known hybrid-1 form by changing lateral into
propeller loops and vice versa but also by a formally reversed
progression of loops, we term this topology “hybrid-1R”. It
should be noted that the flipped 5’-terminal G-tract is
composed of three syn residues, resulting in a (3+1) G-core
with solely homopolar stacking interactions in line with its
type I CD signature (Figure S1).[16] A10 at the 3’-end of the
lateral loop spanning the G4 narrow groove stacks on the
lower tetrad whereas T8 at the 5’-end is forced to be more
exposed to solvent.

Remarkably, the lateral loop in the hybrid-1R structure
starts with an unusual syn-G located at the end of the 5’-
terminal G-tract.[17] Only in rare cases have syn residues
situated in a central all-syn strand of G-modified quadruplex
structures been reported to precede lateral loops.[18, 19] How-
ever, this distinct conformation does not seem to noticeably
affect local geometries, and no major structural peculiarities
are apparent. On the other hand, a conspicuous broadening of
the G19 imino proton hydrogen-bonded to syn-G7 in dsQ-
(6,7) through fast solvent exchange may be associated with
a more flexible outer tetrad (Figure S6).

As for ssQ, overlays of 2D NMR spectra of dsQ and
dsQ(6,7) clearly identify the hybrid-1R structure of dsQ(6,7)
to coexist in the dsQ quadruplex mixture. Thus 1H–13C HSQC
spectra reveal several superimposable cross-peaks of diag-
nostic value such as T4 and A22 following the 5’- and 3’-end of
the G-core and highfield-shifted residues A10 and C9 typical
of their location in a lateral loop. Also, as suggested by their
highfield and downfield C8 chemical shifts,[18, 20,21] some
distinct G-core residues such as G15/G19 as well as G5 are
found in anti and syn conformation, respectively.

Noticeable 13C downfield-shifted G C8–H8 correlations
(Figure 3) and in particular strong intra-nucleotide G H8–H1’
NOE intensities (Figure S2) suggest a total of eight syn-G
residues in the dsQ mixture. This leaves five syn-guanosines
for a third and still unknown G4 species. It should be noted
that the identified hybrid-1R topology contains two consec-
utive syn–syn steps associated with unfavorable stacking
interactions.[22,23] With no restrictions imposed by BrG sub-
stitutions, it is therefore conceivable for the dsQ sequence to
fold into the same + (lpp) looping architecture while simulta-
neously changing the polarity of its outer tetrad adjoining the
lateral loop. This would be accompanied by one syn!anti and
three anti!syn transitions, resulting in five syn-Gs that
participate in four favorable syn–anti steps and only one
disfavored syn–syn step.

To select for such a putative structure, two BrG analogues
were substituted in dsQ at positions 15 and 19, both being anti
for dsQ(6,7) but proposed to adopt a syn conformation for
a potential tetrad-inverted conformation. The imino proton
spectral region of the dsQ(15,19) sequence
d(GCGTG3TCAG3T

BrGGGTBrGGGACGC) exhibits only
a single species with three Watson–Crick imino protons of
the same chemical shift as found for dsQ(6,7), again
confirming additional duplex formation with a flipped

G-tract (Figure 2). Standard 2D NMR experiments allow
for unambiguous resonance assignments (for details see the
Supporting Information and Figure S4). The most notable
observations that confirm the proposed hybrid structure
include a typical syn–anti sequential H8–H1’ NOE rectangu-
lar pattern for the G6–G7 step, sequential (G H1)n–(H2’/
H2’’)n�1 NOE contacts for G6 and G5, pointing to their syn
conformation, and NOE contacts of the lateral loop with
neighboring G-tracts.

Structure calculations for dsQ(15,19) employing NMR
distance and torsion angle restraints yield a three-dimensional
structure termed hybrid-1R’ (Figure 5) with high similarities
to the hybrid-1R structure of dsQ(6,7) (for calculations and
structural statistics, see the Supporting Information and
Table S2). Both forms feature the same + (lpp) topology
with rearrangement of the first propeller into a lateral loop as
induced by the strand flip (Figure S5). The hybrid-1R’ G-core
is built from one syn–syn–anti and three syn–anti–anti
columns. Compared to the hybrid-1R conformation, ade-
nine 10 within the lateral loop is slightly shifted to maintain
efficient stacking with the polarity-inverted tetrad. Also, the
hybrid-1R’ G4 features homopolar as well as heteropolar
stacking with efficient interactions between the five-mem-
bered purine rings for the syn/anti steps, yielding a type II CD
spectrum with two positive bands at l = 265 nm and 295 nm
(Figure S1 and Figure S5C).

With the availability of additional reference spectra for
a second strand-inverted quadruplex and in noting that like
dsQ(6,7) some correlations are lacking for dsQ(15,19)
because of its two BrG substitutions, additional syn–anti
patterns in the NOE spectra as well as syn-residues in 1H–13C
HSQC spectra of dsQ can easily be traced to a dsQ(15,19)-
like hybrid-1R’ structure with several diagnostic cross-peaks
located at nearly identical chemical shifts (Figure 3 and
Figure S2). Integration of the well resolved T4 H6 resonances
in the dsQ mixture allows the ratio of the parallel, hybrid-1R,
and hybrid-1R’ forms to be estimated as 2:1:0.4. This was
further confirmed by 15N edited spectra on a dsQ sequence
specifically 15N-labeled at loop position A10 (Figure S7). The

Figure 5. Side view of a representative low-energy solution structure of
dsQ(15,19) (left, PDB ID 6R9L) and schematic representation of the
hybrid-1R’ conformation with some of the residues numbered (right).
The anti and syn residues of the G-core are shown in orange and blue,
respectively.
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population of the coexisting species indicates a higher ther-
modynamic stability of hybrid-1R compared to the hybrid-1R’
form. Thus given their closely related conformational fea-
tures, the lower energetic penalty imposed by a smaller
number of syn-G residues in the hybrid-1R structure seems to
outweigh the larger number of energetically unfavorable syn–
syn steps.

The even higher stability of the native parallel G4 is also
reflected by DSC measurements of the parallel ssQ quad-
ruplex and the dsQ mixture, the latter showing a slightly
broadened unresolved quadruplex melting transition lowered
by 4 8C when compared to the ssQ G4 (Table S1 and
Figure S8). On the other hand, melting of the duplex
extension for the two (3+1) hybrid structures is indicated by
a second low-temperature melting process about 20 8C below
the melting point of the quadruplex core. Yet, the additional
formation of base pairs between the short overhang sequen-
ces allows for the disfavored fold to effectively compete with
the parallel topology. It might therefore be speculated that
fast transient base pairing of the overhang domains preor-
ganizes the sequence to fold into a hybrid topology with the
duplex serving as a kinetic trap.[24] Similarly, prefolding into
a homodimeric structure through base pairing of the short 3’-
tails of a kit* sequence has recently been suggested to drive
folding into a single G-quadruplex.[25]

In addition to base pairing between overhang sequences,
internal hairpin duplexes formed along quadruplex loops
have been shown to stabilize quadruplex architectures and
seem to be a more recurrent motif in genomic DNA.[26–28]

Likewise, the here reported two novel three-layered (3+1)
hybrid quadruplexes with one lateral and two propeller loops
may be conceivable in G-rich genomic sequences if short
single-stranded regions flanking the two outermost functional
G-tracts allow for Watson–Crick base pairing. As demon-
strated by previous studies, the duplex–quadruplex junction
formed may also be a unique interaction site for various
ligands.[29, 30] On the other hand, the principle of guiding
quadruplex folding through additional interactions in duplex
extensions may support a rational design of an ever increasing
toolbox of quadruplex topologies for their use in technolog-
ical applications.
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[23] J. Šponer, A. Ml�dek, N. Špačkov�, X. Cang, T. E. Cheatham III,
S. Grimme, J. Am. Chem. Soc. 2013, 135, 9785 – 9796.
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Communications

G-Quadruplexes

B. Karg, S. Mohr,
K. Weisz* &&&&—&&&&

Duplex-Guided Refolding into Novel G-
Quadruplex (3+1) Hybrid Conformations

A parallel G-quadruplex was guided into
a novel (3+1) hybrid topology with
a lateral–propeller–propeller loop archi-
tecture and two different syn/anti patterns
within the G-core by introducing addi-
tional Watson–Crick hydrogen bonding
interactions between complementary 5’-
and 3’-flanking sequences.
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Experimental Procedures 

Materials 

Unmodified and HPLC-purified modified DNA oligonucleotides substituted with 8-BrG and 15N-dA (10% 15N enrichment) were 
purchased from TIB MOLBIOL (Berlin, Germany) and IBA (Göttingen, Germany). Following ethanol precipitation, concentrations were 
determined spectrophotometrically by measuring their absorbance A260 at 90 °C in salt-free H2O using a molar extinction coefficient 
ε260 given by the manufacturer. Samples were obtained by dissolving oligonucleotides in a low salt buffer with 10 mM potassium 
phosphate, pH 7.0. Prior to measurements, the samples were annealed by heating to 90 °C followed by cooling to room temperature. 
Final concentrations of oligonucleotides were 5 µM for optical, 50 µM for calorimetric, and between 0.12 and 1 mM for NMR 
measurements. 

Circular dichroism 

CD spectra were acquired with a Jasco J-810 spectropolarimeter (Jasco, Tokyo, Japan). Spectra of oligonucleotides were recorded 
at 20 °C with a bandwidth of 1 nm, a scanning speed of 50 nm/min and 5 accumulations. 

UV melting 

Melting curves were acquired in triplicate between 15 and 89 °C on a Cary 100 spectrophotometer equipped with a Peltier 
temperature control unit (Varian, Darmstadt, Germany). Using quartz cuvettes of 10 mm path length, data points were recorded in 0.5 
°C intervals with heating rates of 0.2 °C/min. Melting temperatures Tm were determined by the maximum in a first derivative plot of 
the absorbance at 295 nm as a function of temperature. 

Differential Scanning Calorimetry 

DSC measurements were performed on a VP-DSC instrument (Malvern Instruments, Malvern, Great Britain) using 50 μM 
oligonucleotide in a buffer with 10 mM potassium phosphate (pH 7). The sample was heated from 20 °C to a maximum of 80 °C with 
a scan rate of 10°C/h. A buffer versus buffer scan was subtracted from the sample scan prior to baseline correction. The melting 
temperature Tm was determined from the maximum of the DSC peak in three independent measurements with four heating cycles 
each. 

NMR Experiments 

All NMR spectra were acquired on a Bruker Avance 600 MHz spectrometer equipped with an inverse quadruple resonance 
cryoprobehead and z-field gradients. Data were processed with the Topspin 4.0.3 software and analyzed with CcpNmr Analysis.[1] 
Typically, NOESY experiments in 90% H2O/10% D2O were performed at 30 °C with mixing times from 80 ms to 300 ms and a 
spectral width of 10 kHz. 2K×1K data points with 16-64 transients per t1 increment and a recycle delay of 2 s were collected in t2 and 
t1. DQF-COSY spectra were acquired in D2O with a 3-9-19 solvent suppression scheme that was also used for the phase-sensitive 
1H-13C HSQC experiments in 90% H2O/10% D2O. The latter were optimized for a 1J(C,H) coupling of 170-220 Hz. 13C chemical shifts 
were referenced relative to DSS by using the indirect referencing method. 

NMR Structure Calculations 

The RED software was used to calculate the partial atomic charges for the modified 8-bromoguanosine residues.[2] Ten starting 
models from 300 extended structures were generated with a distance geometry simulated annealing protocol in Xplor-NIH 2.48.[3] 
Subsequently, restrained simulated annealing was performed with the Amber15 software in implicit water using the parmbsc0 force 
field including the χOL4, εζOL1, and βOL1 corrections.[4-7] The ten lowest energy quadruplex structures were selected for refinement in 
water and neutralized with two K+ cations manually placed between the tetrads. Subsequently, the system was solved with water 
molecules (TIP3P) in a truncated octahedral box of 10 Å. For the final simulation of 1 ns duration only restraints for NMR-derived 
distances, torsion angles, Watson-Crick hydrogen bonds, and Hoogsteen hydrogen bonds were employed. Finally, the trajectories 
were averaged over the last 40 ps and shortly minimized in vacuo for 50 steps. 
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Results 

Table S1. G4 forming sequences with G-tracts underlined and their melting temperatures (10 mM KPi buffer, pH 7). 

name sequence 5' → 3'[a] Tm (°C) 

ssQ GCGTGGGTCAGGGTGGGTGGGCTCA 60.7±0.3[b] 

dsQ GCGTGGGTCAGGGTGGGTGGGACGC 36.7±1.1 
56.6±1.5[b] 

dsQ(6,7) GCGTGBrGBrGTCAGGGTGGGTGGGACGC 58.3±0.6[c] 

dsQ(15,19) GCGTGGGTCAGGGTBrGGGTBrGGGACGC 44.9±0.8[c] 

[a] BrG = 8-Bromo-2’-deoxyguanosine. [b] Determined by DSC in triplicate. [c] Determined by UV in triplicate. 

 
 

Figure S1. CD spectra of ssQ, dsQ, dsQ(6,7), and dsQ(15,19) quadruplexes at 20 °C in K+ solution (pH 7). Despite the coexistence of a minor (3+1) hybrid 
structure with heteropolar tetrad stacking, the CD signature for dsQ is largely governed by the parallel G4 and the dsQ(6,7)-type hybrid with their exclusive 
homopolar stacking interactions. 
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Figure S2. H6/H8-H1’ and H6/H8-H2’/H2” regions of a 2D NOE spectrum of dsQ acquired at 30 °C with a mixing time of 300 ms. Conspicuous high-intensity H8-
H1‘ crosspeaks of syn-Gs are encircled orange and blue for hybrid-1R and hybrid-1R’ species, respectively. Blue lines trace sequential contacts to 3’-neighboring 
anti-G residues for the hybrid-1R’ structure. A typical rectangular H8-H1’ pattern for syn-anti steps is mostly hidden due to signal overlap. Two sets of T4 H6 
crosspeaks within the duplex overhang are encircled in red. 
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Resonance Assignments for dsQ(6,7) 

Looking at the imino proton spectral region, the presence of Watson-Crick GC and AT iminos with NOE contacts between G H1 and 
C amino as well as T H3 and A H2 protons strongly suggest formation of a duplex from the 4-nt complementary 5’- and 3’- termini of 
dsQ(6,7) (Figure 1). With the exception of G1, all duplex imino protons can be observed. A22 H8 shows sequential contacts to G21 
sugar protons and thus into the fourth G4 tract with its uninterrupted H8-H1’ connectivities, indicative of a G19(anti)-G20(anti)-
G21(anti) glycosidic bond conformational pattern (Fig. S3A, red). Two more anti-anti-anti G tracts can be found, one of those 
identified to be the second G tract through its sequential contacts to A10 of the TCA loop (Figure S3A, orange and green). In 
contrast, no sequential contacts can be observed between the 5’-terminal T8 of this loop and BrG7. The yet unidentified G residue G5 
shows no sequential H8-H1’ contacts. However, a strong additional intra-nucleotide H1’-H8 contact (Figure S3A) together with a 
single characteristic 13C8 chemical shift as observed in 1H-13C HSQC spectra (Figure 3) point to a syn glycosidic conformation for this 
residue. 

Corresponding imino protons can be unambiguously related to their H8 through JR-HMBC experiments[8] except for analogs  BrG6 
and BrG7 lacking H8 but also for G19 with a missing correlation of H8 to its imino proton (Figure S3B) . Interestingly, contacts to T4 
methyl as well as H2’/H2” sugar protons can be observed for G5 H1 overlapping with the G13 imino (Figure S3C). Such sequential 
contacts are only enabled for the guanine base of G5 in a syn conformation. Two additional iminos with corresponding sequential 
H2’/H2” NOE connectivities but yet unidentified due to their missing H8 correlations must be attributed to BrG6 and BrG7 analogs. The 
latter is unambiguously identified through its additional contact to an A10 sugar proton. Taken together, this unusual pattern of 
(H2’/H2”)n-(H1)n+1 NOE contacts along G5-BrG6-BrG7 is only compatible with an all-syn conformation for the first G tract. 

All of the observed imino-imino contacts are sequential, indicating exclusive homopolar tetrad stacking (Figure S3D left). Fom H1-
H8 contacts, H-bonding can be observed within a G11-G15-G19 tetrad interrupted by the BrG7 residue (Figure S3D right). The same 
applies to G12-G16-G20 with BrG6 being the fourth residue within this central tetrad. An uninterrupted cyclic hydrogen bond pattern is 
observed for the unmodified G5-G13-G17-G21 tetrad bordering the duplex overhang. Consequently, the imino-aromatic NOE 
contacts demonstrate a quadruplex topological change with a strand inversion and an all-syn G-tract.  

Initially, ambiguities may arise due to the overlap of G13 and G5 iminos. However, two NOE contacts are only compatible with the 
proposed structure. These are: (i) a contact of G13 H8 to H1 of a syn-G; as G13 H8 cannot have any NOE contact to G13 H1, this 
identifies G5 H1; (ii) a contact of G21 H1 to a syn-G H8 which is only compatible with G5 H8, thus verifying a syn conformation of G5 
within a flipped strand. 
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Figure S3. A) H6/H8 –H1’ region of a 2D NOE spectrum of dsQ(6,7) acquired at 30 °C  with a mixing time of 300 ms. NOE walks along the duplex and the four G-
tracts are colored black, blue, green, orange, and red; residue numbers identify intra-nucleotide NOE contacts. B) Through-bond correlations of guanine H1 and 
H8 protons via long-range couplings to their 13C5 with residue numbers indicated; different threshold levels were used for the left and right panels. C) 2D NOE 
spectral region showing (H1)n-(H2’/H2”/Me)n-1 sequential contacts. D) H1-H1 (left) and H8-H1 (right) NOE spectral regions. E) Color-coded schematic structure of 
dsQ(6,7). 

 



SUPPORTING INFORMATION          

8 
 

 

Resonance Assignments for dsQ(15,19) 

In analogy to dsQ(6,7), the presence of Watson-Crick GC and AT imino protons with NOE contacts between G H1 and C aminos as 
well as T H3 and A H2 protons strongly suggest formation of a duplex from the 4-nt complementary 5’- and 3’- termini of dsQ(15,19) 
(Figure 1). Again, the G1 imino at the terminus is not observed due to fraying effects. G22 H8 shows sequential contacts into the 
fourth G4-tract with continuous H8-H1’ NOEs ending with the 5’-terminal bromoguanosine BrG19 (Figure S4A, red). The same 
connectivity pattern can also be observed for the third G-tract G17-G16-BrG15 (Figure S4A, orange). The 5’-overhang shows no 
sequential H1’-H8 contacts to G5. 

Three syn-G residues can be observed through both their strong intra-nucleotide H1’-H8 contacts and their characteristic 
downfield-shifted 13C8 chemical shifts (Figure 3). Two of these are part of sequential H1’-H8 connectivities with a typical rectangular 
NOE pattern as anticipated for syn-anti steps (Figure S4A, blue and green; the syn-anti pattern of the latter is partially hidden due to 
overlap by similar H1’ chemical shifts). Three G residues are linked by a continuous NOE connectivity walk along one of the 
corresponding G-tracts whereas no sequential contacts to a third base are observed for the other G-tracts, indicating a syn-syn-anti 
glycosidic bond pattern. Notably, there are strong T4 methyl contacts to both G5 and G13 imino protons only compatible with a strand 
inversion of the first G-tract (Figure S4C). 

Aromatic protons can be related to their imino protons through JR-HMBC experiments except for BrG15, BrG19, as well as for 
overlapping residues G13/G17, G7/G21, and G16/G20 (Figure S4B, orange). On the other hand, sequential NOE contacts to 
(H2’/H2”)n-1 can be observed for the imino proton of a syn-G5 and syn-G6 residue, also allowing for a sequential assignment through 
the T4 sugar and methyl protons (Figure S4C). As G7 is clearly in anti conformation, this tract must feature a syn-syn-anti run. At 
least one other strand without a bromination site follows a syn-anti-anti pattern (Figure S4A, green). This can only be achieved by 
inverting the 5’-terminal G-tract, yielding a 5’-syn-syn-anti-3’ pattern with all other tracts showing a 5’-syn-anti-anti-3’ sequence of 
glycosidic bond angles. Thus, both BrG residues adopt a preferred syn-conformation. 

The resulting tetrad polarities are corroborated by H1-H8 intra-tetrad NOE contacts (Figure S4D right). The tetrad at the duplex-
quadruplex junction shows cyclic contacts along G5-G13-G17-G21. Corresponding contacts can also be found for the central tetrad. 
H1-H8 contacts of the third tetrad are interrupted by the two BrG analogs but a polarity inversion is evidenced by a G11 H1-G7 H8 
connectivity. Additionally, non-sequential imino contacts between G15 and G12, G7 and G20, as well as G11 and G6 can be 
observed and give further evidence for a tetrad- and strand-flip to give the rearranged hybrid structure. 
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Figure S4. A) H6/H8 –H1’ region of a 2D NOE spectrum of dsQ(15,19) acquired at 30 °C  with a mixing time of 300 ms. NOE walks along the duplex and the four 
G-tracts are colored black, blue, green, orange, and red; residue numbers identify intra-nucleotide NOE contacts. B) Through-bond correlations of guanine H1 and 
H8 protons via long-range couplings to their 13C5 with residue numbers indicated; different threshold levels were used for the left and right panels. C) 2D NOE 
spectral region showing (H1)n-(H2’/H2”/Me)n-1 sequential contacts. D) H1-H1 (left) and H8-H1 (right) NOE spectral regions. E) Color-coded schematic structure of 
dsQ(15,19). 
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Table S2. NMR restraints and structural statistics for dsQ(6,7) and dsQ(15,19) 
NMR distance and torsion angle restraints 

 NOE-derived distance restraints dsQ(6,7) dsQ(15,19) 

  total 341 231 

  intra-residue 214 125 

  inter-residue   

   sequential 94 76 

   long-range 33 30 

 hydrogen bond restraints 64 64 

 torsion angle restraints 25 25 

 G-quartet planarity restraints 36 36 

structural statistics   

 violations   

  mean NOE restraint violation (Å) 0.0081±0.0033 0.0054±0.0013 

  max. NOE restraint violation (Å) 0.27 0.35 

 deviations from idealized geometry   

  bond length (Å) 0.01±0.0001 0.01±0.0001 

  bond angle (°) 2.29±0.03 2.38±0.0018 

 pairwise heavy atom RMSD (Å)   

  overall 1.75±0.42 1.71±0.26 

  G-quartets 0.99±0.18 0.92±0.16 
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Figure S5. Three-dimensional structures of dsQ(6,7) (left) and dsQ(15,19) (right). (A) Superposition of the ten lowest-energy structures. (B) Representative low 
energy structure in a cartoon representation. (C) Stacking between the central (red) and outer G-tetrad opposite the duplex overhang (grey). 
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Figure S6. Exchange crosspeaks of imino protons with water in a 2D NOE spectrum of dsQ(6,7) acquired at 30 °C with a mixing time of 300 ms. The exchange-
based broadening of the G19 imino, which is hydrogen-bonded to syn-G7 preceding the lateral loop is conspicuous. It should be noted that corresponding 
broadening effects due to fast solvent exchange are absent in the dsQ(15,19) hybrid-type quadruplex featuring an anti-G7 linked to the lateral loop (not shown). 

 

 

Figure S7. 15N-edited 1D HMQC spectrum of dsQ 15N labeled (10% enrichment) at adenosine position A10 (top) and comparative H8–C8 spectral region of 1H-
13C HSQC spectra for ssQ (black), dsQ(6,7) (orange), and dsQ(15,19) (blue) (bottom). The A10 H8 resonance for dsQ(15,19) in its hybrid-1R’ form partly overlaps 
with an A H2 signal (marked with asterisks) that is only partially suppressed due to similar 1H-15N couplings for adenine H8 and H2 protons. Note, that the 
deshielded and more shielded A H8 resonances are characteristic for A residues located in propeller and lateral loops, respectively. 

 

 

Figure S8 DSC melting curves for dsQ (black) and ssQ (red) in K+ buffer (pH 7). 
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Manipulating DNA G-Quadruplex Structures by Using
Guanosine Analogues
Linn Haase, Beatrice Karg, and Klaus Weisz*[a]

Introduction

G-quadruplexes (G4s) are noncanonical nucleic acids formed

by G-rich sequences. These four-stranded structures have gen-
erated a lot of interest during the last two decades, due to

their potential regulatory roles in vivo, as well as their wide
range of applications in bio- and nanotechnology. Various

studies have convincingly demonstrated their formation within

genomic DNA, in, for example, telomeric sequences or in pro-
moter regions of various tumor-related genes such as MYC,

PDGF-A, or BCL-2.[1–4] Aside from its biological significance, the
G-quadruplex motif constitutes a key element for many apta-

mers selected for proteins or metabolites. In addition, G4-
based sensor systems for metal ions, DNAzymes, or conductive
nanowires all attest to the versatility of these fascinating struc-

tures for many current technological developments.[5–8]

Unlike Watson–Crick base-paired duplexes, DNA G-quadru-
plexes display considerable polymorphism, with a variety of
topological features. The core of each quadruplex consists of a

stack of, typically, two to four G-tetrads, each formed by a cir-
cular and coplanar arrangement of four guanine units connect-

ed through a total of eight Hoogsteen-type hydrogen bonds
(Scheme 1). In addition to stacking interactions between tet-
rads, monovalent cations such as potassium or sodium are co-

ordinated within the central channel by the carbonyl oxygen
atoms of the guanine bases and contribute to the stability of

the G-quadruplex core.
Typical G-quadruplexes can be divided into three main topo-

logical families: parallel quadruplexes with all four G-tracts

being parallel, antiparallel quadruplexes with two of the four
columnar strands running in opposite directions, and (3 + 1)-
hybrid quadruplexes having one antiparallel and three parallel
G-tracts. Quadruplexes may consist of one (monomolecular),
two (bimolecular), or four (tetramolecular) separate G-rich

strands. In the case of monomolecular quadruplexes, interven-
ing sequences between adjacent parallel G-tracts form propel-
ler loops, whereas lateral and diagonal loops link neighboring
and diagonally positioned antiparallel strands (Scheme 1 C).

In the past, a variety of base- and sugar-modified G ana-

logues have been substituted into tetra-stranded oligonucleo-
tides for biophysical and biochemical studies. Thus, 8-oxo-, 8-

The ability to control the folding topology of DNA G-quadru-
plexes allows for rational design of quadruplex-based scaffolds

for potential use in various therapeutic and technological ap-

plications. By exploiting the distinct conformational properties
of some base- and sugar-modified guanosine surrogates, con-

formational transitions can be induced through their judicious
incorporation at specific sites in the quadruplex core. Changes

may involve tetrad polarity inversions with conservation of the
global fold or complete refolding to new topologies. Reliable

predictions relating to low-energy conformers formed upon

specific chemical perturbations of the system and the rational
design of modified sequences suffer from our still limited

understanding of the subtle interplay of various favorable and

unfavorable interactions within a particular quadruplex scaf-
fold. However, aided by an increasing number of systematic

substitution experiments and high-resolution structures of
modified quadruplex variants, critical interactions, in addition

to glycosidic bond angle propensities, are starting to emerge
as important contributors to modification-driven quadruplex

refolding.

Scheme 1. A) Guanine tetrad with hydrogen bonds and a centrally located
metal ion. B) G-quadruplex core containing three G-tetrad layers and central-
ly located metal ions. C) G-quadruplex with propeller (red), diagonal
(orange), and lateral loops (blue) connecting the four columnar G-tracts.
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methyl, or 8-aryl-substituted G analogues represent naturally
occurring DNA lesions, and knowing their impact on the fold-

ing of G-rich sequences into G-quadruplexes gives important
clues on the regulatory role and physiological significance of

these noncanonical nucleic acid structures.[9–11] Chemical modi-
fications may also alleviate limitations to detailed structural

and/or thermodynamic characterization as imposed by the
highly polymorphous nature of quadruplexes. Because even
small structural perturbations can affect the relative stabilities

of different G4 conformations, appropriate substitutions have
frequently been employed to stabilize a particular topology

and to shift equilibria in a mixture of different quadruplex
folds.[12–15] On the other hand, growing interest in quadruplexes

for their use in technological and therapeutic applications has
stimulated the incorporation of G analogues to alter G4 molec-

ular properties deliberately. Thus, target affinity, nuclease resist-

ance, or cellular uptake of G4-based aptamers might benefit
from specific substitutions with noncanonical residues.[16, 17] In

addition, modular functionalization of DNA quadruplexes
through N2-substituted guanine modifications was shown to

yield a highly stable nanoscaffold.[18]

Whereas guanine N2-modifications conserve the native

quadruplex topology, other G4 substitutions can completely

redirect folding, thus expanding the toolbox of quadruplex
architectures with implications for our basic understanding of

the accessible G4 conformational landscape and G4 folding
pathways. Additionally, G analogues can be powerful agents

for tuning quadruplexes for particular applications in cases of
binding partners with discriminatory potential towards quadru-

plex structural features such as groove geometries, but also in

cases of G4 molecular properties affected by the specific tetrad
stacking within the G-quadruplex core, such as electron-hole

transfer in conductive G-wire systems.[19] To exploit fully the
great potential of modification-driven G4 structural transitions

for the future engineering of tailor-made architectures, a com-
prehensive understanding of relevant interactions within quad-

ruplexes based on detailed structural characterization seems

indispensable. In that respect, this article does not attempt to
cover the various chemical modifications introduced into
quadruplex structures and summarized in more recent re-
views.[20, 21] Rather, emphasis is placed on those base- and
sugar-modified G analogues for which selective incorporation
into G4-forming oligonucleotides has promoted defined struc-

tural rearrangements that have been subjected to more de-
tailed characterization.

Conformational features of G-quadruplexes

In a G-quadruplex, the orientation of individual G-tracts is cor-
related with the glycosidic torsion angles of G residues within

a G-quartet through their specific arrangement. When all four

G-tracts are parallel, the guanosine residues are required to
have the same glycosidic conformation for G-tetrad formation,

usually being all-anti. Consequently, inverting the orientation
of one G-tract must be associated with a compensating base

flip around the glycosidic bond (Scheme 2). The syn-anti pat-
tern within a G-quartet also affects the dimensions of the four

grooves formed by the four-stranded structure. Whereas a par-
allel quadruplex exhibits four medium-sized grooves, antiparal-

lel and (3 + 1)-hybrid-type quadruplexes also form narrow and
wide grooves between syn-anti and anti-syn hydrogen-bonded

G pairs when viewed from H-bond donor to H-bond acceptor
(Scheme 2).

Generally, 2’-deoxyriboguanosine residues within the quad-
ruplex core adopt a C2’-endo sugar pucker and, although fa-

vored, anti glycosidic conformations can easily convert into syn

glycosidic torsion angles. Whereas the circular syn-anti pattern
is fixed within a G-tetrad through the conformation of one ar-

bitrary residue and the relative orientation of strands, sequen-
tial syn-anti glycosidic conformations along individual G-tracts

are variable. Thus, whereas three-layered antiparallel quadru-
plexes typically feature 5’-anti-syn-anti and 5’-syn-anti-syn
arrays along the strands, (3 + 1)-hybrid quadruplexes mostly

adopt 5’-syn-anti-anti and 5’-syn-syn-anti arrangements
(Scheme 2 B). Favored glycosidic bond angle patterns along G-
tracts are expected to be influenced by stacking interactions,
with syn-anti and anti-anti interactions preferred over anti-syn

and syn-syn stacking.[22, 23] In addition, the potential formation
of an intramolecular hydrogen bond between a free sugar 5’-
OH group and N3 promotes a syn orientation of a guanosine

unit if located at the 5’ terminus.[24] It has to be noted that the
polarity of a G-tetrad as defined by the clockwise or anticlock-

wise direction of Hoogsteen hydrogen bonds changes with
alteration of the glycosidic conformation along the G-tracts,

resulting in heteropolar stacking interactions between adjacent
G-quartets. Accordingly, quadruplexes can also be divided into

three groups with characteristic CD spectral signatures.[25] In

general, quadruplexes of group I and group III are represented
by parallel and antiparallel topologies, exclusively featuring ho-

mopolar and heteropolar stacking interactions, respectively. On
the other hand, group II incorporates quadruplexes with both

homopolar and heteropolar interactions as typified by (3 + 1)-
hybrid quadruplexes.[26]

Sugar conformations and syn-anti equilibria of
guanosine analogues

Because of the dependency between relative orientation and
glycosidic torsion angles within the individual G-quartets, the
deliberate incorporation of syn- and anti-favoring G surrogates

can be used in return to control G4 folding topologies. The
most widely used G analogues preferring syn and anti confor-
mations are 8-substituted or sugar C2’-modified guanosine de-
rivatives, respectively. 8-Bromo- (BrG, Scheme 3) or 8-methyl-2’-
deoxyguanosine (MeG) units are well known for their propensity

to adopt the syn conformation, due to steric hindrances of
their large 8-substituents when positioned above the furanose

sugar. On the other hand, governed by anomeric and gauche

effects, the electron-attracting 2’-OH and 2’-F substituents in
riboguanosine (rG) and 2’-deoxy-2’-fluororiboguanosine (FrG)

affect glycosidic torsion angles through their preferred axial
orientation within a pseudorotational conformer in the north

(N) domain. The corresponding C3’-endo pseudorotamers are
strongly correlated with anti conformations because they place
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the nucleobase in a pseudoaxial position that causes unfavora-

ble steric interactions if the guanine base is positioned above
the sugar ring in a syn orientation. However, quantum-me-
chanical studies have questioned the general validity of such
an interpretation, reporting a syn conformation for free nucleo-

sides close in energy for south and north sugars.[27]

Whereas syn conformers of rG and FrG analogues are desta-

bilizing but might still be tolerated, depending on the individ-
ual structural context, a bicyclic 2’-O-4’-C-methylene rG ana-
logue (locked nucleic acid, LNAG) is locked in a C3’-endo (N-

type) conformation. Combined with its very high pucker ampli-
tude of about 608, a syn glycosidic conformation is mostly

prevented, due to severe clashes between the base and H3’
above the furanose plane.[28] Another popular anti-G substitute

is based on the C2’ epimer of FrG, 2’-deoxy-2’-fluoroarabino-

guanosine (FaraG). Steered by strong gauche and possibly also
steric effects due to the b-2’-fluorine, this rather rigid nucleo-

side tends to adopt a more DNA-like south-east/east or C1’-
exo/O4’-endo conformation.[29–31] Nevertheless, expected unfav-

orable interactions between the b-positioned fluorine above
the furanose sugar and a syn-guanine moiety, together with a

potential unconventional intranucleotide hydrogen bond be-

tween fluorine and H8 of an anti-guanine base, may be advo-
cated as major determinants for its preferred anti conforma-

tion.[32, 33]

Quadruplex tetrad polarity inversion

Induced anti$syn conformational transitions of all four resi-
dues within a G-tetrad invert its polarity without affecting the
G4 global fold. As a result, stacking interactions will change, as

often revealed by a CD signature characteristic of a different
quadruplex group. Inverting the G-tetrad polarity can affect

fluorescence and charge-transfer properties of the quadruplex
but might also influence selectivities in asymmetric organic re-

actions catalyzed by G4-based DNAzymes.[7, 34, 35]

Tetrad inversions were first reported upon incorporation of
syn-favoring BrG or MeG residues into tetramolecular model

quadruplexes featuring a fourfold symmetry with a parallel
strand arrangement and all-anti conformations.[36, 37] Driven by

the syn propensity of the 8-substituted G analogues, a fully
modified tetrad at the 5’ terminus (5’-tetrad) switches polarity

Scheme 2. Guanine tetrad and schematic representation of A) a parallel, and B) a (3 + 1)-hybrid G4 without loop-forming intervening sequences. The direc-
tions of hydrogen bonds between guanosine units and the groove widths are indicated, (++) and (@) denote strand directionalities, and gray and red rectan-
gles in the schematic structures represent anti- and syn-guanosine units, respectively.
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to give an all-syn arrangement, whereas correspondingly modi-

fied central tetrads seem to resist a concerted base flip. In ad-
dition, thermal stabilities tend to decrease when modified tet-

rads are shifted from the 5’- to the 3’-end, with partial unfold-
ing often observed for quadruplexes with an 8-bromo- or 8-

methyl-substituted 3’-terminal quartet. The latter would be ex-

pected to suffer from unfavorable anti–syn steps upon a 3’-
tetrad inversion, whereas an increased stability for a G4 with a

modified 5’-inverted tetrad can be traced to favorable stacking
energies of its syn–anti steps. Notably, various observations on

parallel quadruplexes may be attributed to such a “5’-tetrad
effect”. These include 1) reports on a minor species with a 5’-
terminal all-syn quartet in an unmodified [d(TGGGT)]4 quadru-

plex,[38] 2) observation of a glycosidic angle in the high-anti (far
syn) range for the 5’-terminal residues preceding LNAG modifica-
tions in [d(TGLNAGGLNAGT)]4,[39] and 3) a G4 destabilization ob-
served upon replacement of the 5’-tetrad by an anti-affine rG

quartet as well as a polarity inversion to an all-syn 5’-tetrad in
the case of an adjacent quartet fully substituted with four rG

residues.[40] Remarkably, the latter 5’-tetrad inversion is unusual

in likely being induced by a relay mechanism starting from
conformational perturbations of a neighboring rG quartet. On

the basis of these experimental findings, the 5’-tetrad in a par-
allel quadruplex may be considered a hinge for geometric ad-

justments, favoring concerted anti!syn interconversions and
possibly disfavoring modifications with a pronounced anti con-

formational preference.

Extending such conformational rearrangements to monomo-
lecular quadruplexes allows for substitutions at single sites but

also adds restrictions imposed by the loop sequences. Incorpo-
ration of BrG analogues at all four anti-G positions of the 5’-
tetrad enforces a complete tetrad polarity inversion in a robust
parallel-stranded MYC quadruplex with the formation of an all-

syn G-tetrad (Scheme 4).[41] In line with additive effects of sub-
stitutions, only a partial inversion was observed with a corre-

sponding triply substituted MYC variant. In that case, native
and flipped structures present in about a 1:1 molar ratio were

found to be in dynamic exchange. In addition to the much
stronger propensity of the 5’-tetrad to undergo a polarity in-

version (vide supra), significant position-dependent effects for

inducing a tetrad flip have been found and attributed to the
preceding propeller loops.[42] Thus, a short and less flexible 1 nt

loop will strongly enforce an anti!syn conformational transi-
tion of the BrG analogue to evade unfavorable bromine interac-

tions with the 5’-phosphate group. In contrast, longer loops or
5’-overhang sequences allow for conformational adjustments

that can alleviate bromine steric clashes in an anti conformer

of the native fold.
In analogy to substitutions of syn-favoring G analogues into

parallel quadruplexes, the introduction of anti-favoring 2’-
modified guanosine analogues into unmatching syn positions

can likewise induce a tetrad flip in nonparallel quadruplexes.
Thus, FrG incorporation into all three syn positions within the
5’-tetrad of a (3 + 1)-hybrid quadruplex (ODN) with a propeller,

diagonal, and lateral loop triggered a concerted flip of the gly-
cosidic torsion angle for all residues in the 5’-tetrad
(Scheme 5).[43] The formed tetrad polarity isomer represents an
unusual type of G4 conformer in having an all-syn G-tract and,

despite conserving its native topology, features CD spectra
reminiscent of a parallel G-quadruplex, due to its exclusively

homopolar stacking interactions. Demonstrating that such con-
formational transitions are not restricted to one particular fold-
ing topology, a 5’-tetrad polarity inversion was also observed

upon corresponding modifications of a human telomeric (3 +

1)-hybrid structure (HT) featuring overhang sequences, one

propeller, and two lateral loops (Scheme 5).[44] A different strat-
egy for inducing a tetrad flip in the HT quadruplex employed

the simultaneous incorporation of 8-oxoguanosine (O) and

xanthine (X) residues at neighboring positions of its 5’-
tetrad.[45] Here, one out of two stable X·O base pair arrange-

ments features a pattern of free hydrogen bond donor and ac-
ceptor sites complementary to a coplanar G·G Hoogsteen base

pair, enforcing concerted changes in glycosidic torsion angles
to form a stable G·G·X·O quartet with defined polarity.

Scheme 3. 2’-Deoxyguanosine analogues with favored glycosidic conforma-
tions and sugar puckers.

Scheme 4. 5’-Terminal G-tetrad polarity inversion in the parallel MYC quad-
ruplex through syn$anti conformational transitions after substitution of
BrG analogues for the anti G residues in the 5’-quartet; syn BrG and anti G
residues are colored red and gray, respectively.
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Recently, the ODN quadruplex has been subjected to further
modifications also employing FaraG and rG as anti-favoring sur-
rogates for incorporation into unmatching syn positions of its
5’-tetrad. In analogy to FrG substitutions, a tetrad polarity flip

was promoted in both cases.[33, 46] Noticeably, stabilities of
FaraG-modified quadruplexes were hardly compromised, in
contrast to FrG modifications with their destabilizing effect de-

pending on number and position of substitution sites.[33, 43]

Thermal destabilization was also observed with rG modifica-

tions, but effects here were not additive, and a complete tran-
sition to the isomer with inverted 5’-tetrad polarity was in-

duced by the disubstituted quadruplex variant but only partial-

ly for the trisubstituted one.[46]

Changes in quadruplex folding topologies

Shifting of equilibria between coexisting G4 species is mostly
based on their different syn/anti patterns, and judicious substi-

tutions at selected positions have been successfully applied in
many cases. In addition, swift transitions to parallel quadru-
plexes as observed upon the incorporation of anti-favoring rG,
LNAG, FrG, and FaraG analogues at multiple syn positions of a

quadruplex with an antiparallel folding topology are easily ex-
plained in terms of anti glycosidic preferences of the sugar-

modified nucleosides.[28, 47–49] Notably, as a result of a better
conformational fit and more favorable fluorine interactions,
FaraG is typically found to be superior to FrG in the stabilization
of a parallel fold.[12, 33, 49, 50] However, complete G4 refolding into
a new topology after local structural perturbations is often
difficult to predict. Thus, substitution of quadruplexes with G
analogues adopting unmatching glycosidic torsion angles at

single positions might yield a new major fold but might also
result in quadruplex unfolding or in unresolvable polymor-

phous mixtures. Although such rearrangements are thought to

be governed by the modulation of syn/anti equilibria through
the introduced G derivatives, the observation of noticeable

destabilizing effects on the native quadruplex even when
G surrogates are incorporated into matching positions demon-

strates that additional, more subtle interactions are operative
and contribute to the structural reorganization.

Strand reorientations in tetramolecular quadruplex struc-

tures lacking loop domains are expected to be hardly restrict-
ed. However, a parallel strand orientation seems to be strongly

preferred, with a newly formed antiparallel structure having
only been reported for [d(TGGGGT)]4 upon the incorporation

of syn-favoring MeG analogues at the first and third position of
the G-run.[51] As proposed on the basis of NMR experimental

data, canonical guanosine residues and MeG analogues exclu-

sively adopt anti and syn conformations, respectively. Featuring
a syn-anti-syn-anti pattern along the four strands, parallel and

antiparallel strand orientations are expected to exhibit similar
stacking interactions. In fact, NMR spectra suggest the pres-

ence of other G4 structures, pointing to coexisting species of
similar free energy. It should also be noted that four of the

eight methyl substituents are relocated from a medium into a

wide groove upon the conversion from a parallel to the anti-
parallel structure, with possible implications for relative stabili-

ties.
Locked nucleic acid modifications are exceptional, due to

their rigid bicyclic ring system and associated restricted confor-
mational flexibility. As expected, LNA-modified quadruplexes

typically prefer parallel folds with all-anti core residues over an-
tiparallel topologies.[13, 28] If suitably positioned, a strong stabili-
zation due to conformational preorganization of the LNA resi-

due associated with favorable entropic effects is generally ob-
served.[39, 52] On the other hand, in the case of an imperfect

conformational match, limited adaptive capabilities, possibly
amplified by the propensity of the LNA residue also to enforce

an N-type sugar pucker for the subsequent nucleotide,[39]

might result in considerable perturbations of the native struc-
ture, often with unpredictable outcomes. Thus, LNA substitu-

tions in anti positions upstream of short propeller loops have
been found to exert a strongly destabilizing effect.[12] Appa-

rently, conformational restraints imposed by the propeller loop
cannot be compensated by the rigid LNA analogue. Likewise,

Scheme 5. Schematic representation of a polarity inversion upon incorpora-
tion of anti-favoring G analogues into syn positions of the 5’-tetrad for
A) the ODN, and B) the HT quadruplex; syn and anti residues are colored red
and gray, respectively, with modified positions highlighted in darker color,
whereas m, w, and n denote medium, wide, and narrow grooves. C) Top
view of the 5’-terminal tetrad of a representative NMR solution structure for
the native (left, PDB ID: 2LOD) and the tetrad-inverted FrG-modified ODN
quadruplex (right, PDB ID: 5MCR).
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significant destabilization, even driving a complete refolding of
the native G4 structure, has been observed in LNA-modified

quadruplexes despite substitution at matching anti posi-
tions.[53, 54] Notably, formation of an unexpected topology,

termed a V4 fold, has been reported for a telomeric d(G4T4G4)

sequence from Oxytricha nova when the four matching
anti G positions were replaced by LNAG to give

d(GLNAGGLNAGT4GLNAGGLNAG) (Scheme 6).[54] Whereas the un-
modified sequence forms a four-tetrad dimeric quadruplex

with antiparallel G-tracts and diagonal T4 loops, the modified
sequence forms an unusual four-layered G4 structure featuring

interrupted G columns with the two symmetry-related strands

folding back in four V-shaped loops. Because some of the LNA
residues would border the narrow groove in a native topology,

unfavorable narrow-groove interactions might trigger the
topological transition to the V4 fold.

Partial refolding of the (3 + 1)-hybrid quadruplex ODN when
substituted at a single syn position within its central tetrad by

an FrG or FaraG analogue was recently observed and character-

ized in detail.[55] For both modified sequences two species co-
exist in solution: the native fold and a new topology with an
inverted first G-tract (Scheme 7). Strand inversion associated
with the conversion of a 2 nt propeller into a lateral loop

allows the incorporated 2’-F-modified residue in the third
strand to adopt a preferred anti conformation. At the same

time, two G residues within the same central tetrad change to

a syn conformation. The newly formed G4 constitutes a rare
type of antiparallel quadruplex in combining both homo- and

heteropolar G-tetrad stacking interactions. It is characterized
by pairs of syn-anti-anti and syn-syn-anti G-tracts running in

opposite directions and bridged by the conserved diagonal
loop. In contrast with tetrad polarity isomers, no dynamic equi-

librium between the native and rearranged structure was ob-

served, and their mutual interconversion requires complete
strand separation. In support of a kinetic partitioning mecha-

nism, the rather unusual substitution-induced refolding
can be traced to a stabilization of alternate G-triplex intermedi-

ates, by taking account of the glycosidic torsion angle propen-
sities of the G analogue and more favorable stacking interac-

tions for anti–anti and syn–anti nucleotide steps along the

G-tracts.[55]

Formation of unconventional hydrogen bonds

Remarkably, the coexistence of two stable quadruplex struc-

tures with either an anti or a syn conformation for 2’-F-modi-
fied G incorporated into the central tetrad of the ODN G4 illus-

Scheme 6. A) Conversion of a dimeric antiparallel quadruplex into a V4 fold after substitution of LNAG for all anti G residues; syn and anti residues are colored
red and gray, respectively, with modified positions highlighted in dark gray, whereas m, w, and n denote medium, wide, and narrow grooves. B) Side view of
a high-resolution structure of the V4-folded LNAG modified quadruplex (PDB ID: 2WCN).

Scheme 7. Native (left) and rearranged ODN quadruplex with an inverted
first G-tract (right). A) Schematic representation with syn and anti residues
colored red and gray, respectively; the single FrG or FaraG analogue at the
syn position of the central tetrad is highlighted by the darker color. B) Side
view of the first two G-tracts of a representative NMR solution structure for
the native (left, PDB ID: 2LOD) and the tetrad-inverted FaraG-modified quad-
ruplex (right, PDB ID: 6F4Z); the 5’-tract and the following loop are colored
red.
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trates that both FrG and FaraG might also assume the disfa-

vored syn glycosidic torsion angle in a conserved topology.

Several examples suggest that the stability of different confor-
mations both for 2’-F- and for 2’-OH-substituted G analogues,

which might possibly determine distinct global conformational
rearrangements, seems to be partially linked to the formation

of stabilizing unconventional hydrogen bonds between the 2’-
substituent in an S-puckered ribose unit as hydrogen bond ac-

ceptor and guanine C8@H8 (Figure 1).[46, 50, 55, 56] Strikingly, in the

two coexisting ODN topologies with a single modification in
the central tetrad (Scheme 7), both syn FrG and syn FaraG in

the native G4, but also anti FrG in the rearranged G4, partici-
pate in a sequential F2’···H8@C8 hydrogen bond to the 3’-adja-

cent guanine base.[55] In contrast, anti FaraG was found to be
stabilized by an intraresidue hydrogen bridge between fluorine

and its own H8 (Figure 1 A).[33, 55] Such interactions were un-

ambiguously demonstrated experimentally through the obser-
vation of trans-hydrogen-bond spin–spin scalar couplings
h1J(H,F).

Although unconventional hydrogen bonds appear to play a

crucial role in determining conformational equilibria, it is diffi-
cult to predict their formation and impact on the stability of

specific G4 topologies reliably. Thus, the expected participation

of fluorine in a sequential hydrogen bond to H8 was not ob-
served when FrG was incorporated into the 5’-tetrad of the

ODN quadruplex, yet an O2’···H8@C8 interaction was found for
corresponding rG modifications (Figure 1 B).[43, 44, 46] Moreover,
whereas the anti FaraG residue showed an intraresidue hydro-
gen bond when incorporated into central or outer positions of

the ODN G4,[33, 55] a sequential F2’···H8@C8 pseudo-hydrogen
bond was proposed on the basis of a high-resolution NMR
structure of an FaraG-modified two-repeat telomeric quadru-

plex with a parallel fold (Figure 1 C).[50] The dimeric structure
also revealed a close contact between H2“ and O4’ of the 3’-
neighboring guanosine residue, indicating an additional stabi-
lizing F2’@C2’@H2”···O4’ interaction. In fact, these fluorine-asso-

ciated interactions have been proposed to contribute to the

superior G4 stabilization of FaraG relative to araG and rG substi-
tutions in the telomeric quadruplex. On the other hand,

strongly destabilizing effects as observed for FrG placed at cor-
responding positions were attributed to unfavorable interac-

tions of its a-2’-fluorine atom. Thus, whereas the 2’-OH group
in araG and rG might be engaged in hydrogen bonding with

neighboring phosphate groups, electrostatic repulsion be-

tween F2’ in FrG and the backbone phosphate was found by

quantum-mechanical calculations to compromise G4 stabili-
ties.[50]

Interactions within narrow grooves

Not only backbone but also groove interactions seem to affect

the conformations of introduced G analogues with their influ-
ence on quadruplex transitions. Structural data suggest that a

quadruplex narrow groove does not readily host sugar or base
substituents.[44, 46] For instance, FrG and rG, when incorporated

into the ODN or HT 5’-position of a G-tract bordering a narrow
and medium groove, were each found to adopt a C3’-endo

sugar pucker. It is this conformation that orients the 2’-fluoro

or 2’-hydroxy substituent away from the narrow groove and
into the medium groove, likely avoiding unfavorable interac-

tions within the narrow groove (Figure 2 A). In contrast, G ana-
logues of other G-tracts are S-puckered with the 2’-substituent

turned upwards, allowing for sequential pseudo-hydrogen
bonds within a medium groove (Figure 2 B).[44, 46]

Notably, the role of unfavorable narrow groove interactions

in driving rG or FrG puckering seems to be most pronounced
in the 5’-tetrad. Thus, rG substituted for an anti G in the central
position of the first G-tract of the ODN quadruplex that bor-
ders a narrow groove adopts a C2’-endo conformation to allow

participation of the 2’-oxygen atom in a sequential pseudo-hy-
drogen bond with C8@H8.[56] Interestingly, rG incorporation at

the single anti position of the ODN 5’-tetrad causes disruption
of the quadruplex fold. This could be attributed to the subse-
quent strained 3 nt loop spanning a wide groove and restrict-

ing the sugar pucker to south, a conformation that would shift
the 2’-OH substituent into the narrow groove (Scheme 5).[46, 56]

On the other hand, the single anti G position within the 5’-
tetrad of the telomeric (3 + 1) quadruplex HT precedes a more

relaxed lateral loop that spans a narrow groove, resulting in

only a very small destabilization upon incorporation of an
FrG analogue.[12] Apparently, the impact of modifications is de-

termined by a combination of several factors that also include
conformational restraints as imposed by adjacent loops and

grooves.

Figure 1. Unconventional hydrogen bonds formed in sugar-modified quadruplexes. A) Intraresidual C8@H8···F2’ hydrogen bond in a FaraG-modified ODN (PDB
ID: 5OV2). B) Sequential C8@H8···O2’ hydrogen bond in a rG-modified ODN (PDB ID: 6FFR). C) Sequential C8@H8···F2’ hydrogen bond in a parallel FaraG-modi-
fied two-repeat telomeric sequence (PDB ID: 2M1G).
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Conclusions

Site-specific modifications of DNA G-quadruplexes with appro-

priate G analogues offer the possibility to stabilize a particular
fold but to also induce refolding to a new conformer with dif-

ferent polarity or topological features. Whereas syn/anti prefer-
ences of residues are known to be of prime importance for the

stability of a particular fold, other, more subtle interactions
also contribute to folding and must often be considered when

trying to interpret the preferred formation of particular quad-

ruplex structures. The formation of unconventional hydrogen
bonds, steric interactions of substituents within narrow

grooves, and conformational restrictions imposed by short
loops have all been revealed as potential contributors to ob-

served G4 structural interconversions. Identifying such interac-
tions calls for a rigorous analysis of sugar puckers but also of

the conformation along the sugar-phosphate backbone. These
parameters are often overlooked when studying quadruplexes
with low-resolution methods, with emphasis often being put
exclusively on the more easily accessible glycosidic torsion
angles.

To exploit fully the potential of chemical modifications and
their impact on G4 structural diversity in the future, in-depth

understanding of interactions and their interplay within a
quadruplex scaffold is required. With an ever increasing
number of high-resolution structures for unmodified and

modified quadruplexes, more information on relevant electron-
ic and steric effects can be collected to allow better prediction

of low-energy conformers and, eventually, rational engineering
of G4 architectures tailored to particular needs. In addition to

the guanosine surrogates presented in this review article,
other analogues including backbone modifications might also

be recruited to drive well-defined quadruplex conformational
transitions depending on sequence context and environmental

conditions. It can be anticipated that advances in the confor-
mational control of the quadruplex scaffold through appropri-

ate substitutions into G-rich oligonucleotides will considerably
expand bio- and nanotechnological applications based on the

G4 platform in the future.
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[23] J. Šponer, A. Ml#dek, N. Špačkov#, X. Cang, T. E. Cheatham III, S.

Grimme, J. Am. Chem. Soc. 2013, 135, 9785 – 9796.
[24] G. A. Jeffrey, W. Saenger, Hydrogen Bonding in Biological Structures,

Springer, New York, 1994, Chapter 17.
[25] S. Masiero, R. Trotta, S. Pieraccini, S. De Tito, R. Perone, A. Randazzo,

G. P. Spada, Org. Biomol. Chem. 2010, 8, 2683 – 2692.

Figure 2. Sugar conformation and orientation of 2’-substituents for rG and
FrG residues incorporated in the 5’-tetrad of ODN and HT quadruplexes. The
sugar moiety of the analogue is shown in stick representation with O2’ and
F2’ substituents highlighted in red and magenta, respectively. A) N-puckered
rG and FrG residues bordering narrow and medium grooves (located in the
5’-terminal and 3’-terminal G-tract of ODN and HT, respectively). The C3’-
endo conformation orients the 2’-substituent away from the narrow groove
and sideways into the medium groove. B) S-puckered rG and FrG residues
bordering medium and wide grooves (third G-tract of ODN) or two medium
grooves (5’-terminal G-tract of HT). The sugar pucker in the south domain
causes an upward orientation of the 2’-substituent, placing it in a medium
groove.

ChemBioChem 2019, 20, 985 – 993 www.chembiochem.org T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim992

Minireviews



[26] A. I. Karsisiotis, N. Ma’ani Hessari, E. Novellino, G. P. Spada, A. Randazzo,
M. Webba da Silva, Angew. Chem. Int. Ed. 2011, 50, 10645 – 10648;
Angew. Chem. 2011, 123, 10833 – 10836.

[27] N. Foloppe, B. Hartmann, L. Nilsson, A. D. MacKerell, Jr. , Biophys. J. 2002,
82, 1554 – 1569.

[28] D. Pradhan, L. H. Hansen, B. Vester, M. Petersen, Chem. Eur. J. 2011, 17,
2405 – 2413.

[29] I. Berger, V. Tereshko, H. Ikeda, V. E. Marquez, M. Egli, Nucleic Acids Res.
1998, 26, 2473 – 2480.

[30] J.-F. Trempe, C. J. Wilds, A. Y. Denisov, R. T. Pon, M. J. Damha, K. Gehring,
J. Am. Chem. Soc. 2001, 123, 4896 – 4903.

[31] C. Moriou, A. D. Da Silva, M. J. V. Prado, C. Denhez, O. Plashkevych, J.
Chattopadhyaya, D. Guillaume, P. Clivio, J. Org. Chem. 2018, 83, 2473 –
2478.

[32] C. G. Peng, M. J. Damha, Nucleic Acids Res. 2007, 35, 4977 – 4988.
[33] J. Dickerhoff, K. Weisz, J. Phys. Chem. Lett. 2017, 8, 5148 – 5152.
[34] N. T. Dao, R. Haselsberger, M. E. Michel-Beyerle, A. T. Phan, ChemPhys-

Chem 2013, 14, 2667 – 2671.
[35] C. J. Lech, A. T. Phan, M. E. Michel-Beyerle, A. A. Voityuk, J. Phys. Chem. B

2015, 119, 3697 – 3705.
[36] A. Virgilio, V. Esposito, A. Randazzo, L. Mayol, A. Galeone, Nucleic Acids

Res. 2005, 33, 6188 – 6195.
[37] P. L. Thao Tran, A. Virgilio, V. Esposito, G. Citarella, J.-L. Mergny, A. Ga-

leone, Biochimie 2011, 93, 399 – 408.
[38] P. Šket, A. Virgilio, V. Esposito, A. Galeone, J. Plavec, Nucleic Acids Res.

2012, 40, 11047 – 11057.
[39] J. T. Nielsen, K. Arar, M. Petersen, Nucleic Acids Res. 2006, 34, 2006 –

2014.
[40] J. Zhou, S. Amrane, F. Rosu, G. F. Salgado, Y. Bian, H. Tateishi-Karimata, E.

Largy, D. N. Korkut, A. Bourdoncle, D. Miyoshi, J. Zhang, H. Ju, W. Wang,
N. Sugimoto, V. Gabelica, J.-L. Mergny, J. Am. Chem. Soc. 2017, 139,
7768 – 7779.

[41] B. Karg, L. Haase, A. Funke, J. Dickerhoff, K. Weisz, Biochemistry 2016,
55, 6949 – 6955.

[42] B. Karg, K. Weisz, Chem. Eur. J. 2018, 24, 10246 – 10252.
[43] J. Dickerhoff, K. Weisz, Angew. Chem. Int. Ed. 2015, 54, 5588 – 5591;

Angew. Chem. 2015, 127, 5680 – 5683.
[44] J. Dickerhoff, L. Haase, W. Langel, K. Weisz, ACS Chem. Biol. 2017, 12,

1308 – 1315.
[45] V. V. Cheong, C. J. Lech, B. Heddi, A. T. Phan, Angew. Chem. Int. Ed. 2016,

55, 160 – 163; Angew. Chem. 2016, 128, 168 – 171.
[46] L. Haase, J. Dickerhoff, K. Weisz, Chem. Eur. J. 2018, 24, 15365 – 15371.
[47] J. Qi, R. H. Shafer, Biochemistry 2007, 46, 7599 – 7606.
[48] C.-F. Tang, R. H. Shafer, J. Am. Chem. Soc. 2006, 128, 5966 – 5973.
[49] C. J. Lech, Z. Li, B. Heddi, A. T. Phan, Chem. Commun. 2012, 48, 11425 –

11427.
[50] N. Mart&n-Pintado, M. Yahyaee-Anzahaee, G. F. Deleavey, G. Portella, M.

Orozco, M. J. Damha, C. Gonz#lez, J. Am. Chem. Soc. 2013, 135, 5344 –
5347.

[51] A. Virgilio, V. Esposito, G. Citarella, A. Pepe, L. Mayol, A. Galeone, Nucleic
Acids Res. 2012, 40, 461 – 475.

[52] A. Randazzo, V. Esposito, O. Ohlenschl-ger, R. Ramachandran, L. Mayol,
Nucleic Acids Res. 2004, 32, 3083 – 3092.

[53] P. K. Dominick, M. B. Jarstfer, J. Am. Chem. Soc. 2004, 126, 5050 – 5051.
[54] J. T. Nielsen, K. Arar, M. Petersen, Angew. Chem. Int. Ed. 2009, 48, 3099 –

3103; Angew. Chem. 2009, 121, 3145 – 3149.
[55] J. Dickerhoff, K. Weisz, ChemBioChem 2018, 19, 927 – 930.
[56] J. Dickerhoff, B. Appel, S. Meller, K. Weisz, Angew. Chem. Int. Ed. 2016,

55, 15162 – 15165; Angew. Chem. 2016, 128, 15386 – 15390.

Manuscript received: October 22, 2018

Accepted manuscript online: December 4, 2018

Version of record online: February 15, 2019

ChemBioChem 2019, 20, 985 – 993 www.chembiochem.org T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim993

Minireviews



Affirmation

The affirmation has been removed in the published version.

107





Curriculum Vitae

The curriculum vitae has been removed in the published version.

Published Articles

1. Duplex-Guided Refolding into Novel G-Quadruplex (3+1) Hybrid Conformations; Karg,
Weisz; Angewandte Chemie, 2019, DOI: 10.1002/anie.201905372

2. Manipulating DNA G-Quadruplex Structures Through Guanosine Analogs; Haase, Karg,
Weisz; ChemBioChem, 2018, 20, 985-993.

3. Loop Length Affects Syn-Anti Conformational Rearrangements in Parallel G-Quadruplexes;
Karg, Weisz; Chemistry, 2018, 24, 10246–10252.

4. Ligand-Induced Dimerization of a Truncated Parallel MYC G-Quadruplex; Funke*, Karg*,
Dickerhoff, Balke, Müller, Weisz; ChemBioChem,2018, 19,505–512 [*co-first authors].

5. Selective Targeting of G-Quadruplex Structures by a Benzothiazole-Based Binding Motif;
Buchholz, Karg, Dickerhoff, Sievers-Engler, Lämmerhofer, Weisz; Chemistry, 2017, 23,
5814–5823.

6. Observation of a Dynamic G-Tetrad Flip in Intramolecular G-Quadruplexes; Karg, Haase,
Funke, Dickerhoff, Weisz; Biochemistry, 2016, 55, 6949–6955.

7. Molecular Recognition and Visual Detection of G-Quadruplexes by a Dicarbocyanine
Dye; Karg, Funke, Ficht, Sievers-Engler, Lämmerhofer, Weisz; Chemistry, 2015, 21,
13802–13811.

Posters

1. Enforcing G-quadruplex Topological Changes, G4thering, Padua, Biology of Non-Canonical
Nucleic Acids: from humans to pathogens, 26th-28th September 2018

2. NMR as a Versatile Tool in G4-Quadruplex Folding and Dynamics, International Council
on Magnetic Resonance in Biological Systems, Dublin, 19th-24th August 2018

3. Tetrad Polarity Reversal and Exchange Dynamics of Single Residues in Monomolecular
G4s, G4thering, Prag, 31st May - 3rd June 2017

4. Binding of an Indoloquinoline to a Parallel Quadruplex: Impact of Overhang Sequences
on Ligand Affinity, XXII. International Round Table of Nucleic Acids, Paris, 18th-22th
July 2016

109



Bibliography

5. Changing the Tetrad Polarity in a Parallel Monomolecular Quadruplex, Euromar, Aarhus,
3rd-7th July 2016

6. Fluorescence-Based Studies on Ligand Binding: The G-Quadruplex Perspective, 5th
International Meeting on Quadruplex Nucleic Acids, Bordeaux, 26th-28th May 2015

7. Quadruplex Binding of a Symmetrical Cyanine Dye, 6. Nukleinsäurechemietreffen, Greif-
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